WAVE PROPAGATION IN WAVEGUIDES WITH RANDOM BOUNDARIES
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Abstract. We give a detailed analysis of long range cumulative scattering effects from rough boundaries in waveguides.
We assume small random fluctuations of the boundaries and obtain a quantitative statistical description of the wave field. The
method of solution is based on coordinate changes that straighten the boundaries. The resulting problem is similar from the
mathematical point of view to that of wave propagation in random waveguides with interior inhomogeneities. We quantify the
net effect of scattering at the random boundaries and show how it differs from that of scattering by internal inhomogeneities.
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1. Introduction. We consider acoustic waves propagating in a waveguide with axis along the range
direction z. In general, the waveguide effect may be due to boundaries or the variation of the wave speed
with cross-range, as described for example in [13, 10]. We consider here only the case of waves trapped by
boundaries, and take for simplicity the case of two dimensional waveguides with cross-section D given by a
bounded interval of the cross-range x. The results extend to three dimensional waveguides with bounded,
simply connected cross-section D C R2.

The pressure field p(t, z, ) satisfies the wave equation

1
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with wave speed ¢(z) and source excitation modeled by F(¢,x,z). Since the equation is linear, it suffices to
consider a point-like source located at (xg,z = 0) and emitting a pulse signal f(¢),

Of | plt,a,z) = F(t,x,2), (1.1)

F(t,x,z) = f(t)d(x — x0)d(2) . (1.2)

Solutions for distributed sources are easily obtained by superposing the wave fields computed here.
The boundaries of the waveguide are rough in the sense that they have small variations around the
values z = 0 and x = X, on a length scale comparable to the wavelength. Explicitly, we let

B(z) <x <T(z2), where |B(2)|< X, |T(z)—-X| <X, (1.3)
and take either Dirichlet boundary conditions
p(t,x,z) =0, forx=DB(z) and =z =T(z), (1.4)

or mixed, Dirichlet and Neumann conditions

p(t,x = B(z),z) =0, % (t,x =T(z),2) =0, (1.5)
where n is the unit normal to the boundary x = T'(z).

The goal of the paper is to quantify the long range effect of scattering at the rough boundaries. More
explicitly, to characterize in detail the statistics of the random field p(t, z, z). This is useful in sensor array
imaging, for designing robust source or target localization methods, as shown recently in [3] in waveguides
with internal inhomogeneities. Examples of other applications are in long range secure communications and
time reversal in shallow water or in tunnels [8, 14].

The paper is organized as follows. We begin in section 2 with the case of ideal waveguides, with straight
boundaries B(z) = 0 and T'(z) = X, where energy propagates via guided modes that do not interact with
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each other. Rough, randomly perturbed boundaries are introduced in section 3. The wave speed is assumed
to be known and dependent only on the cross-range. Randomly perturbed wave speeds due to internal
inhomogeneities are considered in detail in [13, 12, 4, 8 5]. Our approach in section 3 uses changes of
coordinates that straighten the randomly perturbed boundaries. We carry out the analysis in detail for the
case of Dirichlet boundary conditions (1.4) in sections 3 and 4, and discuss the results in section 5. The
extension to the mixed boundary conditions (1.5) is presented in section 6. We end in section 7 with a
summary.

Our approach based on changes of coordinates that straighten the boundary leads to a transformed prob-
lem that is similar from the mathematical point of view to that in waveguides with interior inhomogeneities,
so we can use the techniques from [13, 12, 4, 8, 5] to obtain the long range statistical characterization of the
wave field in section 4. However, the cumulative scattering effects of rough boundaries are different from
those of internal inhomogeneities, as described in section 5. We quantify these effects by estimating in a
high frequency regime three important, mode dependent length scales: the scattering mean free path, which
is the distance over which the modes lose coherence, the transport mean free path, which is the distance
over which the waves forget the initial direction, and the equipartition distance, over which the energy is
uniformly distributed among the modes, independently of the initial conditions at the source. We show
that the random boundaries affect most strongly the high order modes, which lose coherence rapidly, that is
they have a short scattering mean free path. Furthermore, these modes do not exchange efficiently energy
with the other modes, so they have a longer transport mean free path. The lower order modes can travel
much longer distances before they lose their coherence and remarkably, their scattering mean free path is
similar to the transport mean free path and to the equipartition distance. That is to say, in waveguides
with random boundaries, when the waves travel distances that exceed the scattering mean free path of the
low order modes, not only all the modes are incoherent, but also the energy is uniformly distributed among
them. At such distances the wave field has lost all information about the cross-range location of the source
in the waveguide. These results can be contrasted with the situation with waveguides with interior random
inhomogeneities, in which the main mechanism for the loss of coherence of the fields is the exchange of energy
between neighboring modes [13, 12, 4, 8, 5], so the scattering mean free paths and the transport mean free
paths are similar for all the modes. The low order modes lose coherence much faster than in waveguides
with random boundaries, and the equipartition distance is longer than the scattering mean free path of these
modes.

2. Ideal waveguides. Ideal waveguides have straight boundaries x = 0 and x = X. Using separa-
tion of variables, we write the wave field as a superposition of waveguide modes. A waveguide mode is a
monochromatic wave P(t,z,2) = P(w,z, z)e”** with frequency w, where P(w, z, z) satisfies the Helmholtz
equation

[07 4+ 07 + w®/*(2)] Pw,z,2) =0, z€eR, ze(0,X), (2.1)

and either Dirichlet or mixed, Dirichlet and Neumann homogeneous boundary conditions. The operator
02 + w?/c*(x) with either of these conditions is self-adjoint in L2(0, X), and its spectrum consists of an
infinite number of discrete eigenvalues {A;(w)};>1, assumed sorted in descending order. There is a finite
number N(w) of positive eigenvalues and an infinite number of negative eigenvalues. The eigenfunctions
¢j(w, x) are real and form an orthonormal set

X
/ dz ¢j(w, )P (w, x) = 6, j,l =21, (2.2)
0

where §;; is the Kronecker delta symbol.
For example, in homogeneous waveguides with ¢(z) = ¢,, and for the Dirichlet boundary conditions, the
eigenfunctions and eigenvalues are

2 T 0

oj(x) = Ysin ( X ) ) Aj(w) = (X)Q [(kX/m)? - 5%, j=1,2,... (2.3)

and the number of propagating modes is N(w) = |kX /7], where |y]| is the integer part of y and k = w/c,
is the homogeneous wavenumber.



To simplify the analysis, we assume that the source emits a pulse f(¢) with Fourier transform
flo)= [ areis),
— 00

supported in a frequency band in which the number of positive eigenvalues is fixed, so we can set N(w) = N.
We also assume that there is no zero eigenvalue, and that the eigenvalues are simple. The positive eigenvalues
define the modal wavenumbers §;(w) = y/A;(w) of the forward and backward propagating modes

ﬁj(wv'rvz):(bj(wvx)eiiﬂj(w)z, ]:1,,]\7
The infinitely many remaining modes are evanescent
Pj(w,x,2) = ¢;(w,x)e” > N,

with wavenumber f;(w) = /—\;(w) .
The wave field p(t, z, z) due to the source located at (xo,0) is given by the superposition of P;(w,z, z),

a O 6 O _A.
p(t,2,2) = / —iwt |3 Giol@) %“as (w,2) Ciol) =812 (10, 2) | (g0 (2) +
Z //B_] J ];i-l /ﬁ] J

7zwt *1ﬁj(w)z¢ w)zd)( 5 ) l—oo, ()
Z\/ﬁg 2 J;ﬂm A R

The first term is supported at positive range, and it consists of forward going modes with amplitudes
o/ \/E and evanescent modes with amplitudes €;,/ \/67] . The second term is supported at negative range,
and it consists of backward going and evanescent modes. The modes do not interact with each other and
their amplitudes

a =a,. = 7f(w) (w,x | =
a],O(w)_ ]o( )_22 ﬂj(w)¢J( ’ O)a j_la'--va
Broft) = Ejule) =~ st mn), > (2.4

are determined by the source excitation (1.2), which gives the jump conditions at z = 0,

pw,r,2=0") - plw,2,2=0")=0,

0.p(w, 2,2 =0") — 0. p(w,r,2=07) = f(w)s(z — x0) . (2.5)

We show next how to use the solution in the ideal waveguides as a reference for defining the wave field
in the case of randomly perturbed boundaries.

3. Waveguides with randomly perturbed boundaries. We consider a randomly perturbed section
of an ideal waveguide, over the range interval z € [0,L/e?]. There are no perturbations for z < 0 and
z > L/e%. The domain of the perturbed section is denoted by

Q° = {(z,2) €R?, B(z) <z <T(2), 0<z<L/e*}, (3.1)
where
B(z) =eXu(z), T(z) = X[1+ev(2)], ek 1. (3.2)

Here v and p are independent, zero-mean, stationary and ergodic random processes in z, with covariance
function

Ru(z) =E[v(z+s)v(s)] and R,(z) = E[u(z + s)u(s)]. (3.3)
3



We assume that v(z) and p(z) are bounded, at least twice differentiable with bounded derivatives, and have
enough decorrelation!. The covariance functions are normalized so that R, (0) and R, (0) are of order one,
and the magnitude of the fluctuations is scaled by the small, dimensionless parameter &.

