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WAVE PROPAGATION IN SHALLOW-WATER ACOUSTIC
RANDOM WAVEGUIDES*

CHRISTOPHE GOMEZ'

Abstract. In shallow-water waveguides a propagating field can be decomposed in three kinds
of modes: the propagating modes, the radiating modes and the evanescent modes. In this paper we
consider the propagation of a wave in a randomly perturbed waveguide and we analyze the coupling
between these three kinds of modes using an asymptotic analysis based on a separation of scales
technique. Then, we derive the asymptotic form of the distribution of the mode amplitudes and the
coupled power equation for propagating modes. From this equation, we show that the total energy
carried by the propagating modes decreases exponentially with the size of the random section and
we give an expression of the decay rate. Moreover, we show that the mean propagating mode powers
converge to the solution of a diffusion equation in the limit of a large number of propagating modes.
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1. Introduction

Acoustic wave propagation in shallow-water waveguides has been studied for a
long time because of its numerous domains of applications. One of the most important
applications is submarine detection with active or passive sonars, but it can also
be used in underwater communication, mines or archaeological artifacts detection,
and to study the ocean’s structure or ocean biology. Shallow-waters are complicated
media because they have indices of refraction with spatial and time dependences.
However, the sound speed in water, which is about 1500 m/s, is sufficiently large
with respect to the motions of water masses to consider this medium as being time
independent. Moreover, the presence of spatial inhomogeneities in the water produces
a mode coupling which can induce significant effects over large propagation distances.

In shallow-water waveguides the transverse section can be represented as a semi-
infinite interval (see Figure 1.1) and then a wave field can be decomposed into three
kinds of modes: the propagating modes which propagate over long distances, the
evanescent modes which decrease exponentially with the propagation distance, and
the radiating modes representing modes which penetrate under the bottom of the
water. The main purpose of this paper is to analyze how the propagating mode
powers are affected by the radiating and evanescent modes. This analysis is carried
out using an asymptotic analysis based on a separation of scale technique, where
the wavelength and the correlation lengths of the inhomogeneities, which are of the
same order, are small compared to the propagation distance. Moreover, the relative
fluctuations of the medium parameters are small on the scale of the square root of
the wave length over the propagation distance. This is the interesting scaling regime
corresponding to propagating modes and where the coupling via the environment
gives a strong mode coupling. In the terminology of [7] this is the so-called weakly
heterogeneous regime.

Wave propagation in random waveguides with a bounded cross-section and Dirich-
let boundary conditions (see Figure 1.1) has been studied, for instance, in [7, chapter
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82 SHALLOW-WATER PROPAGATION

20] or [9]. In this case we have only two kinds of modes: the propagating and the
evanescent modes. In such a model an asymptotic analysis of the mode powers shows
total energy conservation and an equipartition of the energy carried by the propa-
gating modes. In [9] coupled power equations are derived under the assumption that
evanescent modes are negligible. In [8] the role of evanescent modes is studied in the
absence of radiating modes. In this paper we take into account the influence of the
radiating and the evanescent modes on the coupled power equations. In this case
we show a mode-dependent and frequency-dependent attenuation on the propagating
modes in Theorem 6.1, that is, the total energy carried by the propagating modes
decreases exponentially with the size of the random section and we give an expression
of the decay rate. Moreover, in the limit of a large number of propagating modes
N(w)>1, we show in Theorems 6.2 and 6.5 that the propagating mode powers con-
verge to the solution of a diffusion equation. All the results of this paper are also
valid for electromagnetic wave propagation in dielectric waveguides and optical fibers
19, 20, 26, 27, 31].

The organization of this paper is as follows: in Section 2 we present the waveguide
model, and in Section 3 we present the mode decomposition for a monochromatic
wave associated to that model and studied in detail in [30]. In Section 4 we study
the mode coupling when the three kinds of modes are taken into account. In the
same spirit as in [7, Chapter 20], we derive the coupled mode equations, and we study
the energy flux for the propagating and the radiating modes and the influence of the
evanescent modes on the two other kinds of modes. In Section 5, under the forward
scattering approximation, we study the asymptotic form of the joint distribution of
the propagating and radiating mode amplitudes. We apply this result in Section 6 to
derive the coupled power equations for the propagating modes, which were already
obtained in [15] or [20] for instance. In this section we study the influence of the
radiating and evanescent modes on the mean propagating mode powers. We show that
the total energy carried by the propagating modes decreases exponentially with the
size of the random section and we give an expression of the decay rate. In other words,
the radiating modes induce a mode-dependent and frequency-dependent attenuation
on the propagating modes, which is why these modes are sometimes called dissipative
modes. Finally, under the assumption that nearest-neighbor coupling is the main
power transfer mechanism, we derive the continuum approximation to the coupled
power equation. More precisely, we show that the mean propagating mode powers
converge to the solution of a diffusion equation in the limit of a large number of
propagating modes. We can refer to [15, 20] for further references and discussions
about diffusion models. In that regime, we can also observe the exponential decay
behavior caused by the radiative loss.

2. Waveguide model
We consider a two-dimensional linear acoustic wave model. The conservation
equations of mass and linear momentum are given by

o) 22 L Tp=T,
ot
L 8 (2.1)
K(x,2) 0t +V-u=0,

where p is the acoustic pressure, u is the acoustic velocity, p is the density of the
medium, K is the bulk modulus, and the source is modeled by the forcing term
F(t,z,z). The third coordinate z represents the propagation axis along the waveguide.
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Fic. 1.1. Illustration of two kinds of waveguides. In (a) we show a shallow-water waveguide
model with an unbounded cross-section. In (b) we show a waveguide with a bounded cross-section.
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Fic. 2.1. Illustration of the shallow-water waveguide model.

The transverse section of the waveguide is the semi-infinite interval [0,+00), and
x €[0,400) represents the transverse coordinate. Let d>0, and assume that the
medium parameters are given by

K= (n?(z)+eV(z,2)), if z€(0,d], =2€[0,L/e],
1 2 €[0,400),2 € (—00,0)U(L/€,+00)
K(z,2) K=n?(z), if < or
x € (d,+0), z € (—00,+00).

plz,z)=p if z€[0,+00), z€R.

In this paper we consider the Pekeris waveguide model. This kind of model has been
studied for half a century [25], and in this model the index of refraction n(x) is given
by

(2.2)

(z) = n1>1, ifxel0,d),
M= 1, if 2 € [d,+00).

This profile can model an ocean with a constant sound speed. Such conditions
can be found during the winter in Earth’s mid latitudes and in water shallower than
about 30 meters [17, 13]. The Pekeris profile leads us to simplified algebra but it
underestimates the complexity of the medium. However, the analysis that we present
in this paper can be extended to more general profiles n(z) with general boundary
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conditions. In the Pekeris model that we consider n; represents the index of refraction
of the ocean section [0,d], where d is the depth of the ocean, and we assume that the
index of refraction of the bottom of the ocean is equal to 1. This model can also
be used to study the propagation of electromagnetic waves in a dielectric slab or an
optical fiber with randomly perturbed index of refraction [19, 20, 27, 31].

We consider a source pointing in the z-direction, which is localized in the plane
z=Lg:

F(t,z,z) =9 (t,x)0(z— Lg)e. (2.3)

U(t,z) represents the profile of the source and e, is the unit vector pointing in the
z-direction. Lg <0 is the location of the source on the propagating axis.

The random process (V(z,z),z€[0,d],z>0), which models the spatial inhomo-
geneities, is a continuous real-valued zero-mean stationary Gaussian field with a co-
variance function given by

E[V(2,21)V (y,22)] =70(2,y)e” 117, (2.4)

Here a>0, and 1/a is the longitudinal correlation length of the random fluctuation.
Moreover, 7 :[0,d] x [0,d] =R is a continuous function which is the kernel of a non-
negative operator. Using standard properties of Gaussian processes, we can state the
following results [1, 2]. Let

F.=0V(z,s),z€[0,d],s<z)
be the o-algebra generated by (V(z,s),z €10,d],s <z). We have the Markov property
(V(x,z—i—h),a:e [o,d]]fz) - (V(x,z—i—h),a:e 0,d)|o(V(z,2),x€ [O,d})),
where the equality holds in law, and this law is the one of a Gaussian field with mean
E[V(z,z+h)|F.] =e "V (x,2)

and covariance Yo (z,y) (1 76’2‘”). Moreover, we shall use the following two proper-
ties [2]. First, VI'>0, VK >0, and Vu >0,

lim]P’(e“ sup sup ‘V(m,i)‘zK) =0. (2.5)
=0 2€[0,T]z€[0,d] €
Second, Vn e N* and Vz >0,
E| sup ‘V(a:,i) =E
z€[0,d] €
However, one can remark that the process V' is unbounded. This fact implies that the

bulk modulus can take negative values. In order to avoid this situation, we can work
on the event

sup [V (2,0)|"
z€1[0,d]

< +o0. (2.6)

(V(x,z) €[0,d] x [0,L/€],n1 + eV (z,2) > o).
In fact, the property (2.5) implies
lir%P(H(x,z) € [0,d] x [0,L/€]: ny + eV (z,2) < o)
e—

§limIP’(\/E sup sup ’V (x,f) ’ Zn1) =0.
e—=0 z€[0,L] z€[0,d) €
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3. Wave propagation in a homogeneous waveguide
In this section, we assume that the medium parameters are given by

p(z,z)=p and K(x,z)= V(z,z) €[0,400) x R.

n?(z)’
From the conservation equations (2.1), we can derive the wave equation for the pres-
sure field,

1 0%

where c¢(z) =c¢/n(x) with c= \/%7 and A=92+02.

In underwater acoustics the density of air is very small compared to the density
of water, and it is natural to use a pressure-release condition. The pressure is very
weak outside the waveguide, and by continuity the pressure is zero at the free surface
x=0. This consideration leads us to consider the Dirichlet boundary conditions

p(t,0,2)=0 V(t,2)€[0,+00) xR.

Throughout this paper we consider linear models of propagation. Therefore, the
pressure p(t,z,z) can be expressed as the superposition of monochromatic waves by
taking its Fourier transform. Here, the Fourier transform and the inverse Fourier
transform, with respect to time, are defined by

J?(OJ) :/f(t)eiwtdt, f@t)= %/f(w)e_wtdw.

In the half-space z> Lg (resp., z < Lg), taking the Fourier transform in (3.1), we
see that p(w,x,z) satisfies the time-harmonic wave equation without source term,

azﬁ(w,x,z) + 8iﬁ(w,x,z) + kQ(w)nz(x)ﬁ(w,x,z) =0, (3.2)

where k(w) = # is the wavenumber, and with Dirichlet boundary conditions p(w,0,2) =
0 Vz. The source term implies the following jump conditions for the pressure field
across the plane z= Lg:

Plw,z, L) —plw,z,Ly) = V(w,z),

9.p(w.a.L5) —0.p(w.a, Lg) = 0. (3:3)

3.1. Spectral decomposition in unperturbed waveguides.  This section
is devoted to the presentation of the spectral decomposition of the Pekeris operator
02+ k%(w)n?(z). The spectral analysis of this operator is carried out in [30]. In this
paper, we are interested in solutions of (3.2) such that

B, )1 (s 400y (2) EC° ((LS,+oo),H5(o,+oo)mH2(0,+oo)) ne? ((LS,—I—oo),H),
Blw, )1 (—oore)(2) €CO ((—oo,Ls)7H(}(0,+oo)OH2(0,+00)> ne? ((—oo,LS),H)7

where H = L?(0,+00). H is equipped with the inner product defined by

+oo
V(hth)GHXH, <h1’h2>H:/ hl(m)hg(.’t)d:ﬁ
0
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Consequently, in the half-space z> Lg (resp., 2< Lg) we can consider (3.2) as the
operator-differential equation

0 2) + R (Pe2)) =0 (34

in H, where R(w) is an unbounded operator on H with domain
D(R(w)) = Hg(0,+00) N H?(0,400),

and defined by

2
R@)(0)= gy + (@) (a)y, Wy eD(R()).

According to [30], R(w) is a self-adjoint operator on the Hilbert space H, and its
spectrum is given by

Sp(R(w)) = (~00.k2(@)] U{ B0y (@), B2) - (35)
More precisely, Vj € {1,...,]\7 (w)}, the modal wavenumber f;(w) is positive and

k2 (@) < B (@) <+ < BT (w) <nik?(w).

