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Abstract

This paper presents a probabilistic analysis of an iterative two-way paraxial scheme
for the simulation of wave propagation in random media. This scheme has the
computational cost of the standard one-way paraxial wave equation but has the
accuracy of the full wave equation in a regime beyond the classical paraxial regime.
More precisely, it accurately predicts the statistics of the reflected wave field. The
accuracy is determined by the order of the iterative scheme and the ratio of the
random backscattering intensity over the random forward-scattering intensity.
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1 Introduction

Wave propagation in random media is numerically challenging when the prop-
agation distance is large compared to the wavelength. The resolution of the full
wave equation by difference methods is then in general computationally expen-
sive since relatively fine scales have to be resolved. Fortunately, in many appli-
cations, such as ocean acoustics or atmospheric beam propagation, backscat-
tering is negligible and the wave propagates mainly in a privileged direction,
which allows the reduction of the wave equation to the paraxial (or one-way)
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wave equation [15]. The time harmonic form of this equation takes the form of
a Schrodinger equation with a random potential which makes it easy to solve
numerically (by finite-difference or split-step Fourier methods) and allows for
an easy theoretical analysis from the statistical point of view, since the solu-
tion is adapted to the filtration of the process that describes the fluctuations
of the random medium. The spatial argument corresponding to the privileged
direction of propagation plays the role of “time” in the Schrédinger equation
and also for the filtration of the medium fluctuations process. In this paper
we address situations in which backscattering is not negligible, which requires
more elaborate schemes than the paraxial wave equation. After the pioneering
work [5] an iterative two-way paraxial scheme was proposed to solve the full
wave equation by an iteration of forward-going and backward-going parax-
ial wave equations in [12,13]. Comparisons between numerical simulations of
the full wave and numerical simulations of the two-way paraxial system have
shown very good agreement, with the overall conclusion being that the two-
way paraxial scheme has the same numerical complexity as the standard one-
way paraxial equation, but it also takes into account random backscattering.
However, theoretical justifications are yet to be found. In particular, the role
of the order of the iterative scheme is not clear in these first papers.

The purpose of this paper is to give theoretical arguments that show that the
two-way paraxial system can indeed give accurate predictions for the trans-
mitted and reflected waves in propagation regimes in which backscattering
due to random medium fluctuations is significant. The general motivation for
numerical wave propagation in random media is to examine the effects that
medium heterogeneity (which is very complicated and cannot easily be identi-
fied explicitly) has on the propagating wave. The motivation may for instance
be to analyze the role of fine scale medium fluctuations in the context of imag-
ing schemes aimed at identifying macroscale features of the medium. What is
relevant in this context is therefore the law or statistics of transmitted and
reflected wave fields. It is important to note that our goal is thus not to give
arguments for a strong equivalence between the paraxial system and the wave
equation, in the sense that the wave fields obtained from the two systems
coincide (with some accuracy) for a given realization of the random medium.
Rather, we seek to show that it is possible to prove a weak equivalence, in
the sense that the statistics of the wave fields obtained from the two systems
coincide. As expected, the degree of accuracy of the two-way iterative scheme
depends on the order of the scheme (i.e. the number of iterations) and we
clarify the connection between accuracy and order. We focus in particular our
attention on the first-order and the second-order two-way paraxial equation
for the reflected wave field and some associated applications.

The paper is organized as follows. In Section 2 we present the full wave equa-
tion in random medium and its reduction to the standard paraxial wave equa-
tion. In Section 3 we introduce the two-way scheme. The statistical analysis



of the reflected wave field is carried out in Section 5. This analysis requires us
to transform the boundary value problem satisfied by the reflected and trans-
mitted wave fields into an initial value problem by an invariant imbedding
technique which is presented in Section 4.