That the random fluctuations are confined to the range interval z € (0, L/&?), with L an order one length
scale can be motivated as follows: By the hyperbolicity of the wave equation, we know that if we observe
p(t,z, z) over a finite time window ¢t € (0,7°), the wave field is affected only by the medium within a finite
range L° from the source, directly proportional to the observation time 7. We wish to choose T°¢ large
enough, in order to capture the cumulative long range effects of scattering from the randomly perturbed
boundaries. It turns out that these effects become significant over time scales of order 1/£2, so we take
Lf = L/e%. Furthermore, we are interested in the wave field to the right of the source, at positive range.
We will see that the backscattered field is small and can be neglected when the conditions of the forward
scattering approximation are satisfied (see Subsection 4.3). Thus, the medium on the left of the source
has negligible influence on p(t,x, z) for z > 0, and we may suppose that the boundaries are unperturbed at
negative range. The analysis can be carried out when the conditions of the forward scattering approximation
are not satisfied, at considerable complication of the calculations, as was done in [9] for waveguides with
internal inhomogeneities.

We assume here and in sections 4 and 5 the Dirichlet boundary conditions (1.4). The extensions to the
mixed boundary conditions (1.5) are presented in section 6. The main result of this section is a closed system
of random differential equations for the propagating waveguide modes, which describes the cumulative effect
of scattering of the wave field by the random boundaries. We derive it in the following subsections and we
analyze its solution in the long range limit in section 4.

3.1. Change of coordinates. We reformulate the problem in the randomly perturbed waveguide
region 2° by changing coordinates that straighten the boundaries,

z = B(2) + [T(z) — B(2)] ¢ [0, X]. (3.4)

X 3

We take this coordinate change because it is simple, but we show later, in section 5, that the result is
independent of the choice of the change of coordinates. In the new coordinate system, let

u(t,&,z)=p (t, B(z)+ [T(z) — B(z)] %, z) , p(t,x,z) =u (t, %, z> . (3.5)

We obtain using the chain rule that the Fourier transform u(w, &, ) satisfies the equation

[+ X 9B +¢TT] 2[(X — O + €T

2> 2092~ ~
ozu + T—B) X“0¢u T-B XOg,u+
QB/(T/ o B/) B ¢ T _ B 2 T _ g R
— = |2 — X
{ T-B? T-B ' X T-B T-B Octi +
+w?/e*(B(2) + (T(2) — B(2))¢/X)u =0, (3.6)

for z € (0,L/e?) and £ € (0, X). Here the prime stands for the z-derivative, and the boundary conditions at
& =0and X are

U(w,0,2) =u(w, X,2)=0. (3.7)

Substituting definition (3.2) of B(z) and T'(z), and expanding the coefficients in (3.6) in series of ¢, we obtain
that

(EO +ely +e2Ls + .. ) U(w,&,2) =0, (3.8)

1Explicitly, they are p-mixing processes, with ¢ € L/2(R™), as stated in [15, 4.6.2].
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where
Lo =024 07 +w?/c*(€) (3.9)
is the unperturbed Helmholtz operator. The first and second order perturbation operators are given by
Ly +ely =q°(§2)0F, + M*(w,&,2), (3.10)

with coeflicient

0°(§,2) = =2[(X = Op'(2) + &V (2)] [L — € (v(2) — u(2))] (3.11)

and differential operator

Me(w,6,2) = = {20 =) = 3= (v = )’ — e [(X — )/ + /" } 0 —
(X =" + &1 [ =2 (v = )] = 22 (v — ) [(X — ' + &']} 0 +

P X = )t v 02 (e) (3.12)

W (X = &)+ Ev) e 2(€) + >
The higher order terms are denoted by the dots in (3.8), and are negligible as ¢ — 0, over the long range
scale L/e? considered here.

2. Wave decomposition and mode coupling. Equation (3.8) is not separable, and its solution is
not a superposition of independent waveguide modes, as was the case in ideal waveguides. However, we have
a perturbation problem, and we can use the completeness of the set of eigenfunctions {¢;(w,&)};>1 in the
ideal waveguide to decompose u in its propagating and evanescent components,

u(w, &, 2) qujwfu]wz Z oj(w, &)V (w, 2). (3.13)

J=N+1

The propagating components u; are decomposed further in the forward and backward going parts, with
amplitudes @;(w, z) and b;(w, z),

1 . -
) = —— (@e"% £ he™H2) | j=1,.. N, (3.14)

VB

This does not define uniquely the complex valued @; and Ej, so we ask that they also satisfy
6zﬂj =1 ﬁj (Zijeiﬂfz —/b\je_iﬁjz) s j: 1,...,N. (315)

This choice is motivated by the behavior of the solution in ideal waveguides, where the amplitudes are
independent of range and completely determined by the source excitation. The expression (3.13) of the wave
field is similar to that in ideal waveguides, except that we have both forward and backward going modes, in
addition to the evanescent modes, and the amplitudes of the modes are random functions of z.

The modes are coupled due to scattering at the random boundaries, as described by the following system
of random differential equations obtained by substituting (3.13) in (3.8), and using the orthogonality relation
(2.2) of the eigenfunctions,

N . 00
Z { alez(ﬁl Bj)z + Ca ble_l(ﬂl+Bj)zi| i 1€ e~ 857 (Q 0.7 4+ M: li)\l) + 0(63), (3.16)
=1 ﬂil N+1
- _’EZ [ el OHe 4 T e ﬂ;)Z} ’Eﬂ eT % (Q5 0.5 + M5 5) + O(e%) . (3.17)
J 1=N+1



The bar denotes complex conjugation, and the coefficients are defined below. The forward going amplitudes
are determined at z = 0 by the source excitation (recall (2.4))

Gj(w,0) =a;,w), j=1,...,N, (3.18)

and we set
-~ L .
b; w,E—Q =0, j=1,...,N, (3.19)

because there is no incoming wave at the end of the domain. The equations for the amplitudes of the
evanescent modes indexed by j > N are

oo

(02— B2) 3, = —522 3; [o&l Geibr? +c_;lae-wlﬂ —e Y (@5 0.+ MiT) +O(), (3.20)
I=N+1
and we complement them with the decay condition at infinity
Zgrinoo Uj(w,2) =0, j>N. (3.21)
The coefficients
5w, 2) = C](ll)(w,z) + ECJ(?)(LU,Z), forj>1 andl=1,...,N, (3.22)
are defined by
O (w,2) = / €6, (0.6) Ar(,€, 2)n(w.€). (3.23)
! 2\/@ )Bi(w !
CP(w,z) = / dEpj(w, )Bi(w, &, 2)pr(w, €) (3.24)
! 2\/@ )Bi(w !

in terms of the linear differential operators

A= =2 — )07 — 2iBy [(X — Op' + &/ 0 — [(X — &p”" + &) 0 +
W [(X = Op+ v dec™?(€), (3.25)

and
Bi={3(v— ) +[(X = + &/} 0F + 2B (v — W) [(X = On' + /] 0 +
{0 = WX = Ou" + &)+ 20/ = W) [(X = O + €1} 0 +
(X = O+ 92e™2(9). (3.26)

| &,

We also let for j > 1and [ > N

X
Q5w z) = / 04 (£, 2)05 (0, €)0cn (,€) = QP (w, 2) + £QD (w, 2)

0
X
M (w,2) = /0 41 (w, ) ME(w, £, 2)1(w,€) = MP (w, ) + eM P (w, 2) (3.27)
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3.3. Analysis of the evanescent modes. We solve equations (3.20) with radiation conditions (3.21)
in order to express the amplitude of the evanescent modes in terms of the amplitudes of the propagat-
ing modes. The substitution of this expression in (3.16)-(3.17) gives a closed system of equations for the
amplitudes of the propagating modes, as obtained in the next section.

We begin by rewriting (3.20) in short as

(92— B2) %, +¢ Z 0.0+ M5 5) = —eg5,  j>N, (3.28)
I=N+1

where
€ _ (1) (2) O 3 . N 3.29
95w, 2) =g; ' (w, 2) +eg;” (w,2) + O(e”) j> N, (3.29)

and
N

g]m Z [C’(l)al (w, z)eP* + C(T) be _ZBLZ} , r=1,2 and j > N. (3.30)

Using the Green’s function G; = e~%il?1/(23;), satisfying

2G; - B3G; =—6(z), lim G j >N, (3.31)

|z] =00

and integrating by parts, we get

(1 - c0)), (w,2) = /fo dse B @llgEw 2 1s), > N. (3.32)

2B;(w)

Here I is the identity and ¥ is the linear integral operator

(5], (.2 Z [ s M (M5 - 0.05) (. + )il 4 2) +
Qﬁj l N+1
Z / ds e Pi@lslggn (s Q5 (w, z + s)ui(w, 2 + 5), (3.33)
2 N

acting on the infinite vector ¥ = (Un41,0nN+2,...) and returning an infinite vector with entries indexed by
j, for j > N. The solvability of equation (3.32) follows from the following lemma proved in appendix A.