Moreover, there exists a resolution of the identity II, of R(w) such that Yy € H and
VreR,

N(w)

Hw (T’"’_OO)(Z/) (.%‘) = Z <y7¢j (wv ')>H¢j (W7x)1(r,+oo) (ﬁj (w)2>

j=1
k?(w)
+/ <y7¢’y(wa')>H¢’Y(w7x)d71(—oo,k:2(w))(T)a

and Yy € D(R(w)) and Vr eR,

N (w)

I, (7, +00) (R( Z Bi(w)* (05 (w,.)) 85 (@,2) L1 400) (B5(w)?)

k?(w)
+ / (s (@,2) ) oy (0, 2) YL (o0 2 ()-

Let us describe these decompositions.
Discrete part of the decomposition
Vje{l,...,N(w)}, the jth eigenvector is given by [30]

B Aj(w)sin(oj(w)z/d), if 0<z<d,
qu(w,a:)—{Aj( )sin(o;(w))e= % @) T =t d<u,

where

oj(w)=d\/nik?(w) = B} (w), ((w)=dy/B}(w) -k (w),
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and

2/d
Aj (OJ) - 1+ sinr‘;(?j ()w)) . sin2(20(j (r;))) : (37)
J w aj w

According to [30], 01(w),...,0n(w)(w) are the solutions on (0,n,k(w)df) of the equa-
tion
Y

tan(y) = BN

such that 0<o1(w) < <on()(w) <nik(w)dd, and with §=+/1—1/nf. This last
equation admits exactly one solution over each interval of the form (7r/2+(j—
1)m,m/2+ jm) for j€{1,...,N(w)}, where

N(w)= | E .

™

(3.8)

and [-] stands for the integer part. From (3.8) we get the following results which are
used to show the main result of Section 6.2.

LEMMA 3.1. Let a>1/3. We have as N(w)— +00

=
o

sup \aj+1(w)—aj(w)—7r|:(9<N(w) 0‘)_
j€{l,....N(w)—[N(w)*]—1}
sup |0j+2 (W) =20j41(w)+0;(w)right| =0 (N(w)l—?)a) .
je{l,...,N(w)—[N(w)>]—2}

Let us note that, Vn € [0,1[, we have

sup  Joy(w) —jr|=O(N(w)"™1),
JE{L N ()7}

and

lim sup ¢;i(w,.)—¢i(00,.)]|lg=0
wlm s g dy(oe. )

with

¢j(00,x)= \/%Sin(j%w), if zel0,d],

This result means that in the limit of a large number of propagating modes the
low order propagating modes are very similar in shape to those of a perfect bounded
waveguide with pressure-release boundary conditions at z =0 and = =d (see Figure 1.1
(b)). Indeed, according to (3.6), in the limit of a large number of propagating modes,
the low order propagating modes have a small amplitude near the bottom. This
approximation does not hold anymore for high order propagating modes. However, the
results of Lemma 3.1 mean that for the high order propagating modes the distribution
of solutions of (3.8) approaches the distribution of the eigenvalues of the transverse
Laplacian associated to a perfect bounded waveguide with pressure-release boundary
conditions at =0 and x=1.



88 SHALLOW-WATER PROPAGATION

Continuous part of the decomposition
For v € (—00,k%(w)), we have [30]

¢v(w7x) =
A, (w)sin(n(w)z/d), it 0<z<d,
{ A, (w) (sin(n(w))cos (E(w)z52) + Zg:; cos(n(w))sin (§(w)%;d)> , if d<um,
where
W(W):d\/ TL%]{ZQ(OJ)—’)/, f(OJ):d k2(w)_ )
and

(£2(w)sin®(n(w)) +17?(w) cos?(n(w)))

It is easy to check that the function v+ A, (w) is continuous on (—o0,k*(w)) and
1
oo VAR

We remark that ¢ (w,.) does not belong to H. Then <y,¢,y (w,.))H is not defined in
the classical way. In fact, we have

A ()= \/ d(w) . (3.9)

Ay(w) (3.10)

(1,05(w,)) =, im / )¢ (w,z)dz,

where the limit holds on LQ(— 00, k2 (w)) Moreover, we have, Yy € H,

N(w) k2 (w

)
ol =02l = 3o sl [ [}

and therefore the map which assigns to every element of H the coeflicients of its
spectral decomposition

O,:H — HY

is an isometry from H onto H* =CN®) x L2(—o00,k*(w)).

3.2. Modal decomposition. In this section we apply the spectral decompo-
sition introduced in Section 3.1 on a solution p(w,x,z) of the equation (3.4). Conse-
quently, we get the modal decomposition for p(w,z,z) in the half-space z > Lg,

N(w) 0

E*(w)
Plns)= D A shyfone) [ B was [ B w26 o

where
pj(w,2)=0,0ll,({7})(P(w,.,2)) for je{l,...,N(w)},
(ﬁv(w,z))76(07k2(w)):@wOHw(O,kZ(w))(ﬁ(w,.,z)), and (3.11)
(1/)\’Y<w’z>)w€(foo,0) :ewonw(_oqo)(ﬁ(w"vz))'
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For j € {1, .. ,N(w)}7 0,011, ({j}) represents the projection onto the jth propagating
mode, and pj(w,2) is the amplitude of the jth propagating mode. O, oIl (0,k%(w))
represents the projection onto the radiating modes, and p,(w,z) is the amplitude
of the yth radiating mode for almost every € (0,k*(w)). Finally, O, 0Il,(—00,0)
represents the projection onto the evanescent modes and p,(w,z) is the amplitude of
the vth evanescent mode for almost every v € (—00,0).

Consequently, p(w,z) satisfies

a2 N
& b2+ B @ .2) =0
2
E@Y(w,z) +7Dy(w,2)=0

in H*. Therefore, the pressure field can be written as an expansion over the complete
set of modes

Wa H o)
JO lﬂj(W)z¢j(w,x)+/ lfz(bw(w )dy
0

w .. Z Z \/ﬂ]j 1/4
.
. /_ ) Cmf/“je—ﬁ Z¢7<w,x>d~y} L(Ls,+00)(2)

) E2(w) ’b\ )
_zﬂj (W)quj (UJ,JJ) +/ "/7252’5) e—z\ﬁz¢’y(w,x)d7
0 Y

|3
O dyolw) Jh-
+[ | |1/4 W Pry (w, x)dV] —o0,Ls) (2)s (3.12)

under the assumption that (¢,0(w)e™V |“*|L5/|’y\1/4) and ( o(w)eV! LS/|’y|1/4)
belong to the space L?(—00,0), and with the radiation condltlon for the evanescent
modes

- 2
i (-o0.0) (e ) =

This condition means that the energy carried by the evanescent modes decays as the
propagation distance becomes large. In the previous decomposition, @;o(w) (resp.,
gj,o(w)) is the amplitude of the jth right-going (resp., left-going) mode propagating
in the right half-space z> Lg (resp., left half-space z< Lg), a,0(w) (resp., 3%0(w))
is the amplitude of the yth right-going (resp., left-going) mode radiating in the right
half-space z>Lg (resp., left half-space z<Lg), and ¢ ,0(w) (resp., J%O(w)) is the
amplitude of the yth right-going (resp., left-going) evanescent mode in the right half-
space z > Lg (resp., left half-space z < Lg).

We assume that the profile ¥(¢,z) of the source term (2.3) is given, in the fre-
quency domain, by

N(w)

(w,2) = Fl) | 3 65(w,m0)65 (w,2) + / 6 (w,20) 6 (w,2) |
j=1 (=5,—&)U(&,k2(w))

(3.13)
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where 29 € (0,d). The bound S in the spectral decomposition of the source profile
was introduced to have U(w,.)€ H, and ¢ was introduced for technical reasons as
discussed below. Note that S can be arbitrarily large and £ can be arbitrarily small.
Therefore, the spatial profile in (3.13) is an approximation of a Dirac distribution at
o, which models a point source at xg.

Applying O, on (3.3) and using (3.12), we obtain

10(@)=-Br0@) = Y g, wa)e @8 vie (1. Nw)),
1/4 ~

5 f(W)py (w,x0)e VTS for almost every v € (§,k%(w)),
0 for almost every v € (0,&),

~

y,0(w) =—byo(w)=

)
——

Ve - 1/4
&r0(@) === Fw)gy (@ a0)eVI1Es |, o(w) = L= Flw)y (w,mo)eVITIES

for almost every v € (—S5,—-¢), and

~

/C\%Q(w):d%o(w) =0
for almost every v € (—oo0,—S)U(—£,0).

4. Mode coupling in random waveguides

In this section we study the expansion of p(w,z,2) when a random section [0,L/e]
is inserted between two homogeneous waveguides (see Figure 2.1). In this section the
medium parameters are given by

K=t (n*(z)+/eV(z,2)), if z€(0,d], z€[0,L/e,
1 x €[0,400), z € (—00,0)U(L/€e,+00),
K(x,2) K=1n?%(z), if { or
x € (d,+00),z € (—00,+00).

plx,z)=p if x€[0,+0), z€R,

where n(z) is the Pekeris profile defined by (2.2). However, the analysis that we
present can be extended to more general profiles n(x).

In the perturbed section, the pressure field can be decomposed using the resolution
of the identity II,, of the unperturbed waveguide:

N (w)

E2(w) 0
Pw,x,z) ij (w,2)¢j(w,x)+ /0 ﬁv(w,zﬂ)y(w,x)dv—&—/_ Dy(w,2) 0 (w,z)d,

j=1

where p(w,z) =0, (p(w,.,2)) as in (3.11). In what follows, we consider solutions of
the form

N (w)

Pw,z,z) Z Dj(w,2)¢;(w,z)+ / Py (w,2) 0y (w,x)dy.
(=00, =U(&,k? (w))

According to (3.13) this assumption is tantamount to cancel the coupling to an ar-
bitrarily small band of modes (—¢,£) (which are the quasi-stationary modes), that
I, (—¢£,8)(V(.,2)p(w,.,2)) =0. This assumption leads us to simplified algebra in
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the proof of Theorem 5.4. In such a decomposition, the radiating and the evanescent
part are separated by the small band (—¢&,£) with £ < 1. The goal is to isolate the
transition mode 0 between the radiating and the evanescent parts of the spectrum
S’p(R(w)) given by (3.5). Moreover, we assume that € < ¢ and therefore that we have
two distinct scales. In this paper, we shall consider first the asymptotic when € goes
to 0 and then the asymptotic when & goes to 0.

4.1. Coupled mode equations. In this section we give the coupled mode
equations, which describe the coupling mechanism between the amplitudes of the
three kinds of modes.

In the random section [0,L/¢] the pressure field p(w,z) satisfies the following
coupled equations in H“:

d?
B2 4 BB (2) 4 Ve }j 2w, 2)
*“agW?/ C2 () (w,2)dy =0,
(=00, =)U(&,k?(w))
2 N(w)

d
dz gpw(w z) +7 Py (w,2) +\[k2 Z C z)pi(w, 2)

¥y Py (w, =0,
+ ek (w) CY (2)Py (w,2)dy' =0
(—00,—&)U(&,k?(w))

(4.1)

where
9 (2) = (65 (w,.), 1 (w,)V /%wxwmm@@m
C;—;(Z)=Cm-(Z)=<¢j(w,.)7¢w(w,-)V(-,2)>H=/0 ¢j(w,2)$y (w,2)V (2,2)dz, (4.2)
C;’y(Z)=<¢w(w>-)7¢w(w,-)V(-72)>H=/Od%(ww)dw(w,w)V(w)dﬂa
We recall that p(w,.,.) €C°((0,+00), H}(0,+00) N H?(0,400)) NC2((0,+00),H),

3
[ w2y <-4 (4.3)

In the previous coupled equation the coefficients C(z) represent the coupling between
the three kinds of modes, which are the propagating, radiating, and evanescent modes.