LEMMA 3.1. Let Lx be the space of square summable sequences of L*(R) functions with linear weights,
equipped with the norm

(oo}

Bllew = | > (l8ll2m)"
j=N+1
The linear operator V : Ly — Ly defined component wise by (3.33) is bounded.
Thus, the inverse operator is
(I—e¥) ' =T+eV+...,
and the solution of (3.32) is given by

9

26j(w)

Vj(w, 2) =

/ ds e Pi(@lls| m(w z+5)+O(e?). (3.34)

7



Using definition (3.30) and the fact that the z derivatives of a; and by are of order ¢, we get

N
Vj(w, 2) = ° Zﬁl(w,z)eiﬁlz/ ds e Pi@lslFiBu@)s ot 1)(w z+s)+
ﬂj(“) =1 —o0
N o -
° > bi(w, z)e P / ds e PNl (4, 2 + 5) + O(e?). (3.35)
Bi(w) e

We also need
Wj(w, z) = 0,05 (w, 2), (3.36)

which we compute by taking a z derivative in (3.28) and using the radiation condition @;(w,z) — 0 as
|z| = oco. The resulting equation is similar to (3.32)

[(I - E\i/)w} (w,2) = g / ds e~ Pi(@lls| [sgn(s)gj(w, z48)+ Z M5 (w, 2z + s)o(w, 2z +s)|,  (3.37)
J —co I=N+1
where we integrated by parts and introduced the linear integral operator
[Tw];( Z / ds e Pi@lslsan (s Q5 (w, z + s)wi(w, 2 + 5) . (3.38)
l N+1

This operator is very similar to ¥ and it is bounded, as follows from the proof in appendix A. Moreover,
substituting expression (3.35) of 7; in (3.37) we obtain after a calculation that is similar to that in appendix
A that the series in the index [ is convergent. Therefore, the solution of (3.37) is

By (w, 2) = %/ ds e lsgn(s)g5 (w, 2 + ) + O(e?) (3.39)
and more explicitly,
N o _
0.V (w,z) =1/ Bj(w Z Z5“{/ ds e*ﬁj(“’)‘SHzﬁl(“’)ssgn(s)Cﬁ)(w,z +s)+
=1 -

e/ Bi(w Z —thiz / ds e_ﬂf(w)‘sl_wl(“)ssgn(s)(}'ﬁ)(w, z+s)+0(?). (3.40)

3.4. The closed system of equations for the propagating modes. The substitution of equations
(3.35) and (3.40) in (3.16) and (3.17) gives the main result of this section: a closed system of differential
equations for the propagating mode amplitudes. We write it in compact form using the 2NV vector

Xu(z) = [ 8l 2) ] ; (3.41)

b(w, z)
obtained by concatenating vectors a(w, z) and B(w, z) with components @;(w, z) and Bj (w,2),forj=1,...,N.
We have
0.X,(2) = eH,(2) X, (2) + %G (2) X, (2) + O(e%), (3.42)

with 2N x 2N complex matrices given in block form by

(a) (b) (a) (b)
HY(:) HO(2) ] Guls) = [ Go (2) Go ("")]. (3.43)

Ho(z) = [ 200 HO () a0 a9

8



The entries of the blocks in H,, are

a - ~(1 iW(Bi1—Bj)z b . ~(1 —q Nz
H(EJ g)l( )*ZCJ(»Z)(w,z)e G H(,zl( ) = ZCJ(Z)(w,z)e (Br+Bi)z (3.44)
and the entries of the blocks in G, are
(@ - @ - o M g;) (w,2) [ s o)
G olz) = iez(ﬁl*ﬁj)zcﬂ (W, 2) +ie'Br=Pi)= Z ! / ds e PrlsltBs o) (W, 2 + 5) +
ey~ Bibr J-o
ie?(Pi=Fi)z Z le/ . 2) / ds e Prlsl+ibis g, gom (s) C’l(,ll) (w,z+s), (3.45)
l’:N+l 6]6[’ — 00

G(b) (Z) Zeiz(ﬁﬂrﬁ])zc( )(w Z) ie —i(B1+P;)z Z jl/ )/ ds 67ﬁl,|s‘7iﬁlscl(/1l)(w7z+S) +

w,jl /
/ N+1 /B]/Bl/
> Q§},)(W,Z)

i 1(BitB;)z Z

/ ds e PrlsI=iBis g, gon (s) C’l(,ll) (w,z+s). (3.46)
vine VBB

The coefficients in (3.44)-(3.46) are defined in terms of the random functions v(z), u(z), their derivatives,
and the following integrals,

i) = m [ de0s(@) 1258 + 0] ). (3.47)
() = - m [ aeonte) 202 + 20 - 0] 010, (3.45)
dule) == m / 4E € 6,(€)0en(E) (3.49)
) = 5= [ aex 96,0000, (3.50)
J
satisfying the symmetry relations
Cu,jl(w) :Cu,lj(ou )
Cpgt(w) = cpij(w),
041
d, d, J
(W) + dyij(w) @)
04l
d d J 3.51
,Jl( )"' HlJ( ) ﬂj(w)ﬂl( ) ( )

We have from (3.23) that
O (@, 2) = v(@)enw) + [V (2) + 2iBu (@) (2)] dyju (w) +
p(2)epgi(w) + 1 (2) + 2By (W) (2)] dyu o (@) (3.52)
and from (3.27), (3.11), (3.12) that

A — 20/ (» w (s o
T W @ear @)+ @ ()],
(1) 5
B ()ﬂ,w zw) v(2)ep i (W) + p(z)eu v (W) + V" (2)dy g (w) + 1" (2)dy i (w) (3.53)
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4. The long range limit. In this section we use the system (3.42) to quantify the cumulative scattering
effects at the random boundaries. We begin with the long range scaling chosen so that these effects are
significant. Then, we explain why the backward going amplitudes are small and can be neglected. This is
the forward scattering approximation, which gives a closed system of random differential equations for the
amplitudes {G;};=1,.. n. We use this system to derive the main result of the section, which says that the
amplitudes {@;};=1, .~ converge in distribution as ¢ — 0 to a diffusion Markov process, whose generator
we compute explicitly. This allows us to calculate all the statistical moments of the wave field.

4.1. Long range scaling. It is clear from (3.41) that since the right hand side is small, of order &,
there is no net effect of scattering from the boundaries over ranges of order one. If we considered ranges of
order 1/e, the resulting equation would have an order one right hand side given by H,(z/¢) X, (z/¢), but
this becomes negligible as well for ¢ — 0, because the expectation of H,(z/¢) is zero [5, Chapter 6]. We
need longer ranges, of order 1/£2 to see the effect of scattering from the randomly perturbed boundaries.

Let then @%, b5 be the rescaled amplitudes

30 Vi
@ (w z)z?i-(w i) b (w, 2) = b (w i) j=1,...,N (4.1)
g ) J ) 52 ) g ) ] ) 52 ) ’ ) )
and obtain from (3.42) that X (z) = X,,(2/e?) satisfies the equation
dX&(z) 1 z z

with boundary conditions

@(w,0) =qj0, bi(w,L)=0, j=1,...,N. (4.3)

J

We can solve it using the complex valued, random propagator matrix P£ (z) € C2V*2N | the solution of the
initial value problem
dPe 1
dPG(2) _ “H, (%

z
@ — ) P (2) + Go, (5—2) PS(z) forz >0, and P5(0) =L (4.4)

3

The solution is

X5:) =Pl | ey |-

and b° (w,0) can be eliminated from the boundary identity

[ aa(((u),L) } =PuD) [ Bgﬁf,u())) } ' (4.5)

Furthermore, it follows from the symmetry relations (3.43) satisfied by the matrices H, and G, that the
propagator has the block form

PZ(,Z) = m m (4.6)

P5(z) P(2) ]

where P£%(z) and P%b(z) are N x N complex matrices. The first block P%® describes the coupling between
different forward going modes, while P%;® describes the coupling between forward going and backward going
modes.

4.2. The diffusion approximation. The limit P as ¢ — 0 can be obtained and identified as a
multi-dimensional diffusion process, meaning that the entries of the limit matrix satisfy a system of linear
stochastic equations. This follows from the application of the diffusion approximation theorem proved in
[18], which applies to systems of the general form

dXe(z) z

CE (@ (5) )+ (@ (5).5) fre>0 md XO)=x,  @7)
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for a vector or matrix X°(z) with real entries. The system is driven by a stationary, mean zero and mixing
random process Y(z). The functions F(x,y,7) and G(x,y,7) are assumed at most linearly growing and
smooth in y, and the dependence in 7 is periodic or almost periodic [5, Section 6.5]. The function F(x,y,7)
must also be centered: For any fixed x and 7, E[F(x, Y(0),7)] = 0.

The diffusion approximation theorem states that as e — 0, X°(z) converges in distribution to the
diffusion Markov process X (z) with generator £, acting on sufficiently smooth functions ¢(x) as

£o00 = Jim 7 [ dr [T @B Y07 VL FGYE). ) Tl +

%/O drE[G(x, Y(0),7) - V()] - (4.8)

To apply it to the initial value problem (4.4) for the complex 2N x 2N matrix P¢(z), we let X°(z) be
the matrix obtained by concatenating the absolute values and phases of the entries in P¢ (z). The driving
random process ) is given by u(z),v(z) and their derivatives, which are stationary, mean zero and mixing
by assumption. The expression of functions F and G follows from (4.4) and the chain rule. The dependence
on the fast variable 7 = z/¢? is in the arguments of cos and sin functions, the real and imaginary parts of
the complex exponentials in (3.44)-(3.46).

4.3. The forward scattering approximation. When we use the diffusion-approximation theorem
in [18], we obtain that the limit entries of P5?(z) are coupled to the limit entries of P%%(z) through the
coefficients

oo

Ru(B; 4 5) =2 / T de Ry () cosl(B; + Bz]. Rl + ) =2 / 02 Ry, (2) cosl(B; + B)2]

for j,l =1,...,N. Here ﬁl, and ﬁ# are the power spectral densities of the processes v and p, the Fourier
transform of their covariance functions. They are evaluated at the sum of the wavenumbers 3; + 3; because
the phase factors present in the matrix H” (2) are £(8; + B1)z. The limit entries of P5%(z) are coupled to
each other through the power spectral densities evaluated at the difference of the wavenumbers, ﬁy(ﬂj )

and ﬁ#(ﬂj —p1), for j,1 =1,..., N, because the phase factors in the matrix H® (z) are £(5; — Bi)z. Thus, if
we assume that the power spectral densities are small at large frequencies, we may make the approximation

R (B + B1) =0, R.(B; +B) ~0, for j,l=1,...,N, (4.9)

which implies that we can neglect coupling between the forward and backward propagating modes as € — 0.
The forward going modes remain coupled to each other, because at least some combinations of the indexes
J, 1, for instance those with |j —[| = 1, give non-zero coupling coefficients R, (8; — 5;) and R,.(5; — Bi).
Because the backward going mode amplitudes satisfy the homogeneous end condition Ej (w,L) =0, and
because they are asymptotically uncoupled from {a5};=1,.. ~, we can set them to zero. This is the forward
scattering approximation, where the forward propagating mode amplitudes satisfy the closed system

das 1
d% = -H (532) @+ G (5_22) @ forz>0, and @5(w,z = 0) = G;,0(w). (4.10)

REMARK 4.1. Note that the matriz Hfua) 1s mot skew Hermitian, which implies that for a given € there
is mo conservation of energy of the forward propagating modes, over the randomly perturbed region,

N
DS # Y [aj.l*
j=1

j=1

2

This is due to the local exchange of energy between the propagating and evanescent modes. However, we will
see that the energy of the forward propagating modes is conserved in the limit ¢ — 0.
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4.4. The coupled mode diffusion process. We now apply the diffusion approximation theorem to
the system (4.10) and obtain after a long calculation that we do not include for brevity, the main result of
this section:

THEOREM 4.2. The complex mode amplitudes {aj(w, 2)}j=1,...N converge in distribution as e — 0 to a
diffusion Markov process process {aj (w, z)}j:17,,,7N with generator L given below.

Let us write the limit process as

aj(w, z) = Pj(w,z)l/Qewf(‘”’Z), j=1,...,N,

in terms of the power [@;|? = P; and the phase ;. Then, we can express the infinitesimal generator £ of the
limit diffusion as the sum of two operators

L=Lp+ Ly. (4.11)

The first is a partial differential operator in the powers
N

_ © (9 0\ 9 _py 2
Lp= ‘lzl T (w) [PZP] (apj apl) an—f—(Pl Pj)apj : (4.12)
is

with matrix T'®(w) of coefficients that are non-negative off the diagonal, and sum to zero in the rows
N9 (w) == I w). (4.13)
1%

The off-diagonal entries are defined by the power spectral densities of the fluctuations v and u, and the
derivatives of the eigenfunctions at the boundaries,

X2

() () —
U @) = 3o aw)

ﬂ {1964, X)den(o, X)I* R [85(w) — Aulw) 1+
(0w, 006 (w, 0)F Ry[B(w) = (@)} (4.14)

The second partial differential operator is with respect to the phases

N

N
_1 @ | Bo  Ro . 0 L I () P
Lo = 1 2 Fjl (w) 2 6912 + P, 69]2 +269j691 + 2jlzlrjl (w)aejael +
P ym
J#l
N N
1 o, 0 )
5 2 Di@ggr +> miwgr.  (415)
jl=1 7 =1 J
J#l
with nonnegative coefficients
O N _ X2 2.5
Tl — Oc i (w, X)O, , X)]" R, (0)+
W) = e 100 X)oeane, X Ro(0)
(D6 (w, 0)en(w, 0)F R, (0) } (4.16)
and
)y X 4 2
1—‘jl (w) = 4ﬂj(w)ﬂl(w) {[af(bj(w’X)a&(bl(waX)] ’71/7]1(‘*])"_

(95w, 000 (w, 0)) Yy u(w) } (4.17)
12



for j # [, where
() = 2 / " gz sin (8, (@) — A@)AI Ru(2), (4.18)
i () = 2 / " dz sin[(8;(w) — Au(w))2] Ru(2) (4.19)

The diagonal part of I'®) (w) is defined by
I (w) == 16 (w). (4.20)

I#j

All the terms in the generator except for the last one in (4.15) are due to the direct coupling of the propagating
modes. The coefficient ; in the last term is

rj(w) = £ (W) + £ (W), (4.21)

with the first part due to the direct coupling of the propagating modes and given by

X N
K = R,(0) /O dg {@5 908 55 o (96,) ] l%:zl(ﬁﬁﬁj)[diﬂ(ﬁ? = B7) + 2dujicw,j1]
Y 1 1
R (0) 4_5]-_2_5]-/ de €2(9e6;)* + Z Bi)d2 ;b + u terms, (4.22)

1#5,l=1

with the abbreviation “u terms” for the similar contribution of the p process. The coupling via the evanescent
modes determines the second term in (4.21), and it is given by

. > X2 [0:0,(X)0e (X)) [ s, .
0= 3 e ], R ) cose) ~ 2] +

I=N+1

[oe] C2 .

> 2@[ RU0) + o Ru(0)] 4 p terms. (4.23)
I=N+1 J l

4.4.1. Discussion. We now describe some properties of the diffusion process a:

1. Note that the coefficients of the partial derivatives in P; of the infinitesimal generator £ depend only
on {P,};=1, . ~. This means that the mode powers {|E§(w, 2)[?}j=1....n converge in distribution as
e — 0 to the diffusion Markov process {|a;(w, 2)|*> = Pj(w, 2)}j=1,....~n, with generator Lp.

.....

2. As we remarked before, the evanescent modes influence only the coefficient ;(w) which appears
in Lg but not in Lp. This means that the evanescent modes do not change the energy of the
propagating modes in the limit ¢ — 0. They also do not affect the coupling of the modes of the
limit process, because x; is in the diagonal part of (4.15). The only effect of the evanescent modes
is a net dispersion (frequency dependent phase modulation) for each propagating mode.

3. The generator £ can also be written in the equivalent form [5, Section 20.3]

1

=7 3 T (A + AiAn) + z IO (@) A5 A
5l=1 j =1
i#l
Z N
Z (s) Ajj — Au) + zz Ki(w)Ajj, (4.24)
Jsl=1 j=1
il
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in terms of the differential operators

.0 =0 —
Aj = % zg—j =—Ay. (4.25)
Here the complex derivatives are defined in the standard way: if z = z+1y, then 9, = (1/2)(0, —i0y)
and 0z = (1/2)(0, + i0y).

4. The coefficients of the second derivatives in (4.24) are homogeneous of degree two, while the coeffi-
cients of the first derivatives are homogeneous of degree one. This implies that we can write closed
ordinary differential equations in the limit € — 0 for the moments of any order of {E; }i=1,...N-

5. Because

L <Z |al|2> =0, (4.26)
=1

we have conservation of energy of the limit diffusion process. More explicitly, the process is supported
on the sphere in CV with center at zero and radius R, determined by the initial condition

N
Ry =) laio(w).
=1

Since L is not self-adjoint on the sphere, the process is not reversible. But the uniform measure on
the sphere is invariant, and the generator is strongly elliptic. From the theory of irreducible Markov
processes with compact state space, we know that the process is ergodic and thus a(z) converges for
large z to the uniform distribution over the sphere of radius R,. This can be used to compute the
limit distribution of the mode powers (|Zij|2) j=1,...,n for large z, which is the uniform distribution
over the set

N
Hy = {{Pj}j:1 ,,,,, N, P >0, ;Pj - Ri} . (4.27)

We carry out a more detailed analysis that is valid for any z in the next section.

4.4.2. Independence of the change of coordinates that flatten the boundaries. The coefficients
(4.14), (4.16) and (4.17) of the generator £ have simple expressions and are determined only by the covariance
functions of the fluctuations v(z) and u(z) and the boundary values of the derivatives of the eigenfunctions
¢j(w, &) in the unperturbed waveguide. The dispersion coefficient x; has a more complicated expression
(4.21)-(4.23), which involves integrals of products of the eigenfunctions and their derivatives with powers of
& or X —¢&. These factors in £ are present in our change of coordinates

°(2,6) = B(2) +[T(z) - B(Z)]% =+ e[(X —Qulz) +&v(z)], (4.28)

so it is natural to ask if the generator £ depends on the change of coordinates. We show here that this is
not the case.
Let F¢(z,£) € C* ([0,00) x [0, X]) be a general change of coordinates satisfying

X(1+ev(z)) for €=X

& —
Pz, 8) = { eXu(z) for £€=0 (4.29)
for each € > 0, and converging uniformly to the identity mapping as ¢ — 0,
sup sup [F=(2,6) — €[ = O(e),  sup sup |0.F(z,€)| = O(c). (4.30)

2>0 £€[0,X] 2>0 £€[0,X]
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Note that (4.30) is not restrictive in our context since (u(z), v(z)) and their derivatives are uniformly bounded.
Define the wavefield

W(w, & 2) =p(w, F*(2,),2), (4.31)

and decompose it into the waveguide modes, as we did for @(w, &, z) = D (w, £°(z,€), z) . We have the following
result proved in appendix B.

THEOREM 4.3. The amplitudes of the propagating modes of the wave field (4.31) converge in distribution
as € — 0 to the same limit diffusion as in Theorem 4.2.

4.4.3. The loss of coherence of the wave field. From Theorem 4.2 and the expression (4.24) of the
generator we get by direct calculation the following result for the mean mode amplitudes.