Next, we introduce the amplitudes of the generalized right- and left-going modes
a(w,z) and b(w z), which are given by

1 . ~ .
. _ - iBj(w)z ) —ifj(w)z
pj(w,z) 50 (aj (w,2)e +bj(w,2)e ),
d
- _ . iB;(w) iBj (w)
By (w.2) =i/ () (@) (w.2) b(w,2) ).
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Vje{l,....N(w)} and almost every v € (§,k?*(w)). Let
HE =CNW x L2(£,k* (w)).

From (4.1), we obtain the coupled mode equation in Hg x Hg x L?(—00,—¢) for the
amplitudes (a(w,z),g(uz)ﬁ(w,z)):

2 k(W) ow, = ~ T
+\ﬁ2k Q(W)/ Jv (Z) (aw(w72)ez(\/’7—ﬁj)z_i_bvl(w’z)e_l(\/v-‘rﬁj)z) d'y/
3

+\/Eik;2(w) %wa’(z)/\

w,2)dy e iz, (4.4)

(2) o ~ .
iy (w,2) =/ (w0, 2)e (V)2 By (w0, 2)e (B2
v 2 ; \ﬁﬁl( )
ik2 w k:2(w) Cw /(2) . ; - N » , ;
e e A o e
ik (w) [T5C8(2) Cive
Ve 2( )/ jyvl/4 Py (w,z)dy'e™, (4.5)
(@)
d > i (w) '\~ Cii(2) i(B+8))= 4 T —i(Bi—B;)2
ab](w,z)**\ﬁ 2 2 J5h (CL[(W,Z)@ +b(w,z)e )
2 K (w) ow, o ~ .
_\[Zk 2(0‘))/ Jv (2) (’d,y/(w,z)el(ﬁ+ﬁj)z+b»y/(w Z)efz(ﬁfﬁj)Z> d’yl
¢ Bivy
2 —£ow
ALEC) / i (Z>A7/(w,z)d’y’e B2 (4.6)
2 )V

2 71/47/1/4
ik?(w $CL(2) i/
— 2( )/ ;1/4 Doy (w,2)dy eV (4.7)

d? ~
@p’y(w’z)+7PW(W,Z)+\/EQV(C‘J;Z):Oa (48)
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where

N(w) Cw

gy (w Z

K (w) ow (2 N .
+E}(w )/ i )(a,y/(w,z)e“ﬁz—l—bﬁ,/(w,z)eﬂﬁz) dy'

(al w,z)e ZB’Z+bl(w z)e %ﬁlZ)

/1/4
+k* (w / (w,2)d'. (4.9)

Let us note that in absence of random perturbations, the amplitudes a(w,z) and
E(w,z) are constant.

We assume that a pulse is emitted at the source plane Lg <0 and propagates
toward the randomly perturbed slab [0,L/e]. Using the previous section, the form of
this incident field at z=0 is given by

N(w)

a;, (w)a (w)
p(w,z,0)= Z Toj 1‘)+/ (1)/4 Oy (w,z)dy

£C’YO( )
+ 28 iy (4.10)

Consequently, by the continuity of the pressure field across the interfaces z=0 and
z=L/¢, the coupled mode system is complemented with the boundary conditions

A(w,0)=Go(w) and 3<M,L>=o
€

in Hg. For je {1,...,N(w)}, @j,0(w) represents the initial amplitude of the jth prop-
agating mode, and for € (§,k%*(w)), @,0(w) represents the initial amplitude of the
~th radiating mode at z=0. Moreover, for v (—S5,—§), ¢y ,0(w) represents the initial
amplitude of the yth evanescent mode at z=0. The second condition implies that no
wave comes from the right (homogeneous) section of the waveguide.

4.2. Energy flux for the propagating and radiating modes. In this
section we study the energy flux for the propagating and radiating modes, and the
influence of the evanescent modes on this flux.

We begin this section by recalling the radiation condition for the evanescent modes

lim [T, (~o0, &) (plw...2)) |3, =

z— 400

This condition means, in the homogeneous right half-space, that the energy carried
by the evanescent modes decay as the propagation distance becomes large. From the
radiation condition and (4.8), we obtain, for almost every v € (—o0,—¢),

(w,u) e\/ﬁ(z “ du,

z/\L/e L/e
Dy(w,2)= / (w,u) e\/W(“ Ddu+ ——

2\/|7 2\/|7 z/\L/e

+¢7(W,$0)€_W(2_LS 1_s-e(7) (4.11)
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Vz€[0,400). According to (3.12), the relation (4.11) can be viewed as a perturbation
of the form of the evanescent mode without a random perturbation. Using the same
arguments as in [8] and [7, Chapter 20], we obtain, Vz € [0,L/€],

—~ ~ . G
@0 2y — 116 2) By = 3o )13~ Bow) ey — /

—£
_\/g/_s ¢7(W7x0)emLs/o Im(g,y(w,u))e_\/mudud%
(4.12)

where
z pLje
’Y(wvz):/ / Im(g,,(w,u)gﬁ,(wm))em(“’”)dvdu.
0 Jz

The last term on the right side of the previous relation has the factor ¢, (wm:o)e\/mLs
which is the form of the evanescent mode at z=0 without a random perturbation.
Therefore, if Lg is far away from 0 and whatever the source (evanescent modes decay
exponentially from Lg to 0), or if there is no excitation of modes vy € (—oc0,—&) by the
source (that is when S=¢), we can get the conservation of the global energy flux for
the propagating and radiating modes:

@ (w, L/ )3 +116(w,0) 130 = llo(w) 7 -

However, from (4.12) and even if there are no evanescent modes in (4.10), the local
energy flux is not conserved. The energy related to the evanescent modes is given by
the last two terms on the right side in (4.12). The energy carried by the evanescent
modes over the section [0,L/€] is at most of order

(2
Ve sup sup ‘V(w,7>
€

z€[0,L]z€]0,d]

sup [[a(w, 2)llng +116(w,2) e +[IP(w, 2)[| 1 (— 00, ~¢)-
z€[0,L/¢€]

However, it is difficult to get good a priori estimates for
sup [@(w,2)lI3e + 16w, 2) g + 1P, 2) 1 T8 (oo —e)- (4.13)
z€[0,L/e

For this reason, let us introduce the stopping “time”

e ~ 2 7 2 ~ 2 1
Lf=inf <L >0, iy [a(w, 2)[3¢ +116(w; 2) 32 +1P(w, 2) 171 (—o0,—e) = ﬁ> :
The role of this stopping “time” is to limit the size of the random section to en-
sure that the quantity (4.13) is not too large. Consequently, the energy carried
by the evanescent modes over the section [0,L/e] for L<LE, is at most of order
0(61/4SUPze[0,L/e] supme[o,dHV(x,z)F), and according to (2.5) the local energy flux
for the propagating and the radiating modes is conserved in the asymptotic ¢ — 0.

More precisely, we can show that ¥n >0,

>n, L L) =0.

11;%1@( sup 1@, 2) B — B, 2)l13ee — 8o (e) g + B0 ()13
€ z€[0,L/¢€]

(4.14)
However, under the forward scattering approximation introduced in Section 4.4, the
condition L < L€ is readily fulfilled in the limit e — 0, that is we have lim,_,oP(L¢ <

L)=0.
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4.3. Influence of the evanescent modes on the propagating and radiat-

ing modes. In this section we analyze the influence of the evanescent modes on
the coupling mechanism between the propagating and the radiating modes.

First of all, we recall that ©,,0IL,(—00,—)(p(w,.,z)) represents the evanescent

part of the pressure field p(w,.,z), where O, and II, are defined in Section 3.1. In
this section we consider the Banach space F = L!(—o00,—¢) equipped with the norm

—£
lyllr = / lynldr.
—00

Substituting (4.9) into (4.11), we obtain
(I~ /e*) (0,0 TLu(~00,~€) (lw..)) ) = Vep(w. ) 4ofewr).  (415)
This equation holds in the Banach space (C([0,+00),F),||.|lo,r), where

ylloo, 7 =Sg%||y(Z)IIF, vy €C([0,+00),F).

In (4.15), ® is a linear bounded operator, from (C([0,+00),F),||.|oc,r) to itself,

defined by
zAL/e
(u)dy' eVIlw=2) gy,
el 2\/|7 / /

L/e
[ cntomoios

zAL/e

Vz€[0,4+00), and, for almost every v € (—oo,—¢),

zAL/e N(“’ Cw( )

=i VB

k2 (w) Cwl u R .
+/ o ( )(67/(w,u)elﬁu+bﬂ/,(w,u)eﬂﬁ“)}dv'em(“*z)du
3

(al (w,u)eiﬁ’“ +Bl (w,u)eiiﬁ’“)

/1/4
L/e N(W) (u)

2\/\7 z/\L/e z1 \/E

k2 (w) Cw - R -
+/ 7/1/(4 ) (az’)' (wau)elﬁu—|—bﬂ//(w7u)e*1\/’7u):|d,y 6\/‘7 z— u)du
3 2

(@1 (w, w)e™ 4 by (w,u)e =)

Vz €[0,400). Finally, for almost every v € (—o0,—¢&) and Vz € [0,+00),
Pri0(,2) = 6 w,m0)e VI L5 _)().

We remark that ©,, oIl (—o00,—£)(p(w,.,.)) €C([0,+00),F) by (4.3). Moreover,

p(w,.) €C([0,+00),F) since f:fo Alif“”) dy < +00, where A, (w) is defined by (3.9) and

satisfies (3.10). We can check that the norm of the operator ® is bounded by

[ <K(§,d) sup sup |V (z,2)].
2€[0,L /€] z€[0,d]
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Consequently, using (2.5), lim._,qP(Id—+/e®“ is invertible) =1. Then, the condition
(Id—+/ed¥ is invertible) is satisfied in the asymptotic e—0. As a result, on the event
(Id—+/e®¥ is invertible), and using (4.4), (4.5), (4.6), and (4.7), we have

O, OHw(_OO7 _6) (ﬁ(w7 ) )) = \/gﬁZ(w7 ) +I50(w7 ) + ﬁ(l)w(ﬁo(w7 ))

+0(c sup sup (V@) sup [aew.2) g + 5, + [, 2) 1)
z€[0,L/€e)xz€[0,d] z€[0,L/€]

in C([O,—l—oo),F)7 where

z/\L/e ] =R )
/ Chulw) (6l(w,z/\L/e)ezB‘“—l—bl(w,z/\L/e)e_ZBl“)

Pr2(w,2) = 2\/|7 51 \/E

kz(W)C
+/ ,1/4 Gy (w,zNLe) lru-ﬁ-b (w,zA\LJe)e _“ﬁ“)}dy oV lw=2) g,
3

kZ(w) L/e [N( )C'yl(u)

VA

k2(w) , ) R o
+/ Cv/vl/(j;‘) (@y (w2 A L/e)eV 7 4 by (w, 2z A L/e)e*“ﬁ“)} d’y’em(’:*“)du
13 Y

€

+

(al(w,z/\L/e)eiﬁ’“ +b (w,z/\L/e)eiiﬁ’“)

1V JznL/e 1

Vz€[0,+00). Consequently, we can rewrite (4.4), (4.5), (4.6), and (4.7) in a closed
form in H¢ x Hg. Vz€0,L/€], we obtain

%a(w,z) =VeH" (w,2)(a(w,2)) + VEH™ (w,2) (l;(w,z)) +VeR™ES (W, 2)
+eG"(w,z2) (Zi(w,z)) + eGab(w,z) @(w, z)) + eRa’LS (w,2)

+O(&72 sup sup V(w9 sup [a(w,2)lne + 52l + 5. 2) ).
2€[0,L/€e]z€(0,d] z€[0,L/¢€]

%E(w,z) = VeH" (w,2) (@(w, 2)) +VeH" (w,2) (b(w, 2)) + VeR" " (w, 2)
+eG"(w,2) (a(w,2)) + eG"(w,2) @(w, z))+ RS (w,2)

+0(2 sup sup |[V(@,2)* sup fa(w,2)ly + 15,2y + 5w, ).
2€[0,L /€] z€[0,d] z€[0,L/¢€]

Let us recall that these equations hold on the event (I d— /e is invertible)
with lim._,oP(Id—/e®* is invertible) =1. In these equations, H*(w,z), H®(w,z2),
H" (w,2), H(w,2), G*(w,2), G®(w,2), G**(w,z) and G"(w,z) are operators from
H¢ to itself defined by:

ik?(w) Y Ci(2)
2 ; Bj(w)Bi(w)

W) v, (2 :
+/ L()ywe’(ﬁ_ﬁj(w))zdy , (4.16)
3

i(Bi(w)=B;(w))z

H(w,2)(y) = HY (w,2)(y) = e



HY% (w,2

Y (w,2)(y

)(y) =HY (w.2)(y)
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Zkz [ f Cala) i)y

MT

k2 (w) C ( )
S VAT z g
+/§ 1/4 /1/4y’Ye d’y}, (4.17)

N(w)

) —H ) () = 2 | Giie) ittt es s

2 o wm "

k2 Cc¥ ,(z ;
N / () yﬂy/efz(WJrﬁj(w))Zd»Y’},(4.18)

HSY(w.2)(y) = HE' (@) (9)

Gj*(w,2)(y) :m(y)

4

=
Lie Cw
+ Y
/Z 5@ @)

VAN

ikt (w)

Gaa(

zk4 [

g

zk4 (w)

.