PROPOSITION 4.4. As e — 0, E[a5(w, )] converges to the expectation of the limit diffusion @;(w, 2),
given by

(e) O (s)
Eff; (0, 2)] = @ 0(w) exp { [Fgg (w) — . Ly )}z + z[F”T() + ﬁj(w)}z} : (4.32)

As we remarked before, 1"(-0-) — 1"(-0-) is negative, so the mean mode amplitudes decay exponentially with the

range z. Furthermore, we see from (4.14) and (4.16) that F(C) 52) is the sum of terms proportional to

(0epj(X ) /B; and (9:¢;(0 ) /Bj. These terms increase Wlth j, and they can be very large when j ~ N.
Thus, the mean amplitudes of the high order modes decay faster in z than the ones of the low order modes.
We return to this point in section 5, where we estimate the net attenuation of the wave field in the high
frequency regime N > 1.

That the mean field decays exponentially with range implies that the wave field loses its coherence, and
energy is transferred to its incoherent part, the fluctuations. The incoherent part of the amplitude of the
Jj—th mode is a5 — E[a j] and its intensity is given by the variance E[|a
if its mean amplitude is dominated by the fluctuations, that is if

as; |IE [as] ‘ . The mode is incoherent

J

[mias ] - Eaf] > ma).

We know that the right hand side converges to (4.32) as ¢ — 0. We calculate next the limit of the mean
powers E[[as5|?].

4.4.4. Coupled power equations and equipartition of energy. As we remarked in section 4.4.1,
the mode powers |E§(w,z)|2, for j = 1,..., N, converge in distribution as ¢ — 0 to the diffusion Markov
process (Pj(w, z))j=1,....n supported in the set (4.27), and with infinitesimal generator £p. We use this result
to calculate the limit of the mean mode powers

Pjgl)(w, z) = E[Pj(w,2)] = Q%E“a?(w’ 2)].

PROPOSITION 4.5. As e — 0, E[[a5(w, 2)[?] converge to Pj(l)(w,z), the solution of the coupled linear
system

aprV X
= =3 (PO - PY), >0, (4.33)
Z

with initial condition Pj(l)(w, 2=0)=aj,(w) forj=1,...,N.

Matrix I'(¢) (w) is symmetric, with rows summing to zero, by definition. Thus, we can can rewrite (4.33) in
vector-matrix form
dP<1>(z)

y WP (z), z>0, and PV (0)=PWY, (4.34)
z
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T
with P (z) = (Pl(l), .. .,Pfll)) and PV the vector with components [aj.o(w)l? for j =1,...,N. The

solution is given by the matrix exponential
PYO(z) =exp {I‘(c) (w)z} P, (4.35)

We know from (4.14) that the off-diagonal entries in ' are not negative. If we assume that they are
strictly positive, which is equivalent to asking that the power spectral densities of v and p do not vanish at
the arguments 3; — 3;, for all j,I =1,..., N, we can apply the Perron-Frobenius theorem to conclude that

zero is a simple eigenvalue of T''®)(w), and that all the other eigenvalues are negative,
AN(w)(W) <0 <Z Ag(w) < 0.

This shows that as the range z grows, the vector P (z) tends to the null space of I'®), the span of the
vector (1,...,1)T. That is to say, the mode powers converge to the uniform distribution in the set (4.27) at
exponential rate
R2
sup Pj(l)(w,z) g C) < Ce 1A @)z (4.36)
j=1,....N(w) N(w)
As z — 0o, we have equipartition of energy among the propagating modes.

4.4.5. Fluctuations of the mode powers. To estimate the fluctuations of the mode powers, we use
again Theorem 4.2 to compute the fourth order moments of the mode amplitudes:

PJ,(ZQ) (w,z) = ;%E [|E§(w, 2)|?[as (w, z)|2} =E[P}(w, 2)P(w, 2)].

Using the generator Lp, we get the following coupled system of ordinary differential equations for limit
moments

apr? N
i _ © (4p® _ op®
= X (e -en).
n#j
ary’ ©p@ | N1 (p@ _ p@Y L N (p@ _ p@
i o c c c .
— = OPP Y (PR - PP ) TG (R - PY) . AL 20, (437)
n=1 n=1
with initial conditions
2 ~ ~
PP (0) = [aj,0 (a0l (4.38)

The solution of this system can be written again in terms of the exponential of the evolution matrix.
It is straightforward to check that the function Pj(l2 ) =1+ ;1 is a stationary solution of (4.37). Using

the positivity of Fg? for j # [, we conclude that this stationary solution is asymptotically stable, meaning

that the solution Pj(l2) (z) converges as z — 00 to

1
— R} AL
PR ()2 { NI+
’ 2R ifj—1
NN 1) ’

where R2 = Zj\;l |dj.0|%. This implies that the correlation of Pj(z) and P,(z) converges to —1/(N — 1) if
j#land to (N—=1)/(N+1)if j =1 as z = oco. We see from the j # [ result that if, in addition, the
number of modes N becomes large, then the mode powers become uncorrelated. The j = [ result shows
that, whatever the number of modes N, the mode powers P; are not statistically stable quantities in the
limit z — oo, since

Var(Pj(w, 2)) 200 N —1

EP (w2 N+l
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5. Estimation of net diffusion. To illustrate the random boundary cumulative scattering effect over
long ranges, we quantify in this section the diffusion coefficients F;'l:) and 1"(?) in the generator £ of the limit

J
process. In particular, we calculate the mode-dependent net attenuation rate

(0) (c)
_ I (W) =Ty (@)

Kj(w) = 5 , (5.1)

that determines the coherent (mean) amplitudes as shown in (4.32). The attenuation rate gives the range
scale over which the j—th mode becomes essentially incoherent, because equations (4.32) and (4.35) give

|E [a;(w, 2)]|
\/IE {|aj(w,z)|2} — [E [@;(w, 2)]

<1l ifz>Kl

The reciprocal of the attenuation rate can therefore be interpreted as a scattering mean free path. The
scattering mean free path is classically defined as the propagation distance beyond which the wave loses its
coherence [20]. Here it is mode-dependent.

Note that the attenuation rate /C;(w) is the sum of two terms. The first one involves the phase diffusion

coefficient 1"5—3) in the generator Ly, and determines the range scale over which the cumulative random phase
of the amplitude @; becomes significant, thus giving exponential damping of the expected field E[a;]. The
second term is the mode-dependent energy exchange rate

(e)
7o) =~ (52)
given by the power diffusion coefficients in the generator £p. Each waveguide mode can be associated with
a direction of incidence at the unperturbed boundary, and energy is exchanged between modes when they
scatter, because of the fluctuation of the angles of incidence at the random boundaries. We can interpret
the reciprocal of the energy exchange rate as a transport mean free path, which is classically defined as the
distance beyond which the wave forgets its initial direction [20].

The third important length scale is the equipartition distance 1/|As(w)|, defined in terms of the sec-
ond largest eigenvalue of the matrix T®(w). It is the distance over which the energy becomes uniformly

distributed over the modes, independently of the initial excitation at the source, as shown in equation (4.36).

5.1. Estimates for a waveguide with constant wave speed. To give sharp estimates of K; and
Jj for j =1,...,N, we assume in this section a waveguide with constant wave speed ¢(§) = ¢, and a high
frequency regime N > 1. Note from (4.13) that the magnitude of Fg;) depends on the rate of decay of the

power spectral densities R, (8) and 7%# (8) with respect to the argument 5. We already made the assumption
(4.9) on the decay of the power spectral densities, in order to justify the forward scattering approximation.

In particular, we assumed that ﬁy(ﬂ) ~ 7%# (8) =~ 0 for all 8 > 20y. Thus, for a given mode index j, we
expect large terms in the sum in (4.13) for indices [ satisfying

21

18; = Bil S 268 = - V2aN, (5.3)
where we used the definition
m - . kX
Bj(w) = bd (N+a)2-342, j=1,....N, and — =N+a, for a€(0,1). (5.4)
T

Still, it is difficult to get a precise estimate of 1";;-) given by (4.13), unless we make further assumptions on
R, and R,. For the calculations in this section we take the Gaussian covariance functions

22 22
R, (z) = exp Y and R, (z) =exp o ) (5.5)
v 1
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and we take for convenience equal correlation lengths £, = £,, = £. The power spectral densities are

. N 5262
Ru(B) =Ru(B) = V2rlexp < 5 ) , (5.6)
and they are negligible for § > 3/¢. Since N = |kX /x|, we see that (5.3) becomes

3 _2m 3
— B <2 <ZV2aN orequivalently, kf> ——+/N > 1. 5.7
|ﬂj /Bl| =y~ X q Y ~ 2\/% ( )
Thus, assumption (4.9) amounts to having correlation lengths that are larger than the wavelength. The at-
tenuation and exchange energy rates (5.1) and (5.2) are estimated in detailed in Appendix C. We summarize
the results in the following proposition, in the case?

VN <kl < N. (5.8)

PROPOSITION 5.1. The attenuation rate K;j(w) increases monotonically with the mode index j. The
energy exchange rate Jj(w) increases monotonically with the mode index j up to the high modes of order N
where it can decay if k€ > v/ N. For the low order modes we have

Ti (W)X ~ (W)X ~ (k6)Y2 j~1. (5.9)
For the intermediate modes we have
. N 3
jj(w)XmICj(w)XwN2(3/7_)2, 1< j<N. (5.10)
1—(j/N)
For the high order modes we have
N3

Ti (W)X ~ R Kj(w)X ~kéN?, j~N, (5.11)

for kl ~ /N, but when kl > /N,
Ti(w)X < Kj(w)X ~k¢N?, j~N. (5.12)

The results summarized in Proposition 5.1 show that scattering from the random boundaries has a
much stronger effect on the high order modes than the low order ones. This is intuitive, because the modes
with large index bounce more often from the boundaries. The damping rate K; is very large, of order
N2kl for j ~ N, which means that the amplitudes of these modes become incoherent quickly, over scaled®
ranges z ~ XN 2(kf)~1 < X. The modes with index j ~ 1 keep their coherence over ranges z = O(X),
because their mean amplitudes are essentially undamped K; X < 1 for j ~ 1. However, the modes lose their
coherence eventually, because the damping becomes visible at longer ranges z > X (k:f)l/ 2,

Note that the scattering mean free paths and the transport mean free paths are approximately the same
for the low and intermediate index modes, but not for the high ones. The energy exchange rate for the high
order modes may be much smaller than the attenuation rate in high frequency regimes with k¢ > v/N. These
modes reach the boundary many times over a correlation length, at almost the same angle of incidence, so
the exchange of energy is not efficient and it occurs only between neighboring modes. There is however a
significant cumulative random phase in a; for j ~ NN, given by the addition of the correlated phases gathered
over the multiple scattering events. This significant phase causes the loss of coherence of the amplitudes of
the high order modes, the strong damping of E[a;].

Note also that a direct calculation of the second largest eigenvalue of T'(¢)(w) gives that

Az (w)] ~ T8 ()] ~ (k) V2.

2The case k£ > N is also discussed in Appendix C.
3Recall from section 4.1 that the range is actually z/¢2.
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Thus, the equipartition distance is similar to the scattering mean free path of the first mode. This mode
can travel longer distances than the others before it loses its coherence, but once that happens, the waves
have entered the equipartition regime, where the energy is uniformly distributed among all the modes. The
waves forget the initial condition at the source.

5.2. Comparison with waveguides with internal random inhomogeneities. When we compare
the results in Proposition 5.1 with those in [5, Chapter 20] for random waveguides with interior inhomo-
geneities but straight boundaries, we see that even though the random amplitudes of the propagating modes
converge to a Markov diffusion process with the same form of the generator as (4.24), the net effects on
coherence and energy exchange are different in terms of their dependence with respect to the modes.

Let us look in detail at the attenuation rate that determines the range scale over which the amplitudes
of the propagating modes lose coherence. To distinguish it from (5.1), we denote the attenuation rate by K;
and the energy exchange rate by jj, and recall from [5, Section 20.3.1] that they are given by

~ O ER,(0) = ~ A P
g, = F Rl L 5 J = N RaB—B) . 5.13
J 8@2 J J — 83;8 it (Bj 1) ( )
1#
Here ﬁjl (2) is the Fourier transform (power spectral density) of the covariance function Rji(z) of the
stationary random processes

Ci(2) = / dz & (2) i (2 (. 2)

the projection on the eigenfunctions of the random fluctuations v(z, z) of the wave speed.
For our comparison we assume isotropic, stationary fluctuations with mean zero and Gaussian covariance
function

22422

R(z,z) =E[v(z,2)v(0,0)] = e =

so the power spectral densities are

~ 02 2 2 2,
Ru(8) ~ T F ) [ S A) o5 ()’ w] | (5.14)
Thus, (5.13) becomes
~ 77'(]{;6)2 2 _|_ 6_2(k6)2(j/N)2 ~
’Cj = 8X 2 . 2 +¥7J’
(1+a/N)"=(/N)
~  w(ke)? al 6_% [\/(1+Q/N)2_(j/N)2_\/(HQ/N)Q_(Z/NPJ2 SO (4 L) W02 (4 L)
‘7]. — 8X Z e N + e 2 NTN ,
=1l oy ] [ am? - @]

and their estimates can be obtained using the same techniques as in Appendix C. We give here the results
when k¢ satisfies (5.8). For the low order modes we have

- 2
KjX ~ —W(I;E)

)

2,2 Ny/m/2
2+e““’m+_7%L]N[%@2rNM]~N%ezNW% i1

~ kl)* Ny/7/2
@Xzﬂsy—leNszw,
and for the high order modes we have

J~1

Sa 22k

T X~ "l V2 — N?k¢>N%2  j~N.

. N N
£~ TN [+“ | = o 2w~ ez 60, s
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Thus, we see that in waveguides with internal random inhomogeneities the low order modes lose coherence
much faster than in waveguides with random boundaries. Explicitly, coherence is lost over scaled ranges

2 <XN3? <« X
The high order modes, with index j ~ N, lose coherence over the range scale
2 <XN?2 <« X

Moreover, the main mechanism for the loss of coherence is the exchange of energy between neighboring
modes. That is to say, the transport mean free path is equivalent to the scattering mean free path for
all the modes in random waveguides with interior inhomogeneities. Finally, direct calculation shows that
|Ag| ~ (k€)=5/2| 71|, so the equipartition distance is larger by a factor of (k¢)>/? > N°/* than the scattering
or transport mean free path.

6. Mixed boundary conditions. Up to now we have described in detail the wave field in waveguides
with random boundaries and Dirichlet boundary conditions (1.4). In this section we extend the results to
the case of mixed boundary conditions (1.5), with Dirichlet condition at = B(z) and Neumann condition
at x = T(z). All permutations of Dirichlet/Neumann conditions are of course possible, and the results can
be readily extended.

Similar to what we stated in section 2, the operator 82 + w?c™2(x) acting on functions in (0, X), with
Dirichlet boundary condition at x = 0 and Neumann boundary condition x = X, is self-adjoint in L2(0, X).
Its spectrum is an infinite number of discrete eigenvalues \j(w), for j = 1,2,..., and we sort them in
decreasing order. There is a finite number N(w) of positive eigenvalues and an infinite number of negative
eigenvalues. We assume as in section 2 that N(w) = N is constant over the frequency band, and that
the eigenvalues are simple. The modal wavenumbers are as before, §j(w) = 1/|\;j(w)|. The eigenfunctions
¢j(w, x) are real and form an orthonormal set.

For example, in the case of a constant wave speed ¢(z) = ¢,, we have

MW{%T, ¢;(z) = %sin<%>, j=1,2,..., (6.1)

and the number of propagating modes is given by N = L% + %J .

6.1. Change of Coordinates. We proceed as before and straighten the boundaries using a change
of coordinates that is slightly more complicated than before, due to the Neumann condition at = = T'(z),
where the normal is along the vector (1, —7"(z)). We let

p(t,z,2) =u(t, X(z,2), Z(z,2)), (6.2)

where
X(z,2) = XT”(CZ%B](;()Z) , (6.3)
Z(x,z) =24 2T"(2) + Q(2), Qz) = — /OZ dsT(s)T"(s). (6.4)

In the new frame we get that £ = X'(z, z) € [0, X|], with Dirichlet condition at £ =0
u(t,£=0,0)=0. (6.5)
For the Neumann condition at £ = X we use the chain rule, and rewrite
oup(t,x =T(2),2) = [0, — T'(2)0:|p(t,x =T (2),2) =0,

as



This is the standard Neumann condition

deu(t,& = X,¢) =0, (6.6)
because
[~ 0.2+ T'(2)0.2)(x =T(2),2) = ~T'(2) + T'(2)[L + T(2)T"(2) + Q'(2)] =0,
and
[ 0,4 + T'(2)0.X)(z = T(2),2) = % 40,

Now, the method of solution is as before. Using that ¢ is small, we obtain a perturbed wave equation
for u, which we expand as

LoT+ eL1T + e2LoT = 0(53), (6.7)
with leading order operator
Lo =07+ 0F +w?/P(€),
and perturbation

£1 = —2(v — p)3R +2(X — )/ — #)ee — 2X(X — W02 — X(X — "0, — (63)
(X" 4+ (" — u")] 0 + w? (0™ () [ X+ (v — )] -

6.2. Coupled Amplitude Equations. We proceed as in section 3.2. We find that the complex mode
amplitudes satisfy (3.16)-(3.17) with ¢ instead of z, where the (-dependent coupling coefficients are

5(0) = eCP(Q) + 20D Q) + O, (6.9)
C Q) = o qv(Q) + iBidu ! () + ev it (C) + iBufu it ()
e itt(€) + du i (20610 (C) + 1" (€) (6.10)
with
1 w2 X
v = 57 | (g~ ) 0000 + 6= 85 [ decooces] (6.11)
1 2
dvjt =3 55 [2/0 dé (X —E)Qﬁjagqﬁl} ; (6.12)
1 X X
N - /0 dg (X — €)6;€0c 1 + 2] /0 dE(X = €)6501] (6.13)
1 X
o= 57|~ [ X~ 0001, (6.14)

and coefficients ¢, j and d,, ;i defined by (3.48) and (3.50). Similar formulas hold for C](.ZQ) Q).
In the following we neglect for simplicity the evanescent modes, which only add a dispersive net effect
in the problem. These modes can be included in the analysis using a similar method to that in section 3.3.

6.3. The Coupled Mode Diffusion Process. As we have done in section 4, we study under the
forward scattering approximation the long range limit of the forward propagating mode amplitudes.

First, we give a lemma which shows that the description of the wave field in the variables (z, z) or (,()
is asymptotically equivalent.
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LEMMA 6.1. We have uniformly in x

X (507 %) —z 0, Z (z, —) — % —E[/(0)?]2 =00 in probability .
€ €

Proof. The convergence of X' to x is evident from definitions (6.3) and (3.2). Moreover, (6.4) gives

z

€L2
2(0.5) - 5 =aexv/ (5) - ex [Tk vl s,
13 19 13 0

and integrating by parts and using the assumption that the fluctuations vanish at z = 0, we get

2(02) - S =ex - (3) - (20 (3)] 2 [T v

The first term of the right-hand side is of order € and the second term converges almost surely to E[v/(0)?]z
which gives the result. O

The diffusion limit is similar to that in section 4.4, and the result is as follows.