PN

i (w) {N( )/5{ * Gz
- 0 \/W
/(

gy Z)C /z( )

() :W@)

L/E Cw /(Z)C ’

Y

VY 1Bi(w)

VNS

L/e Cw (Z) 7,7,,(u)

VI VAT

N(w) o
sz Z et (Br(w)+y7)z
JT
k2 (w) C ( )
(B AT gy
+/£ /4y /1/4y dv], (419

VO ipiwru T gy,
i1 (w)yu—/17'|(u—2) du} dn/ =B <w>zyl}

)O"/’“/”( ) Fru—/17 (= “du

//u,m(ufz)du} d7/67i5J (w)zy,y//d’y”:| ,(420)

Gy (AT i yum T g

\/W

2 l( )eiﬂz(w)u—\/lv'\(u—ﬂdu} dy’e_i\ﬁzyl}

GO ) il gy
f\v\ﬁ

z Y u—~/ |’y'\(u—2)du] d,y/e_i\ﬁzy,yud’y//} s (421)
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qu(w 2)(y ):Gb.a(w Z)(y)

zk4 Z/ ﬂ Z)|C |/é( u) e~ iB1 @/ (=) gy,
vV J Y 1Bi(

L/e w
& ()C G (D)) z/alw)uﬂ/m(ufz)du}dv/efwj(w)zyl]

z /63 h’ ‘Bl
k2 (w
Zk4 / ( )/ / )C'YI'Y”(u) —i ,Y//u_\/m(z_u)du

\/ B )MW

L/e (w
/ Gy DG ) TNV qu] dy e 5y (4.22)

\/ Bi @)Y VAT

G2 (w,2)(y) = G2 (w,2)(y)

. N(w) — z w w
_ Zk4(w) [ / ¢ [ O’Y’Y/(Z)C’Y’l(u) efi,@l(w)uf\/m(zfu)du
4 VAV 1B (W)

Lfe s, (2)C% )
( ) S\ AN ( ) —151 (W)u—+/ |7 |(u— z)du:|d,ye zﬂzyl:|

- z \/\/>|'Y |81 (w

zk;4 / / / \/%A)e VA== gy,
SV

L/e w It . .
+ / GG ) TNV qu] dy eV ey (4.23)
: VIl vy

The operators H* (w, z) and H* (w, z) represent the coupling between the propagating
and the radiating modes with themselves, while the operators G**(w, z) and G (w, 2)
represent the coupling between the evanescent modes with the propagating and the
radiating modes. Moreover, RS (w, 2), f{a’LS(w,z), R"%$(w,2), and Rb’LS(w,z)
represent the influence of the evanescent modes produced by the source term on the
propagating and the radiating modes. These terms are defined by

- 7.2 3 C
RIS (0,2) =R (w,2) = B0 [ () om Vb0 gt o592 4.0

> | ™

1.2 gcw 7 .
RS (w,2) =R5"S (w,2) = = 2(‘0)/ |’Y|1§j)¢w’ (w,@o)e” VITIETES) gy e7VT% - (4.25)
_s

" (w,2)

/ O QW) o me)em VIO Ls) -V IG=0) gy
0 Bi(w)']

L/e (1w w
+/ CN,(z vau (u) oy (w7xo)e_\/m(u—Ls)e_1 /|7"("_Z)du d,y//d,y/e—iﬁj(w)z’
z

(4.26)
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z O avs 7" ’
/ (2) vy ( )Qﬁ,w(w,xo)ej/lv [(u="Ls) o=V IV 1(z=w) g4,
f|7|

oy (w0, 0)e VI 1L VIV 102 gy | /"y e=iV/72,

N L/e C’;iy,(z)Cv,,y,/(u)
z vV \ﬁh’l‘

(4.27)

4.4. Forward scattering approximation. In this section we introduce
the forward scattering approximation, which is widely used in the literature. In this
approximation the coupling between forward- and backward-propagating modes is
assumed to be negligible compared to the coupling between the forward-propagating
modes. We refer to [9, 11] for justifications on the validity of this approximation.

The justification of this approximation is as follows: the coupling between a right-
going propagating mode and a left-going propagating mode involves a coefficient of
the form

+oo
/0 E[C%(0)C% (2)] cos (81 (w) + B ())2) d,

and the coupling between two right-going propagating modes or two left-going prop-
agating modes involves a coefficient of the form

+oo
/0 E[C4(0)C% (2)] cos (B (w) — B ()2 d,

v(j,0) € {1,...,N(w)}2. Therefore, if we assume that

+o0
/O E[C4(0)C% (2)]cos ((Bi(w) + B3 (w))2)dz=0, ¥(j.D) € {1,....N(w)}®,

then there is no coupling between right-going and left-going propagating modes, which
justifies the forward scattering approximation, but there is still coupling between
right-going propagating modes which will be described in Section 5.

In our context the operator R(w), introduced in Section 3.1, has a continuous
spectrum and it becomes technically complex to apply a limit theorem for the rescaled
process (a(w,z/€),b(w,z/¢€)). The reason is the following: this process is not bounded
and the stopping times which are the first exit times of closed balls are not lower
semicontinuous for the topology of C([0, L], H¢ ), where H¢ , stands for H¢ equipped
with the weak topology. In our context the continuous part (£,k?(w)) of the spectrum
imposes us to use the norm ||. |3 to control some quantities. Moreover, according to
Theorem 5.4, in which the energy of the limit process is not conserved, it seems not
possible to show a limit theorem on C([0,L], ( ¢ H”Hg’)) in view of (4.14). In [7] and
[9] there is a finite number of propagating modes, so that the weak topology and the
strong topology are the same. In [11] the number of propagating modes increases as
€ goes to 0. However, in this last case, the problem can be corrected by considering
the first exit times of a closed ball related to the weak topology and by considering
the process in an appropriate finite-dimensional dual space.

In our context if we forget these technical problems, according to [7, 9] the forward
scattering approximation should be valid in the asymptotic e —0 under the assump-
tion that the power spectral density of the process V, i.e. the Fourier transform of its
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z-autocorrelation function, possesses a cut-off wavenumber. In other words, we can
consider the case where

+oo
/O E[C4(0)C% ()] cos ((Bi(w) + 5 (w))2)dz=0, V(i) {1,....N(w)}>

Let us remark that the continuous part (0,k%(w)) of the spectrum, which corresponds
to the radiating modes, does not play any role in the previous assumption. The reason
is that the radiating part of the process plays no role in the coupling mechanism as
we can see in Theorems 5.4 and 5.5 below and therefore remains constant.

Finally, we shall therefore consider the so-called forward equation, that is we
consider the simplified equation on [0,L/€],

d

@ﬁ(w,z) =VeH" (w,2) (a(w,2)) +VeR"E5 (w, 2)

+eG*(w,2) (@(w,2))+ RS (w,2)

+0(63/2 sup sup |V (2,2)P sup [a(w,2)l|us —|—||ﬁ(w,z)HF)
z€[0,L/€e]z€[0,d] z€[0,L/e
in Hg'.
5. Coupled mode processes
In this section, we study the asymptotic behavior, first as ¢ —0, and second as
&—0, of the statistical properties of the coupling mechanism in terms of a diffusion

process.
Let us define the rescaled process

aE(w,z):a(w,f), vze[0,L].
€
This scaling corresponds to the size of the random section [0,L/€]. This process
satisfies the rescaled coupled mode equations on [0, L]:
d_.

—a‘(w,2)=

dz

T (0.2) @0 + e ()
4G () @) + R ()

+O(Ve suwp sup |V(@,2) sup [0 (w,2) s + [Blew,2/) | ) (5.1
2€[0,L/€e]xz€[0,d] z€[0,L]

in Hg, with the initial condition a¢(w,0)=ap(w). Using Gronwall’s inequality, we
have the following result [12].
ProrosIiTION 5.1. VL >0,

limP(L°<L)=0,

e—0

where
1
LE:inf(L>O, sup  ||a(w, 2)||3 +||P(w, 2 22—).
ZE[M/E]H( Mg +1P(w, 2) |7 e

According to Section 4.2, we have, V1 >0,

limP( sup |[a(w,2) [ — [Go0(w) s | >n) =0,

=0 (ZG 0,L]
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that is, the local energy flux for the propagating and the radiating modes is conserved
in the asymptotic e — 0. As a result, the amplitude a¢(w, z) is asymptotically uniformly
bounded in the limit € —0 on [0,L].

Let us introduce @§(w,.) — the unique solution of the differential equation on
[0,L].
d € 1 aa z € aa z €
gAi(w)=—-H @;ﬂ%@dHG @QNMMM (5.2)

in Hg, with initial condition @f(w,0)=ao(w). Using Proposition 5.1, the relation
between the solution of the full system (5.1) and the one of the simplified system
(5.2) is given by the following proposition [12].

PRroPOSITION 5.2.
V>0 and Vu>0, UmP| sup |a‘(w,z)—aj(w,z)||ne>n]|=0.
e—0 z€[pu,L] £

Proposition 5.2 means that the information about the evanescent part of the source
profile is lost in the asymptotic e — 0. In fact, the coupling mechanism described by
the system (5.1) implies that the information about the evanescent part of the source
profile is transmitted to the propagating modes through the coefficients RS (w, z)

and R™" (w,z) defined by (4.24), (4.25), (4.26), and (4.27). In these expressions we

have the term ¢. (w,z)e’m(z’LS), which comes from the right-hand side of (4.11)
and which is the form of evanescent modes without a random perturbation. This
term is responsible for the loss of information about the evanescent part of the source
profile because of its exponentially decreasing behavior.

Finally, we introduce the transfer operator T(w,z) from H¢ to itself, which is
the unique operator solution of the differential equation
T )= 2

z
dz ’
with T%¢(w,0) = Id. Then,

H* (w, E) T (w,2) + G (w ) T (w, 2) (5.3)

€

Vze[0,L], @1(w,2)=T"(w,z)(@(w)),
and we get the following result.

PROPOSITION 5.3.

V>0 and Yu>0, lLmP( sup [[a*(w,z)—T"(w,2)(do(w))|3e >n|=0.
e—0 z€[u,L] 3

5.1. Limit theorem. This section presents the basic theoretical results of
this paper. In [9] and [15], the authors used the limit theorem stated in [24] since the
number of propagating modes was fixed. However, in our configuration, in addition
to the N(w)-discrete propagating modes the wave field consists of a continuum of
radiating modes. The two following results are based on a diffusion-approximation
result for the solution of an ordinary differential equation with random coefficients.
This result is an extension of that stated in [24] to the case of processes with values
in a Hilbert space.
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THEOREM 5.4. VL>0 and VyE’H,‘g:(CN(“’) x L2(&,k*(w)), the family
(Tg’e(w,.)(y))ee(o’l), solutions of the differential equation (5.3), converges in
distribution in C([0,L],H¢ ) as €—0 to a limit denoted by T(w,.)(y). Here HE
stands for the Hilbert space He equipped with the weak topology. This limit is the
unique diffusion process on H¢, starting from y, associated to the infinitesimal
generator

LE=LTY+L5 + L5,

where
1 N (w)
£ =5 37 T5(w) (1,150 0+ 101, 0, — Ty Ti00r, 0~ TT107,0r; )
=1
g
1 N (w) o o -
+3 I (w) (TjTlaTjaTiJrTﬂ?aTjaTl — 11,07, 01, —TaTl%%)
Gl=1
1 N (w) N(w
c 1 sl Tl
+5 > (T (w)=Tj;(w)) (7}3Tj+Tj3:Fj) ZF (T or; Tjaf>,
j=1
and
V@) B
Se=-3 > (A5 (@) 403 (@) Tyom, + (A5 (@) — i) (@)) Trop,
j=1
N(w)

g_zz () (T30r, -~ Tjor;).

Here, we have considered the classical complex derivative with the following nota-
tion: If v =11 + vy, then 0, =3 (8y, —i0y,) and d5= 3 (dy, +10y,). We have used the

following notations: V(j,1) € {1,...,N(w)}2 and j#1,

4 w +oo
;(@—M / E[C4(0)C%(2)] cos ((Bi(w) — B;(w))2)d=
N(w)
— Y T w)
=
4 w +oo
2 (w) = M / E[C4(0)C%(=)] sin (81 (w) - B,())2) d=

N (w)
Zr

(%

and V(j,1) € {1,...,N(w)}%,
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k*(w) too " y
Toom ) ECHOcE]E

k% (w) 400
8 (w) = ) « ©,(2)] cos '~ Bi(w))z)dzdy
M@= s B O Gl (VT - Bi)e)de
)
(

“+oo
5 | Bl 00 () sin (V- By dzay

F;z(w) =

(w

k% (w)
5,6 _
A (W)/g 2fﬁj
—£ +<><>
K (w) = @ ()] cos (B:(w)z)e VI 2dzdy .
= e W/ (0)C2(2)] cos (8 (w)z) eV dzdy

The coupling coefficients C*(z) are defined by (4.2). We obtain the following result
in the asymptotic £ — 0.

THEOREM  5.5. VL>0 and VyeHy=CNW xL2(0,k*(w)), the family
(Té(w,.)(y))ge(o )y converges in distribution in C([0,L],(H,||lns)) as £€—0 to

a limit denoted by T°(w,.)(y). This limit is the unique diffusion process on M,
starting from y, associated to the infinitesimal generator

LY=L +L5+L5,

where
1 N (w) o
L5=—3 D (AS(w)+iAS () Tyor, + (AS(w) —iAS(w)) ;07
j=1
N(w)

ZZHJ (T&‘T ﬁ%)

Here, we have, Vj € {1,...,N(w)}7

— (83 8, 3
AS() = Hm AT(w), M) = I AT (@), and () = im nS(0)

Theorem 5.4 and 5.5 describe the asymptotic behavior, first as e — 0 and second
as £ — 0, of the statistical properties of the transfer operator Tf’s(w,L) in terms of
a diffusion process. In the appendix we give the sketches of proofs of Theorem 5.4
and 5.5. They are based on a martingale approach using the perturbed-test-function
method. In a first step we show the tightness of the processes, and in a second step
we characterize all subsequence limits by means of a well-posed martingale problem
in a Hilbert space. However, the full proofs of Theorem 5.4 and 5.5 are given in [12].

The infinitesimal generator £ is composed of three parts which represent different
behaviors on the diffusion process, and it involves only the N (w)-discrete coordinates.
The first operator £y describes the coupling between the N (w)-propagating modes.
This part is of the form of the infinitesimal generator obtained in [7, 9], and the total
energy is conserved. The second operator £4 describes the coupling between the prop-
agating modes with the radiating modes. This part implies a mode-dependent and
frequency-dependent attenuation on the N(w)-propagating modes that we study in
Section 6.1, and a mode-dependent and frequency-dependent phase modulation. The
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third operator £4 describes the coupling between the propagating and the evanescent
modes, and implies a mode-dependent and frequency-dependent phase modulation.
The purely imaginary part of the operator £ does not remove energy from the prop-
agating modes but gives an effective dispersion.

Moreover, because the infinitesimal generator £% involves only the N(w)-discrete
coordinate, the amplitude of the radiating modes remain constant on L?(0,%k?(w)) and
the statistical properties of the propagating and the radiating modes are independent.
From this decoupling it is not possible for the random fluctuations of the medium to
cause energy transfer form the radiating modes to the propagating modes. Conse-
quently, the propagating modes can lose energy into the radiating modes and get lost
into the bottom of the ocean as we will see in Section 6.1.

Let us remark that the convergence in Theorem 5.4 holds also on
C([0,L],(H¢ || ll3)) for the N (w)-discrete propagating mode amplitudes.

5.2. Mean mode amplitudes. In this section we study the asymptotic
mean mode amplitudes. From Theorem 5.5, we get the following result about the
mean mode amplitudes.

PROPOSITION 5.6. Vye My, Vz€[0,L], and Vje{l,....N(w)},
lim limE[Tg’ﬁ(w,z)(y)] =F [T?(Mz)(y)}

£—0e—0
e l(Fﬁj(w)—Fjj(w)—AE(w)> i <W+kj(w)> z] yi(w).

2
(5.4)

First, let us recall that the mean amplitude of the radiating part remains constant on
L?(0,k*(w)). Second, Vj€{1,...,N(w)}, the coefficient (T (w) +AG(w) —T%;(w))/2
is nonnegative. In fact, for (j,1) € {1,...,N(w)}? such that j #1, I'%)(w) and I}, (w) are
nonnegative because they are proportional to the power spectral density of C;’l and
C% at fi(w)—Bj(w) and 0 wavenumbers. Therefore, —I';(w) is also nonnegative.
Moreover, A;(w) is also nonnegative because it is proportional to the integral over
(0,k*(w)) of the power spectral density of C¥, at /7 — f;(w) wavenumber.
The exponential decay rate for the mean jth-propagating mode is given by

r;j@)_r;j(w)ﬂxg(w)) .

3

B[ TS (w, L) (1)) | =[] exp [— ( 2

which depends on the effective coupling between the propagating modes, and the
coupling between the propagating and the radiating modes. This exponential decay
corresponds to a loss of coherence of the transmitted field.

6. Coupled power equations

This section is devoted to the analysis of the asymptotic mean mode powers of the
propagating modes. More precisely, we study the asymptotic effects of the coupling
between the propagating modes and the radiating modes. Let

TH(w,2) = lim lim]E“T?E(w,L)(yl)ﬂ :EUT;?(W,Z)@Z)P} (6.1)

£—0e—0

be the asymptotic mean mode power of the jth propagating modes. 7}1 (w,L) is
the expected power of the jth propagating mode at the propagation distance z=L.
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Fic. 6.1. Illustration of the radiative loss in the shallow-water random waveguide model.

Here y' € HY is defined by yé- =0, and yfy =0 for y€(0,k*(w)), and where §;; is the
Kronecker symbol. The initial condition 3’ means that an impulse equal to one
charges only the [th propagating mode. From Theorem 5.5, we have the coupled
power equations:

N(w)

%Tl (w,2)= —Aq(w)ﬁl (w,z)+ Z I (w) (ff(w,z) -7 (w,2)), (6.2)

J J J

n=1
n#j

with initial conditions 7}1 (w,0)=0;;. These equations describe the transfer of energy
between the propagating modes and I'“(w) is the energy transport matrix. In our
context, we also have the coefficients A;(w) given by the coupling between the prop-
agating modes and the radiating modes. These coefficients, defined in Theorem 5.5,
are responsible for the radiative loss of energy in the ocean bottom (see Figure 6.1).
This loss of energy is described more precisely in the following section.

6.1. Exponential decay of the propagating modes energy. In this
section, we assume that at least one of the coefficients A°(w) is positive. With this
assumption, we show that the total energy carried by the propagating modes decays
exponentially with the size L of the random section. In the opposite situation, that is
when there is no radiative loss A°(w) =0, it has been shown in [7] and [9, Chapter 20]
that the energy of the propagating modes is conserved and for large L the asymptotic
distribution of the energy becomes uniform over the propagating modes.

Let us define

SN {X RN, X;20 Wie (L. N ()} and | X)3 gre = (X, X )gvi =1}
with (X,Y)o v zzf:(f) X,Y; for (X,Y)e(RN®)2 and

AG(w) =diag(Af(w),... AN w) (w)).
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THEOREM 6.1. Let us assume that the energy transport matriz T¢(w) is irreducible.
Then we have

N(w)

. 1 ( _
Lgrfoofln ;7;((0,[/) *7Aoo(w)7
with
Aoo(@)=_inf  ((~T°(w)+AG(©)) X, X g, (6.3)
Xes

which is positive as soon as one of the coefficients A§(w) is positive.

This result means that the expected powers of the propagating modes decays
exponentially with the propagation distance, and the decay rate can be expressed in
terms of a variational formula over a finite-dimensional space.

Proof. The coupled power equations admit a probabilistic representation in

terms of a jump Markov process. If we denote by (YtN(w)) a jump Markov process

>0
with state space {1,...,N(w)} and intensity matrix I'°(w), then we have, using the

Feynman-Kac formula,
? N(w
7}l(w,z) =E [exp (—/0 A;SN(“) (w)ds) 1(YZN(W):J,) ’Yo ( ):l] . (6.4)

>0 11 an er-

godic process with invariant measure iy (), which is the uniform distribution over
{1,...,N(w)}. Thatis, pn(.)(j) =1/N(w)Vje{l,...,N(w)}. Let us consider the local
time

Moreover, we have supposed that I'“(w) is irreducible. Then (YtN(m)

T

ZT(J) = /0 1 (YSN(w):j> ds
for je{1,...,N(w)} and T >0, which corresponds to the time spent by the process
(YtN(w)) in the state j during the time interval [0,T]. According to [5], we have a
N(w)

large deviation principle for %ZT viewed as a random process with values in M
which is the set of probability measures on {1,...,N(w)}. More precisely, we have

t>0

3

lim llnE[exp(fL (A, lzL>RN(w>) ’YON(“) :l]

L—)JrooL L
. 1 r c N(w)
:LEEI}OO*IHE[CXP(— ) AYSN(N)d$>’YO :l:|
— it (1) (A())
HEM;

with

1) =]l (= ) "* VAl v = (=T @) VA Vo
Consequently,
N(w)

lim %ln Zﬁl(w,L) =—Ay(w).
j=1

L—+oo



C. GOMEZ 107

Finally, using the compactness of Siv(w), Ao (w) is positive because —I'*(w) and A§(w)
are two nonnegative matrices, and 0 is a simple eigenvalue of —I'*(w) by the Perron-
Frobenius theorem. a

The expression (6.3) of Ao (w) is not simple. However, we have the following
inequalities:

N (w)
M) < Auw) < K(w):ﬁZAg(w). (6.5)

To finish this section, let us investigate some special cases in which we can give a
simple expression of Ay (w).

First, we assume that Vj€{1,...,N(w)}, Aj(w)=A(w)>0. In this case, using
(6.5),

This means that if all the coefficients which represent the radiation losses are equal,
the decay rate of the total energy of the propagating modes is given by this coefficient.

Second, we assume that the coupling matrix is small, that is, we replace I'*(w)
by 71(w) with 7 < 1. If Vj€{1,...,N(w)} Aj(w) >0, we have

liiI}JA&(w):je{lfI}i’I]{’(w) Aj(w).

From (6.5), this is the smallest value that Ao (w) can take. This result is consistent
with the fact that the coupling process on the transfer of energy between propagating
modes is negligible and the decay rate of the energy of a particular propagating
mode j is given by its own decay coefficient A;(w). Then, for the total energy of
propagating modes the decay rate is given by the minimum of those decay coefficients.
Consequently, if there exists A§ (w) =0, we have

lim A7_(w)=0.