PROPOSITION 6.2. The complex mode amplitudes (E;(w,C))jzl,___7N converge in distribution as € — 0
to a diffusion Markov process process (a;(w,());j=1,.. .n. Writing

.....

@j(w, Q) = Pj(w, ()2 @9 j=1,...|N,
the infinitesimal generator of the limiting diffusion process

L=Lp+ Ly
is of the form (4.11), but with different expressions of the coefficients given below.

The coefficients Fg? in Lp are given by

T (w) =Ry (B = B) Q25 + Ry (B — B) Q25 i j#1, (6.15)

where

Quijt = vt + du i Bi(B1 = B) — (B — B5)? [ew i + Fu.nBi(Br — B;)]

X w?
NG [C(X—)g - ﬂlﬂj:| ¢ (X)1(X), (6.16)
X
Quit = cugi + du (87 — B7) = Wagfﬁj(o)ag@(o)-

The coefficients in Ly are similar,

L' (w) = Ru(0)Q%;, + Ru(0)Q% Vi, (6.17)

and
T (W) = 31 Q2 5y + @25 if§#1, (6.18)

with 7, 5 and 7, ;i defined by (4.18).

We find again that these effective coupling coefficients depend only on the behaviors of the mode profiles
close to the boundaries. In the case of Dirichlet boundary conditions, the mode coupling coefficient F;‘l:) (w)
depends on the value of 0¢¢;0¢:¢; at the boundaries. In the case of Neumann boundary conditions, the mode
coupling coefficient Fgf) (w) depends on the value of ¢;(X )@ (X).

Given the generator, the analysis of the loss of coherence, and of the mode powers is the same as in
sections 4.4.3-4.4.5.
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7. Summary. In this paper we obtain a rigorous quantitative analysis of wave propagation in two
dimensional waveguides with random and stationary fluctuations of the boundaries, and either Dirichlet or
Neumann boundary conditions. The fluctuations are small, of order &, but their effect becomes significant
over long ranges z/e2. We carry the analysis in three main steps: First, we change coordinates to straighten
the boundaries and obtain a wave equation with random coefficients. Second, we decompose the wave
field in propagating and evanescent modes, with random complex amplitudes satisfying a random system of
coupled differential equations. We analyze the evanescent modes and show how to obtain a closed system
of differential equations for the amplitudes of the propagating modes. In the third step we analyze the
amplitudes of the propagating modes in the long range limit, and showed that the result is independent of
the particular choice of the change of the coordinates in the first step. The limit process is a Markov diffusion
with coefficients in the infinitesimal generator given explicitly in terms of the covariance of the boundary
fluctuations. Using this limit process, we quantify mode by mode the loss of coherence and the exchange
(diffusion) of energy between modes induced by scattering at the random boundaries.

The long range diffusion limit is similar to that in random waveguides with interior inhomogeneities
and straight boundaries, in the sense that the infinitesimal generators have the same form. However, the
net scattering effects are very different. We quantify them explicitly in a high frequency regime, in the
case of a constant wave speed, and compare the results with those in waveguides with interior random
inhomogeneities. In particular, we estimate three important length scales: the scattering mean free path,
the transport mean free path and the equipartition distance. The first two give the distances over which
the waves lose their coherence and forget their direction, respectively. The last is the distance over which
the cumulative scattering distributes the energy uniformly among the modes, independently of the initial
conditions at the source.

We obtain that in waveguides with random boundaries the lower order modes have a longer scattering
mean free path, which is comparable to the transport mean free path and, remarkably to the equipartition
distance. The high order modes lose coherence rapidly, they have a short scattering mean free path, and do
not exchange energy efficiently with the other modes. They have a transport mean free path that exceeds the
scattering mean free path. In contrast, in waveguides with interior random inhomogeneities, all the modes
lose their coherence over much shorter distances than in waveguides with random boundaries. Moreover,
the main mechanism of loss of coherence is the exchange of energy with the nearby modes, so the scattering
mean free paths and the transport mean free paths are similar. Finally, the equipartition distance is much
longer than the distance over which all the modes lose their coherence.

These results are useful in applications such as imaging with remote sensor arrays. Understanding
how the waves lose coherence is essential in imaging, because it allows the design of robust methodologies
that produce reliable, statistically stable images in noisy environments that we model mathematically with
random processes. An example of a statistically stable imaging approach guided by the theory in random
waveguides with internal inhomogeneities is in [3].
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Appendix A. Proof of Lemma 3.1. The proof given here relies on explicit estimates of the series in
(3.33), obtained under the assumption that the background speed is constant ¢(§) = ¢,. We rewrite (3.33)
as

[P?] (w, 2) = [¥10] (w, 2) + [V20] (w, 2) (A1)

with linear integral operators ¥; and Wy defined component wise by

o0

(019, w,2) = > % / (M5, — 0:Q5)(= + 8)0u(w, 2 + s)e™ P lelds, (A.2)
I=N+1 "I 7=

[\Ilgt?}j(w,z) = Z %/OO Q5(2 + s)ui(w, z + s)ePilslds, (A.3)
I=N+1 -
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The coefficients have the explicit form

- {2 e o) (%) + %} i (1= 850 /(2) = ()] s —

J

(1- 5ﬂ)u"(z)jfljl2 [1— (-1)"9] + O(e),

“(2) = [V (2) = 1 ()] 850+ (1= 6;0) [V (2) — ' (2)] % B

Alj
(1- (SJ'I)V’(Z)j2

o [1— (=) +O(e).

(A.4)

(A.5)

Let (3(Z; L*(R)) be the space of square summable sequences of L?(R) functions with linear weights,

equipped with the norm
) 1/2
lollez == | 326 o llea)?]
JEZ

We prove that U : £3(Z; L*(R)) — ¢3(Z; L*(R)) is bounded. The proof consists of three steps:

Step 1: Let T be an auxiliary operator acting on sequences v = {v; };¢z, defined component wise by

[Tv]; = Z %lp v = Z (% + Jl/_2l> _ % ((l v_p) * % + (L) * %) + i(v,j

17157 £+

7’0]').

This operator is essentially the sum of two discrete Hilbert transforms, satisfying the sharp estimates [11]

1
lo* Zlle < 7l vl
Therefore, the operator T' is bounded as

ITolle < (1/2+7) Y llojlle-
JEZ

Step 2: Let v(z) = {vi(2)}iez be a sequence of functions in R and define the operator

Q:G(Z; L (R) = G(Z; L*(R)),  [Qu];(2) = [T x e P1*N(2) 1oy,

Using Young’s inequality

where

sl s P
QU] |l 2y = [T * e[ oy < [TVl L2y lle™ 1| 11wy = 3 11T )51 L2 (r) s

we obtain from (A.6)-(A.9) that ||Q|| < (1+27)/C(w), because

. 4 2
> G 11Qus )’ < E N AH )= T /]R ZI[Tv]j(z)l dz

JEZ JEZ

/\

JER
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JEZ

(A.9)

(A.10)



This estimate applies to the operator Uy. Indeed, let us express Uy in terms of the operator @) using

(A.3) and (A.5),

[W20](2) = ;((V — W )vy) x e Pl () s vy — 2[Qu vl (2) + 2(—1)7[QV/ (—1)! v;(z). (A.11)

That the sum in Wy is for [ > N is easily fixed by using the truncation v; = vy 1{;>ny. Thus, using estimate
(A.10) for the last two terms, we obtain

—~ 5+ 8 ~
[@22]]¢z < T (lellwroe @y + 17 lwroe ) 1[0l 2-

Step 3: It remains to show that the operator ¥; is bounded. We see from (A.2), (A.4) and (A.5) that
for any j > N

2,2 1

57 (= 100) e oy — 5[l (2),

[W1];(2) =
where Wy is just like the operator Wy, with the driving process (1, /) replaced by its derivative (v, u").
Using again Young’s inequality, we have

2
. 4 - 1 P
il < 2 (58 ) 107~ W0Bloe) + s Bl e

Now multiply by j and use the triangle inequality to obtain that ¥; is bounded,
. 272 (5+8m) .
[W19]|z < [W (Iwllzoe + [lpllzoe) + ) Ll + il [[0ll ¢z

Appendix B. Independence of the change of coordinates. We begin the proof of Theorem 4.3
with the observation that

W(w, & z) =1 (w,fa’_l(z, F4(z,9)), z) ,

where £5~1 is the inverse of /¢, meaning that @ and @ are related by composition of the change of coordinate
mappings. Clearly, the composition inherits the uniform convergence property

sup sup (57 (2, F*(2,€)) — & = O(e). (B.1)
2>0 £€[0,X]

For the sake of simplicity we neglect the evanescent modes in the proof, but they can be added using
the techniques described in section 3.3. Using the propagating mode representation of u(w, &, 2),

w(w, &, z) Zd)lwfulwz +Z¢lw§, Y (w, 2), (B.2)
1=1 1=1

where we let
G(w, &, 2) = ¢ (w, 057 (2, F*(2,9))) — di(w, €)
1
:/0 (571 (2, F2(2,€)) — €) er (w, 8 52 (2, F*(2,€)) + (1 — 8) ) ds.