T—0

The reason is that the energy of the joth propagating mode stays approximately
constant with a weak transfer of energy, and

1 . .
lim ~AZ (@)= inf {(~I°()) X, X)gwe >0,

where V = {X S Siv(w), suppX C {1,... ,N(w)}\supp(AC(w))}, because | /i () Zv.
Now, we assume that the coupling matrix is large, that is we replace I'“(w) by
1r¢(w) with 7<1. In this case, we have

lim A7 (w) = A(w).

7—0

From (6.5), this is the largest value that A (w) can take. The strong coupling pro-
duces a uniform distribution of energy over the propagating modes and the decay
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Fic. 6.2. Illustration of negligible radiation losses in the shallow-water random waveguide model.

rate becomes <Ac(w),uN(w)>RN<w) = A(w) for each mode. A more convenient way to
get this result is to use a probabilistic representation. In fact, we have

I _ e N(w) _
T; (w,2)=E [exp ( /0 AS ne) (w)) 1(YZN(“):J') ‘YO l]

s/T

z/T
T c N(w
=E lexp <—ZZ/0 AYSN““) (w)) 1 Yz%”):j) ‘Yo ( )_l] ,

where (YtN(w)) is a jump Markov process with state space {1,...,N(w)} and in-
N (w))

tensity matrix I'(w). Using the ergodic properties of (Y;

>0
>0 We get that

}i_%ﬁ’l(w,[/) = ﬁexp (—Aw)L).

Finally, if we assume that the radiation losses are negligible, that is we replace A¢(w)
by 7A%(w) with 7 < 1, we have

lim A7 (w)=0.

T—0

In fact, if the radiative loss is negligible, the coupling process becomes dominant, and
we can show that

VL>0, sup |77 (w,2) =T (w,2)llp gri = O(7),

z€[0,L]

where 7%/ (w,.) satisfies (6.2) without the coefficient A°(w). In this situation

T (w,1) =P (1Y :j‘YON(“’) =1),

and the total energy is conserved (see Figure 6.2), and
1 _
lim —A7 =A .
tim TAT, () = K(w) >0
As it was already observed in [9] the modal energy distribution converges as L — 400

to a uniform distribution:

. 1 1
Lllg-sr-looﬁO (W’L)_N(w)'
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6.2. Continuum approximation to coupled power equations. In this
section, under the assumption that the nearest-neighbor coupling introduced in Sec-
tion 6.2.1 is the main power transfer mechanism, we give an approximate solution
of the coupled power equations (6.2) in the limit of a large number of propagating
modes N(w)>>1. Let us note that the limit of a large number of propagating modes
N(w)>1 corresponds to the regime wd>>1. Next, we analyze the energy carried by
the propagating modes in this regime.

The coupled power equations can be approximated in the limit of a large number
of propagating modes N(w)>>1 by a diffusion equation. This approximation has
already been obtained in [15] for instance, in which we can find further references
about this topic. We can also refer to [20] for more discussions on this approximation.
For an application of such a diffusion model to acoustic propagation in random sound
channels we refer to [21], and for applications to time reversal of waves we refer to
[11].

Using the form of the covariance function (2.4), we find

ak?* (W)L (w)

ji(w) = 28;(w)Bi(w)(a? + (B;(w) — Bi(w))?)
and
ey [ Ak (@) ()
A )7/0 2Bj(W)ﬁ(a2+(5j(W)—\ﬁ>2)d%
where
Ijl:iA?Alz {S(Jj*Ulvgjfal)JFS(UJ'JF‘”’UJ'JFC”)

—S(O'j — 01,0 —|—Jl) —S(aj +01,0; —al)} ,
1
IjWZZA?Agy |:S(0'j —n,05—n)+S(c;+n,0;+n)
—S(05—n,05+n) *S(UjJrTlan*W)}v
with S(v1,v2) :fod fod%(xl,xg)cos (Y1) cos (Las)drrds, and where Aj(w), Ay (w),
oj(w), n(w), ¢j(w,z), and ¢(w,z) are defined in Section 3.1.

6.2.1. Band-limiting idealization. In this section, we introduce a band-
limiting idealization hypothesis in which the power spectral density of the random
fluctuations is assumed to be limited in both the transverse and the longitudinal

directions. We assume that the support of S lies in the square [— 37", 37“] % [_ S?W’ %ﬂ ] .
Then,
Li(w)= 143(w) A} (W) S (05(w) —o1(w),05(w) —ar(w)), if |j =1,
0, otherwise,
and

LA2(W)AZ2(w)S (0 (w) —n(w),0; (w) —n(w if |o;(w)—n(w 3m
Ijﬁy(w){élAj( )A7 (w)S (5 ( ()), n(w), 0 (w) —n(w)), ()fterzv(isg. nw)| <,
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From this assumption we obtain V0 <y < k?(w) and j€{1,...,N(w)—2},

nik(w)d
7r

) =03(6) 2 k() 1 g~ (

; 9—N(w)> +2r.

€[0,1)
Then, for je{1,...,N(w)—2},

3T
inf —oj(w)>—
ok L) —0j(w) >,
and A§(w) =0, Vj€{1,...,N(w) —2}. Consequently, the coupled power equations (6.2)
become

d , .
@7—1@(2) =—ASTY(2)+Tq 1N (Tszq(z) —Tzir(z)) )

d , .
57'1671(2) =A% 1 TH_1(2) + TR _1n_2 (T]@,Q(z) _T1€/71(2))
+Iy_in (T]f,(z) *Tzif—l(z)) )

%7}[( )=T%_1; (Tl 1(;;)—7}[(,2))—1-1‘;“]. (7}l+1(2)—7}l(2)) for je{2,...,N -2},

LT =05, ()~ T (:).
(6.6)

with T/(0) =d;;.

The band-limiting idealization hypothesis is tantamount to a nearest-neighbor
coupling. More precisely, this assumption implies that V(j,1) € {1,...,N(w)}?, the jth
mode amplitude can exchange informations with the {th amplitude mode if they are
direct neighbors, that is, if they satisfy |j —1] <1.

6.2.2. Continuum approximation. The evolution of the mean mode pow-
ers of the propagating modes can be described, in the limit of a large number of
propagating modes N(w)>>1, by a diffusion model. This diffusive continuous model
is equipped with boundary conditions which take into account the effect of the radi-
ating modes at the bottom and the free surface of the waveguide (see Figure 6.1)

Let, Y €C°([0,1]), Vue[0,1], and 2 >0,

Mz

N (w) [N (w) u] J [NV (w)u]
TV () =T} =X e () T wn)

Jj=1

where @72 “)(2,.) can be extended to an operator from L2(0,1) to itself. Here,
L?(0,1) is equipped with the inner product defined as follows: V(p,%)€ L?(0,1)2,

<90’1/}>L2(0,1) = fol p(v)ih(v)dv

THEOREM 6.2. We have
1. Vo€ L?(0,1) and ¥z >0,

. u})iglﬂonfv(“’)(z,u) =Ty(zu) in L*(0,1),
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where T, (z,u) satisfies the partial differential equation : ¥(z,u) € (0,400) X
(0,1),

0 0 0

ST = g (4 ()3T, ) ()

with the boundary conditions: ¥z >0

(,%7;(,2,0)20, To(2,1)=0, and T,(0,u)=¢(u).

2. Yuel0,1], V2>0, and Yo €C°([0,1]) such that p(1)=0, we have
lim EN(“)(z,u):n(z,u).

N(w)—4o0

Here,
ag
1—(1- ﬁ) (0u)?’

. 2 d pd
with ag = 2@%%, 0=+\/1-1/n%, So= [, [y vo(x1,22)cos (Z1) cos (5az)dzidrs. my
is the index of refraction in the ocean section [0,d], 1/a is the correlation length of
the random inhomogeneities in the longitudinal direction, and ~yy is the covariance
function of the random inhomogeneities in the transverse direction.

(oo (u) =

This theorem is a continuum approximation in the limit of a large number of
propagating modes N(w)>1. This approximation gives us, in the limit of a large
number of propagating modes, a diffusion model for the transfer of energy between
the N(w)-discrete propagating modes, with a reflecting boundary condition at =0
(the top of the waveguide in Figure 2.1) and an absorbing boundary condition at u=1
(the bottom of the waveguide in Figure 2.1) which represents the radiative loss (see
Figure 6.1).

The sketch of proof of Theorem 6.2 is given in Section A.3. This proof is based
on a probabilistic representation of ’7? (w,z) in terms of a jump Markov process, and
on a martingale approach. The full proof of Theorem 6.2 is given in [12].

6.2.3. Exponential decay in the continuum approximation. In the
limit of a large number of propagating modes N(w)>>1, we also observe that the
energy carried by the continuum of propagating modes decays exponentially with
the propagation distance. The exponential decay of the energy in the continuum
approximation is given by the following result.

THEOREM 6.3. Vo€ L?(0,1)\ {0} such that ¢ >0, and Yu € [0,1),

lim %ln [T, (L,u)] =—Ax,

L>Yoo
where
1
A :;rel% ; oo (V)¢ (v)?dv >0
and

D={pec (o1, lelon=1. 2e0=0. ()=0}.
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This result means that the energy carried by each propagating mode decays expo-
nentially with the propagation distance, and the decay rate can be expressed in terms
of a variational formula. Consequently, the spatial inhomogeneities of the medium
and the geometry of the shallow-water waveguide lead us to an exponential decay
phenomenon caused by the radiative loss into the ocean bottom.

Proof. ~ We can see that the operator Pa = (ac(-)2) on L?([0,1]), with
domain

D) ={pe B0, 5e0)=0. w()=0}.

is self-adjoint. P, has a compact resolvent Ry = (Ad— P, )~! because [0,1] is a
compact set and then it has a point spectrum (\;);>1 with eigenvectors denoted by
(¢00,j)j>1. Moreover, all the eigenspaces are finite-dimensional subspaces of D(Px,)
and Vo € D(Pc)\ {0},

<POO(SD)7SD>L2(O_’1) < 0

Let us organize the point spectrum in the nonincreasing way, --- <Aa <A <0. We
have

E(L,’U) = Z <80a¢oo,j>L2(0’1)e>\jL¢oo,j (v).

j>1

LEMMA 6.4. Ay is a simple eigenvalue and one can choose ¢oo,1 Such that ¢oo 1(v) >0
Yve[0,1).

Proof. This lemma is a consequence of the Krein-Rutman theorem, but not its
strongest form [28]. Indeed, the set of nonnegative functions in L?(0,1) has an empty
interior. However, using the smoothness of the eigenvectors, the proof also works in
our case. The full proof of Lemma 6.4 is given in [12]. ad

As a result, Yo € L?(0,1)\ {0} such that ¢ >0, Vv e[0,1) we get

. 1
i T0lTE)=h

and

A= sup Po(p),p =—A,<0.
D (Po) < >L2([071])
H‘PHL2([0,1]):1

0

In Theorem 6.3, we take ¢ € L?(0,1) \ {0} such that ¢ >0, which can be considered

as being the initial repartition of energy over the continuum of modes. However, the

result of Theorem 6.3 is also valid for any ¢ € L?(0,1)\ {0} such that (¢, ¢s0,1)
0.

©0.4)~

6.3. Continuum approximation to coupled power equation with neg-
ligible radiation losses. In the case of negligible radiation losses, we also get
a continuous diffusive model for the coupled power equations in the limit of a large
number of propagating modes N (w) > 1. This diffusive continuous model is equipped
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with boundary conditions which take into account the negligible effect of the radiation
losses at the bottom and the free surface of the waveguide (see Figure 6.2).

Now, let us assume that the radiation losses are negligible, that is, A¢(w)=7A(w)
with 7 < 1. We have already remarked that, if the radiation losses are negligible, then
the coupling process is predominant and we have

VL>0,  sup [T (w,2) =T (w,2) o i =O(7),

z€[0,L]

where T%!(w,.) satisfies

d%mw = (T840 -T9'6)
ST =T (TP - THE) + T, (TR () - TP).
for j€{2,...,N—1}, and

L0 =r5 (T94(2) - T (2),
with 7.!(0) =

6.3.1. Continuum approximation. Let, VY €C°([0,1]), Vu€[0,1], and 2 >0,

N(w)

TN (2 u) =TIV ZW( w) Nl i,

where cp»—>7pr(w)(z7.) can be extended into an operator from L?(0,1) to itself.
THEOREM 6.5. We have
1. Yo e L?(0,1) and Vz >0,

- N _ T2
N(wl)ngroon @) (z,u) =T, (z,u) in L*(0,1),

where T, (z,u) satisfies the partial differential equation : V(z,u) € (0,400) x

(0.1),
0 0 0
STl = (ax )50 ) ()

with the boundary conditions: ¥z >0

0 0
%7;(7;,0)20, %7:0(2',1)207 and T, (0,u) =@ (u).

2. Yue[0,1), V2>0, and Yo €C°([0,1]) such that (1) =0, we have

1 N(w) )
N )lglm”f (z,u) =Tp(2,u)

Here,

ag
1—(1—a2d2)(9u)

oo (u) =
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. 2 d pd
with ag = 2@%%, 0=+/1—1/n%, So= [y [y v0(x1,22)cos (Fa1) cos (Gag)dardas. ny
is the index of refraction in the ocean section [0,d], 1/a is the correlation length of

the random inhomogeneities in the longitudinal direction, and ~yy is the covariance
function of the random inhomogeneities in the transverse direction.

This theorem is a continuum approximation in the limit of a large number of
propagating modes in the case where the radiation losses are negligible. This ap-
proximation gives us, in the limit of a large number of propagating modes N(w)>1,
a diffusion model for the transfer of energy between the N(w)-discrete propagating
modes with two reflecting boundary conditions at u=0 (the top of the waveguide in
Figure 2.1) and u=1 (the bottom of the waveguide in Figure 2.1). Here, the two re-
flecting boundary conditions mean that there is no radiative loss anymore (see Figure
6.2).

The proof of Theorem 6.5 uses the same method as the one of Theorem 6.2, and
we refer to [12] for a complete proof of Theorem 6.5.

6.3.2. Asymptotic behavior of 7 (L,v) as L— +oo. In the case where
the radiation losses are negligible, we have seen in Section 6.1 that the decay rate
satisfies lim, _,oAZ (w)=0 and 7% (w,L) converges to the uniform distribution over
{1,...,N(w)} as L— o0 [9]. In the limit of a large number of propagating modes,
we have the following continuous version.

THEOREM 6.6. Vo€ L?(0,1) and Yu € [0,1],
1
Jim To(La= [ el

that is, the energy carried by the continuum of propagating modes converges exponen-
tially fast to the uniform distribution over [0,1] as L —+o00. As a result, the energy

is conserved and the modal energy distribution converges to a uniform distribution as
L — +4o0.

Proof. ~ We can see that the operator Po = (aso(-)2) on L*([0,1]), with
domain

D(Pa)={pe 0.0, So0)=0. Fe)=o}.

is self-adjoint. Moreover, P, has a compact resolvant because [0,1] is a compact set
and then it has a point spectrum (\;);>0 with eigenvectors denoted by (¢oo,;)j>0-
Moreover, all the eigenspaces are finite-dimensional subspaces of D(Ps,) and Vo€

D(Px)\ {0},
<P<><>(‘P)7‘P>L2(o,1) <0.

Let us remark that A\g =0 is a simple eigenvalue with eigenvector ¢o,0=1. Then, the
spectrum is included in (—o00,0] and we have the following decomposition:

1
Tolew) = [ o0)do+ 30 (0.0} o) 600

i>1
Therefore, Yu € [0,1],
1
Jim To(Lao= [ el

with exponential rate A\; <O0. ]
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Conclusion. In this paper we have analyzed the propagation of waves in a
shallow-water acoustic waveguide with random perturbations. In such a waveguide,
the wave field can be decomposed into three kinds of modes, which are the propagat-
ing, the radiating, and the evanescent modes, and the random perturbations produce
a coupling between these modes.

We have shown that the evolution of the propagating mode amplitudes can be
described as a diffusion process (Theorems 5.4 and 5.5). This diffusion takes into
account the main coupling mechanisms: the coupling with the evanescent modes
induces a mode-dependent and frequency-dependent phase modulation on the prop-
agating modes, and the coupling with the radiating modes, in addition to a mode-
dependent and frequency-dependent phase modulation, induces a mode-dependent
and frequency-dependent attenuation on the propagating modes. In other words, the
propagating modes lose energy in the form of radiation into the bottom of the waveg-
uide and their total energy decays exponentially with the propagation distance. We
can express the decay rate in terms of a variational formula over a finite-dimensional
space (Theorem 6.1).

Under the assumption that nearest neighbor-coupling is the main power transfer
mechanism, the evolution of the mean mode powers of the propagating modes can
be described, in the limit of a large number of propagating modes, by a continuous
diffusive model with boundary conditions which take into account the effect of the
radiation losses at the bottom and the free surface of the waveguide. In this regime,
we observe that the energy carried by the continuum of propagating modes also decay
exponentially with the propagation distance. The exponential decay rate can be
expressed in terms of a variational formula (Theorem 6.3).

The diffusive systems obtained in this paper can be used to analyze pulse propa-
gation and refocusing during time-reversal experiments in underwater acoustics [11].

Appendix A.
In this appendix, we present the sketches of the proofs of Theorems 5.4, 5.5 and
6.2. Full proofs of these theorems can be found in [12].

A.1. Proof of Theorem 5.4. The proof of this theorem is based on a
martingale approach using the perturbed-test-function method. However, the process
(Tg’e(z))po is not adapted with respect to the filtration F; =7, .. The proof of this
theorem is in two parts. The first part of the proof consists in simplifying the problem
and introducing a new process for which the martingale approach can be used. The
first part of the proof follows the ideas of [16]. The second part of the proof of this
theorem is based on a martingale approach using the perturbed-test-function method
and follows the ideas developed in [4].

Let us introduce ’i‘g’e(.) — the unique solution of the differential equation

Lq¢(z)= %H (2) 1% @.2) +(G) T (2),

with TE’E(O) =Id, and where <Gaa> is defined, Vy € H¢, by

—£ ik +oo
aa = _ o ()] cos (8:2) e VI 2 dzdn 'y,
(@)= gz |, Bl O (eos(32)e VT aziy,

vje{l,...,N}, and <G““>A/(y) =0 for almost every v € (£,k%). We have the following

proposition that describes the relation between the two processes T¢(z) and ’i‘ge(z)
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ProproOsITION A.1.

VyeHe and V>0, lirr(l)IE”< sup |\T5’€(,z)(y)—’i‘£’6
e—

z€1[0,L]

(2) ) B >n> ~0.

Let us remark that the new process (’i‘g’e(z))po is adapted to the filtration F¢
&€ B
and [T (2)(W)lI3, = lylF Y2=>0. Let ry =yl

Byt = { A He Nt =[O N, < ),

the closed ball with radius 7,, and {g,,n>1} a dense subset of B, 3.. We equip
B, . with the distance dzg”ﬂ{é defined by

+oo 1
dBT-y,Hs ()\,/L) 2227 ‘<)‘_M7gn>g_[€’

j=1
V(A ) EBry’H:, As a result, (Byg,dlgwﬂg) is a compact metric space. From the

definition of the metric dBﬁ;vHE’ we have the following criterion.

THEOREM  A.2. A family of processes (X)ec(o,1y @5 tight in
C([O,—!—oo),(B,«y,yé,dgryﬁs)) if and only if (<XE,/\>HE)€€(O’1) is tight on C([0,4+00),C)
VAeHe.

This last theorem looks like the tightness criterion of Mitoma and Fouque [23, 6].

For any A€ He¢, we set ’i‘ie(z) (y)= <T576(Z) (y),)\>H£. According to Theorem A.2, the

family (’i‘f’e(.)(y))6 is tight on C([O,—i—oo),(Bry,HE,dBTyﬂg)) if and only if the family

(’i‘ie()(y))6 is tight on C([0,400),C) YA € H¢. Furthermore, (’i‘g’e(.)(y))6 is a family

of continuous processes, so it is sufficient to prove that, VA € He, ('i‘ie()(y))E is tight
in the space of cad-lag functions D([0,+00),C) equipped with the Skorokhod topology.
According to Proposition A.1, to study the convergence in distribution of the process

(Tg’e(.)(y))6 it suffices to study this convergence for (’i‘ge()(y))6
We consider the complex case for more convenient manipulations. The proof of
this theorem is based on the perturbed-test-function approach. Using the notion of a
pseudogenerator, we prove tightness and characterize all subsequence limits.
We recall the techniques developed by Kurtz and Kushner. Let M€ be the set of
all Fe-measurable functions f(¢) for which sup,.rE[|f(¢)|]] < +oo and where T'>0 is
fixed. The p—lim and the pseudogenerator are defined as follows. Let f and f? be in

M V5 >0. We say that f=p—lims f0 if

supE[|f* ()] <+oc and  ImE[f'(1) - F)]=0 .

The domain of A¢ is denoted by D (A€). We say that f €D (A) and A°f =g if f and
g are in D(A°) and

. TEF[f(E+6)] = f(1)
p=Jim 5
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where Ef is the conditional expectation given F and Ff =F; /.. A useful result about
A€ is given by the following theorem.

THEOREM A.3. Let f €D(A®). Then

¢
M50 =)= [ A fu)du
is an (Ff)-martingale.

PROPOSITION A.4. YA€ H,, the family (Tié()(y)) is tight in D([0,4+00),C).

e€(0,1)

Proof.  First, we easily obtain V7T >0,
. Er. ~ &€
1 lim P T, (t >M ) =0,
pim lim (O;lng x (D)= )

since (TEG()(y))E is a bounded process. Second, in [12] we build a function f{(¢)
such that VT >0, lim.supg<,<7|ff(t)| =0 in probability and {A°(f§+ f)(t)}eo<t<T
is uniformly integrable. According to Theorem 4 [18], these two facts imply the

tightness of (iﬁ’e(.)(y))se(o@)‘ ’

We shall consider the classical complex derivative with the following notation: If
v=a«a+1i83, then 9, = % (0q —10p) and Oy = % (Oa+10g). Let f be a smooth function

~ &€
and f§(t)=f(Ty (t)(y))-
Now, we shall characterize all subsequence limits by showing they are solutions of
a well-posed martingale problem. To do that, we consider a convergent subsequence

of (Té’e(.)(y))ee(m) which converges to a limit T¢(.)(y). For the sake of simplicity
we denote the subsequence by (Tg’é(.)(y))ee(o)l).

PROPOSITION A.5. YA€H, and for all smooth test functions f,

FE§0) ~ [ 25 (T5) (F)A)
05 (T() W) (FET W),

FRI(T W) (K(TEHmINA),

He
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is a martingale, where

JE(T),; = F?j;F}j _A;,5+i(1§j_A;,s+K§) T,
1 . —
K(T)()\)j——§ZI‘;ZTJ-TZ)\I—§Z(F§l+iF;Z)T]~TZAZ,
2
1 S g —
L(T)(A)j:§Zr;lTjTlAl+§Zr§lTlTlAj,
=1 =1
I£]

and J*(T),=K(T)(\),=L(T)(\), =0 for almost every v € (£,k?), and for (T,\) €

Proof. Let, for p>0 and j€{1,2,3,4},

Ij%u = {(’Yl)le{L...,j} (&K, Ia)ieqr,. .a—jy €{Brs- . BN

J 4=j
and ()ieqa,...ay € {~1,1}*, with ‘Zm\/%—FZMHQz‘ <M}-

=1 =1

In addition to ff(t), which also satisfies sup,>E[|f{()[]]=O(\/¢), there exists f5(t)
and f$(t), such that sup,~E[|f5(t)[] =O () and

4

lim sup E[|fS)|]<K(T,E, /d...d-,
iy sup B[f5(1)]] <K ( Ey); ey

VT >0, and

for fe(t)=f5(t)+ fi(t)+ f5(t)+ f5(t). Moreover

4
Ty sup BIC(N]<KTEY [ dnedy
=171,

e%OOStST

To get this expression we have supposed that the following nondegeneracy condi-
tion holds: the wavenumbers 3; are distinct along with their sums and differences.
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Therefore, by Theorem A.3, (M;e (t))t>0 is an (Ff)-martingale. Then for every
bounded continuous function h, every sequence 0 < s, < --- < s,, < s<t, and every fam-
ily (Aj)jeq1,...,ny With values in Hg we have

E{h(ﬁf(sﬁ-)( >1<j<n)( /Aeff du)]

Finally, by letting e -0 and u— 0, we get the desired result. ]

In order to prove uniqueness, we decompose T¢(.)(y) into real and imaginary
parts. Let us consider the new process

_ [yt L€ () — 2,€(4) —
YE(t)= [Yz,f (t)]7 where Y'4(t) = Re(T*(t)(y)) and Y>%(t) =Im(T*(t)(y)).