But we can also carry out the mode decomposition directly on @ and obtain

W(w,¢, 2) Z@ w, &) (w, 2), (B.3)
=1
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because the number of propagating modes N and the eigenfunctions ¢; in the ideal waveguide are independent
of the change of coordinates. Here w;(w, z) are the amplitudes of the propagating modes of w. Equating
identities (B.2) and (B.3), multiplying by ¢,(w, ) and integrating in [0, X] we conclude that

Wj(w, 2) = u;(w, 2) (w, 2)u(w, 2), (B.4)

uMz

where we introduced the random processes,

X 1
51;‘(%2)/0 fbj(w,f)/o O (w, s 057 (2, F%(2,€)) + (1 = 5) €) (=71 (2, F*(2,€)) — &) dsd.

In addition, differentiating equation (B.4) in z, we have

N
0:W;(w, 2) = D:40(w, 2) + Y _ 0615 (w, )T (w, ) + &5 (w, 2)0: T (w, 2). (B.5)
=1

Now, let us recall from the definition of the forward and backward propagating modes that
18U (w, z) + 0.1 (w, 2) = 24/ 55 @;(w, z)etPiz,
We conclude from (B.4) and (B.5) that

- - Lo~ i+ b —i(8,-p= 4 Bi =Py )
¥ ) = ay ) o j ) YR VE b ) YR vz
aj (w,z) = aj(w, 2) + 5 ;:1 éj(w, z) < 57 ay(w, 2)e + 50 1(w, 2)e

4L Z (az (w, z)e " Fi=A0Z L) (w, Z)eﬂ(ﬁﬂrﬁl)Z) . (B.6)
2 =1 ﬁ]ﬁl
where {@¥(w,2)}j=1,..~n are the amplitudes of the forward propagating modes of W(w,{,2). A similar

equation holds for the backward propagating mode amplitudes {B}” (w,2)}j=1,...N-
The processes ¢;;(w, z) can be bounded as (4.30)

<
 Jax, supléy (@, 2)l} X1<I§1?§N{ sup}laﬁ;(w §)|£es[légq|3£¢l(%§)|} x

sup sup (57 1(z, F¥(2,€)) — €] = O(e). (B.7)
220 £€[0,X]

For the processes 0,¢;;(w, z) we find a similar estimate. Indeed, note that
0 [Oen (w5 €571 (2, F(2,€) + (1 =) &) (571 (2, F¥(2,€) — €]

N (w5 572, F5(2,6)) + (1= 5) €) 5 0:[057 (2, F5(2,6))] (£57 (2, F5(2,€)) — ) +
Oer(w, s =71 (2, F=(2,€)) + (1 = ) €) 0[5 (2, F*(2,9))].

A direct calculation shows that
X(Fe(z,6) —ep(2))
X0 T ev(2) - 2nz)

o (OF2(2,€) — el (2) (X (1 + w(2)) — (@) — (F°(2,6) — 2pl(2)) £ (V(2) = ' (2))
(X (1 +ev(2)) — eul@))? |

0. [ﬂe’_l(Z’Fa(zag))] =

Hence, using condition (4.30) for 0,F¢(z,§)

sup sup [0 (5712, F¥(,))]| < Clllollwroe, [allwr) <.
220 £€[0,X]
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Therefore,

max {suplc’? ajw,2)|} < X max {A\ sup [¢;(w,§)| sup ¢1(w, &)} O(e?) +
1=gls 1=gils £€(0,X] £€(0,X]

X max { Sup]lqﬁg(w 6l i |0ei(w, I} O(e). (B.8)

1<5I<N g

Let @“(w, z) and b”(w, z) be the vectors containing the forward and backward propagating mode am-
plitudes and define the joint process of propagating mode amplitudes X*(z) = (a*(w, 2), b¥(w, 2))T. Let
us the long range scaled process be X5 (z) = X% (z/e?). Equation (B.6) implies that

&, w _ 5 i i i €
X5%(2) =X (2) + M. (w, C(w, EQ),@C(w, 62), 62) X:(2), (B.9)
where C(w, z) 1= (€5 (w, 2))j1=1,...~ and 0,C(w, z) 1= (0.¢j(w, 2))j,i=1,...,n. The subscript ¢ in the matrix

M. (-) denotes the fact that this matrix depends explicitly on ¢ and, due to estimates (B.7) and (B.8), we
have

.....

i1>118 [|[M¢(w, C(w, 2),0,C(w, 2), 2)||coc = O(€). (B.10)

Let us prove then, that the processes X" (z) and X (z) converge in distribution to the same diffusion
limit. Denote by Q(Xy, L) the 2N-dimensional cube with center X, and side L. The probability that
X5"(z) is in this cube can be calculated using (B.9),

z
PIX5"(2) € Q(Xo, L)) = / @ (@ 5)
{z€Q(Xo,L)} €

/ P (m,c,azc, %) . (B.11)
{x€(I+M.(C,0.C,2))~1Q(x0,L)} €

Here P¥(x, z) is the probability distribution of the process X (z) and P (x, C, 0,C, z) is the joint probability
distribution of the processes (X (z), C(w, 2),0,C(w, z)). We can take the inverse of I + M.(C, 9,C, z) by
(B.10). The same estimate (B.10) also implies that for every 6 > 0 there exists £¢ such that for ¢ < &g,

{x € Q(xo, (1 —0)L)} C {x e (I+M.(C,0.C,2)) 'Q(xo, L)} C {x € Q(xo, (1 +6)L)}. (B.12)
Denote the diffusion limits by
X,,(2) = lim X¢(2), X¥(2) = lim X5%(2).

e—0 e—0

We conclude from (B.11) and (B.12) that for any § > 0,
P[X..(2) € Q(Xo, (1 —8)L)] < P[XY(z) € Q(Xo, L)] < P[X,(2) € Q(Xo, (1 +)L)].
Sending § — 0, we have that for any arbitrary cube Q(xo, L)
P[X.,(2) € Q(Xo, L)] = P[X(2) € Q(Xo, L)]
This proves that the limit processes have the same distribution and therefore, the same generator.

Appendix C. Proof of Proposition 5.1. Recall the expression (2.3) of the wavenumbers. The first
term in (5.1) follows from (4.16):

2 o e -4 (271')3/2 L/ j4
1'% = (Z)" [R,(0) + R,(0 J ~ = . C.1
7J (X) [ (0)+ “()}(NjLa)?fj? X NN +a)?-—j2 (C.1)
It increases monotonically with j, with minimum value
2 e
9 ~ @n)"7 kL 1, (C.2)

X N3
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and maximum value

27)3/2
0 ~ (27;) KON? > 1. (C.3)

The second term in (5.1), which is in (5.2), follows from (4.13), (5.6) and (5.4),

IO (w) ~ (2m)* Z Lt o (VISP FaP—IE [N aR) (g
i XN a2 NV (NtaE_P

If 0 < j/N < 1, then we can estimate (C.4) by using the fact that the main contribution to the sum in [
comes from the terms with indices [ close to j, provided that k¢ is larger than N'/2 and smaller than N.
We find after the change of index [ = j + ¢:

/2 -4 42
7F(9)( )~ (2m) M Z 7 <N+a>271 (Nfa)?
i X((N+a)? = PN =

Interpreting this sum as the Riemann sum of a continuous integral, we get

T (W) ~ AR Rl /OO 6_(k5)2 ﬁszds = i : (C.5)
73 X((N+a)?2—352) J_ X/ (N + «a)? — 52

By comparing with (C.1) we find that the coefficient 7F§§) (w) is larger than F(O) when k¢ satisfies VN <
kl < N.

To be complete, note that:

- If k¢ ~ N, then —1"5-;-) (w) is larger than 1";2) if and only if /N < (14 (k¢/N)?)~1/2.

- If k¢ is larger than N, then the main contribution to the sum in [ comes only from one or two terms with
indices | = j + 1, and it becomes exponentially small in (k¢)?/N?2. In these conditions 71“55) (w) becomes

smaller than 1"5-(;) .

For j ~ 1 we can estimate (C.4) again by interpreting the sum over [ as a Riemann sum approximation
of an integral that we can estimate using the Laplace perturbation method. Explicitly, for 7 = 1 we have

e 27r 3/2 1 (I/N)%kt ~ 82 (1 /17Ny )
11 (W) = N Z €
\/ 1+

a/N)? = (I/N)?
2 7(2@3/2]% ds a 67#(17 =)* (C.6)
X o V1-s2 ' '

We approximate the integral with Watson’s lemma [2, Section 6.4], after changing variables ¢ = (1—+/1 — s2)?
and obtaining that

1 2 ¢4

5 02 (g 1=52)" ' ECILY — 1/4
ds—se / dCp(Qe T pl0) = S + 0.

Watson’s lemma gives

| Lt vime)  TE/O2
o VI—s2 (k)32

(2m)3/21(3/4)21/4
X (k)1/2
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By comparing with (C.2) we find that the coefficient ffgi) (w) is larger than Fgol).

For j ~ N only the terms with [ ~ N contribute to the sum in (C.4). If k¢ ~ V/N, then we find that
_r@ () ~ (21)3/2 N2kt Z 1 e*%(\/ﬁ_a*ﬁf B (27)3/2N3
NN 2/aX N 20(@)—MX’

q=1

up to a constant C'(«) that depends only on . By comparing with (C.3) we can see that it is of the same
order as FS\%\/- If k> \/N, then we find that

T (w) & we—%(m_\/&y
NN 2 O[(l T O[)X )

which is very small because the exponential term is exponentially small in (k¢)?/N. In these conditions

fFS\C,)N(w) is smaller than FS\%\,.
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