This new process takes its values in G¢ x G¢, where Ge =RY x L2((¢,k%),R), and we
introduce the operator

T:gg Xg£—>g5><g§,
T' T?
)]
PROPOSITION A.6. Vf€CZ(Ge x Ge),

M5 =Y (0) - [ LY (s)ds (A1)

0
is a continuous martingale, where V(Y ,\) € (Ge x G¢)?,
LS F(¥) = gtrace (AXY)D? F(Y)) + (J(Y), DF(Y) g,
with A(Y)(A) =A1(Y)(A)+A2(Y)(N\) + A3(Y)(N). Moreover, for je{l1,...,N},

L5 c L35 s
BS(Y); = {“Aﬂ \ [“mﬁAﬁ} T;(Y),

2 2
A1 (Y)(A Zr Y)A +TF(Y)A],
AQ(Y)()\)j:—YjZI‘ (YN + YA +75( ZI‘ Y)A + YY),
%;} l#a
J_A ZF )2]3
l#J

and B5(Y)=A,(Y)(A\)=A,(Y)(A)=A,(Y)(A\)=0 for almost every ~ye(&k?).
Moreover, the martingale problem associated to the generator L¢ is well-posed.

Proof.  Following the proof of Theorem 4.1.4 in [32], to prove that Mf is a
martingale it suffices to show that

<Mf(t),A>g§Xg§:M§( )={Y*(t) / B8(YS(s))ds, N gexee
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is a continuous martingale with quadratic variation

< ME> ()= /0 (ACYS ()N \) g, g,

Moreover, V(Y,\)€ (Ge x Ge)?, we have <A(Y)()‘)7)‘>g§xg§ >0 and trace(A(Y)) <
+o00. According to Theorem 3.2.2 and 4.4.1 in [32], the martingale problem asso-
ciated to L¢ is well-posed. 0

A.2. Proof of Theorem 5.5. Let Ho=C" x L%(0,k?), ycHy, and y =
I1(¢,4+00)(y). As the radiating part TI(0,k2)(T(.)(¢)) of the process T(.)(y¢) is
constant equal to TI(&,k?)(y¢), to prove the tightness of (T*(.)(y%))e is suffices to
show the tightness of the finite-dimensional process (IT(k2,+00)(T*(.)(y)))e. The
tightness is ensured by the fact that the process T°(.)(y¢) takes its values in B, #.
and is the solution of the martingale problem associated to L¢ and starting from <.

Now, to characterize all limits of converging subsequences, let us denote by
T%(.)(y) such a limit point. First, for every smooth function f on Hg, for every
bounded continuous function h, and every sequence 0< sy <---<s, <s<t, we have

E[n(T(s;) ) 1 <5< n)
(AT - 160 [ Ler i) <o
Second,

sup ‘Ef(T)—ng(T)gK sup |A;’E—A§‘+’A;’E—A§|+|K§—/€j‘.
TEBr, w1, je{1,....N}

Consequently, TO(.)(y) is a solution of the martingale problem associated to £ and
starting from y. With the same arguments as in the proof of the uniqueness in
Theorem 5.4, this martingale problem is well-posed and therefore T¢(.)(y¢) converges
in distribution to the unique solution of the martingale problem associated to £ and
starting from y.

A.3. Proof of Theorem 6.2. The proof of this theorem follows the ideas de-
veloped in [29, Chapter 11]. In order to prove this theorem we use a probabilistic repre-
sentation of ’77 (w,2) by using the Feynman-Kac formula. To this end, we introduce the
jump Markov process (XtN) with state space {— (N—-1)/N,...,0,...,(N— 1)/N}
and generator given by

250 (3)=rinn (o(5) -0 )+ 1 (o (5) -4(¥)

for le{1,...,N—2},

%0 () s (o (552) -0 (5)) #7umes (o () -0 (4)

for 1€ {—(N—2),...,—1},

o0 =2 (o) -00) + 2 (o) -e).

>0
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() s (o(2507) o (572)).

Using the Feynman-Kac formula we obtain, for (5,1) € {1,...,N}?,
l: —Ay foL 1(‘X’N‘: N-—
e u

and

1 )du—A?\,71 fOL 1(‘X11LV|: N,Q)du

ﬁl(w,L):Ez 1 N

N

Lixp = fv)}

Let f be a bounded continuous function on [0,1], and consider 7' (w, L) as a family of
bounded measures on [0,1] by setting

—A% [Ea _iydu—AS [ _oydu 1
ﬁ(w’L):E% |:6 ~ Jo (IX{)’I:NNI) N-1Jo (IX{‘\]‘=NN2) f<|X£V+N):|

In the first part of the proof we consider the case u € [0,1), and in the second part
we shall treat the case u=1.

Let u€[0,1) such that I{(N)/N —u. We begin by introducing some notations.
Throughout the proof we denote by T(/)N the Ith passage in j/N, for je{—(N—

1),...,N —1}. To avoid the unboundness in LV of the reflecting barriers £ ¢(4-(N —
1)/N), we introduce the stopping time

o _ () (1)
TN =T(N—[No])/N NT=(N=[Na])/N

with av€ (0,1). Let X7 :X{Xﬁ%, Vt >0, be the stopped process and d(N)=(I(N)—
1)/N. We denote by ]P’d(N) the law of (X}V);>0 starting from d(N) and by IF’SE’;\}) the
law of (X}V7 )t>0 starting from d(N). Let

a9 (_ 0
La., = o (aoo(')av> )

where G (-) €CL(R) is an extension over R of au(+), which is defined on [—1,1], and
such that the martingale problem associated to Lz, and starting from v is well posed.
We denote by P, this unique solution. Using Lemma 3.1 we have the following result
about the convergence of the generator £V.

LEMMA A.7. YVpeC5®(R), Yo e (2/3,1),
lim sup LN p(v) = Lo p(v)] =0,

N%+oove[_ Nfl[vzva] 7_%]U[%7N—][VN0‘]]
where LN p(v) is defined as follows. Vje{l,...,N —2},

£Np(0) =T 511 (90 (j 1) <J<f)>
T (o (7)) 2 (%))

forvelj/N,(j+1)/N), and
e o(52) ()
(

-1 J
+Fg+1 ,J+2 <90 N —¢ N>)
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forve(—(j+1)/N,—j/N].

A full proof of Lemma A.7 is given in [12]. As a result, we get the following
lemma.

LeMMA A.8. Pyt is tight on D([0,+00),R).

Proof.  According to Theorem 3 in [18, Chapter 3], this lemma is a consequence
of the two following facts. First, the process (X;"7) is bounded by (N —[N?])/N.
Second, we use the previous lemma and the fact (X}V) satisfies a martingale problem
associated to £V. d

Let Mi=o0(z(u),0<u<t) and 7. =inf(u >0, |z(t)| >r) for r€(0,1). Moreover,
for ¢ €C°(R) we set

M, (t) = p(w(t)) — p(0) - / Lap(o(u))du.

LEMMA A.9. Let Q. be a limit point of the relatively compact sequence (PQ\EEON'
Then, Vo € C§°(R) and Vre (0,1), (M,(tAT))i>0 is a (M)i-martingale under Q,,.

Proof. Let (]P’él\g;(f,)) be a converging subsequence. Let 0<t; <ty and ® be a
N/

bounded continuous My, -measurable function. We have
EFaco (MY ) = EFac (N )
) (tg/\T,«) = ) (tl /\TT) .

Lemma A.7 gives the convergence of the generator £V'. However, to correct the
problem in 0 we have, Vo' € (0,1),

t
1
Eo [/O 1(X!J'—o>d“] =0 <]W(1_a)> :

To finish the proof, we prove a version of Lemma 11.1.1 in [29] adapted to the Sko-
rokhod topology on D(]0,+o0),R) [12]. 0

The full details of the proof of Lemmas A.8 and A.9 can be found in [12]. From
Lemma A.9, we have Vr € (0,1), Qy, =P, on M,,. Then, Q, =P, on M;, since 7, ksl
as r /1, and Q,(C([0,+00),R)) =P, (C(]0,+0),R))=1.

Let f€C°([0,1]) with compact support included in [0,1), and let (IP’ﬁlV(/]{,T,))N/ be
a converging subsequence as in the previous proof. We have

4 / 1 /
T ) =B | (1814 357 ) Haarg)| 700

with

—AS, [t _ndu—AS_ [F _ondu
T(N):Ed(N) |:e Nfo 1(‘X1ZLV‘:NN ) N lfo 1(‘X11LV|:NN )

1
X f (|XtN|+N> (1('rﬁ‘,<t<'r?\,+)\)+1(t>7’?\,+)\)>:| ,
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where 7% = T((Il\i)fl)/N /\Til()Nﬂ)/N and A € (0,t). Consequently,

B [ (X0 1+ 57 ) L) | =B 500

and E@« [f(|z(t)|)1(s,<s)] =0 by the Portmanteau theorem (see [12]).

The following lemma represents the loss of energy from the propagating modes
produced by the coupling between the propagating and the radiating modes. More-
over, this lemma gives us the absorbing condition at the boundary v =1 in Theorem
6.2, and then the dissipation behavior in Theorem 6.3.

LEMMA A.10. limy/r(N')=0.

A full proof of this lemma is given in [12]. However, in the following sketch of
proof we give the main ideas.

Proof.

et
A [y 1(\X,JMV'|: N;\Jl )du

)< e (Bar |

1(tZT%/+A):|

/ 1
+ Py (|XtN |+ﬁ € supp(f), TN <t<TR,,+>\>) .

The first term on the right of the previous inequality goes to 0 as N — 400, because
the jump process XV can visit £(N —1)/N sufficiently often during a time interval of
order 1, and A, > K N3/2 . Next, for A< 1, after having visited (N —[N®])/N (resp.,
—(N —[N®])/N), the jump process reaches (N —1)/N (resp., —(N —1)/N) after a
very small time. Then, after having visited +(N —[N?])/N, X" has a very little
time, of order A, to reach supp(f). Consequently, the second term on the right of the
previous inequality goes also to 0 as N — +oo and A — 0. 1]

As a result, (T;(N) (w,t)) is a bounded sequence and all the subsequence limits
N

of (Tfl(N) (w,t))N are equal to EFe [f(lz(t))1(4<ry)]. Consequently,

lij{fnﬁ(m (w,t) =EFv Lz er] -

Now, we have to show that this equality holds even for a sequence (I(IN))y such
that I(N)/N —u=1, i.e limN’7}l(N) (w,t)=0. To do this, we write for A€ (0,t),

(N 1
T @) < U5 oo (Baw) (< 7N-1)/) +A)

_A(J‘\, fotl(X,JuV:Nﬁl du

+Ed(N) |:€

! (tzT((Il\f)l)/N+)‘):| ) .

The second term on the right in the previous inequality goes to 0 for the same reasons
as in the proof of Lemma A.10. Moreover, we have

(1) 1 1) I(N)
Pa(w) (t<T(N—1)/N) +)‘) < t_)\Ed(N) {T(N—l)/N)} <K (1 N /)

Consequently, we have Vu € [0,1] and V(I(NV))n such that I(N)/N — v,

tgn 77 (w,0) =B [£ (20 Lecry]
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where this limit satisfies the required conditions.
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