2 The Wave Decomposition

We consider linear acoustic waves propagating in a 1 + d-dimensional hetero-
geneous medium. The governing equations for the pressure field p and the
velocity field u are

ou 1 Op
p(z,x)a—i-Vp:O, K(zx)aij‘uzo’ (1)

where p is the density of the medium, K is the bulk modulus of the medium,
and (z,x) € R x R? are the space coordinates. We assume that a section of
heterogeneous medium is sandwiched in between two homogeneous half-spaces
and we consider the following model for the bulk modulus and density

1 Kt if 2 € (—00,0)U (L, ),
K(z,x) Ky'(1+v(2x)) if z€(0,L),
p(Z, X) = Po;

where K, and pg are two positive constants and v(z,x) is a random field that
is bounded by a constant smaller than one. The acoustic wave equations can
then be reduced to the inhomogeneous wave equation for the pressure field:

P O _
Kexoe @)

where A is the 1 + d-dimensional Laplacian. By taking a Fourier transform
with respect to time

; 1 .
Plw,z,x) = /p(t,z,x)ewtdt’ p(t, z,x) = o /ﬁ(w,Z,X)e_“"tdw,
s

we obtain the inhomogeneous Helmholtz equation
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where we have introduced the background velocity ¢y = 1/ Ko/ po. The Helmholtz
equation is complemented by boundary values at the interfaces z = 0 and



z = L given by the incoming field and also radiation conditions. These bound-
ary and radiation conditions have a convenient representation if we decompose
the solution of the wave equation into generalized right- and left-going mode
amplitudes @ and b [9,10]:

)

pw, z,x)=a(w, z, x)ei%z + b(w, z,x)e "w”
op ] 2 . i
a—f(w, 2,X) = % (d(w, z,x)e’%0” — b(w, z,x)e Z602) .

The mode amplitudes satisfy the boundary value problem:

oa 5 —2i& 5 ;
5 = Lo+ R LLE, @)
% _ L ()i — Lo(2)D, (5)

with the boundary conditions
a(w,z=0,x)=0 and b(w,z=L,x) = bipe(w,x), (6)

that correspond to a radiation condition at z = 0 and an incoming left-going
beam at z = L. Here we have introduced the operator
Tw ’iCO

L, (z)= v(z,x) + %

- 2—00 AJ_ ) (7)

and A is the transverse d-dimensional Laplacian.

The Helmholtz equation (or equivalently the system (4-5)) is a boundary value
problem that is not easy to solve in the high-frequency regime, in which the
size L of the computational domain is much larger than the typical wavelength
of the incoming beam. The paraxial (or forward-scattering) approximation
consists in neglecting the backscattered wave a. The transmitted field then
satisfies the initial value problem (starting from z = L and going from L to
0): )

0b .

5, — Lul2)b, (8)
with the initial condition b(w,z = L,X) = binc(w,x). The advantage of this
simplified equation is that it is easy to solve numerically with a split-step
Fourier method or a finite-difference method. It is also possible to study the
paraxial wave equation with a random medium since the solution is adapted
to the filtration of the random process v and stochastic calculus can be applied
[2,4,6-8,14]. The validity of the paraxial wave equation has been intensively
reviewed, and it turns out that the paraxial equation (8) is a good approxima-
tion of the Helmholtz equation (3) if the length scale of transverse variations of



the initial beam by, is larger than the wavelength and if the fluctuations of the
medium are also small. Under these conditions, backscattering is indeed small
and can be neglected for the computation of the transmitted wave. Our goal
is to go beyond the paraxial wave regime and to propose a way to solve the
boundary value problem (4-5), which is equivalent to the Helmholtz equation,
with a computational cost equivalent to that of the one-way paraxial wave
equation. We will show that an iterative two-way paraxial equation can repro-
duce the results of the full wave equation in a regime where backscattering is
significant, which means that this regime is beyond the paraxial regime.

3 The Two-way Paraxial Wave Equation
3.1 Instability of the Iterative Scheme

We discuss first an idea for solving the system (4-5) with the boundary condi-
tions (6) that corresponds to an iterative scheme in which one solves (4) as an
initial-value problem for @ with an approximation for b and then one solves (5)
as an initial-value problem for b with an approximation for @. The iteration is
expected to converge to a fixed point that should be the desired solution. The
two-way paraxial scheme is as follows:
Step 0: start from do(w, z,x) = 0 and by(w, 2,X) = binc(w, x) for all 2.
Step n: compute b, by solving the paraxial wave equation with source from
z=~Ltoz=0:
b,
0z
starting from b, (w, 2 = L, X) = bine(w, X), and then compute a, by solving the
paraxial wave equation with source from z =0 to z = L:

Lo (2)by — €07 Ly (2) 1 (9)

0z

= L(2)in + ¢ 0L (2)by (10)

starting from a,(w, z = 0,x) = 0.

Notice that the first-order solution 61 is the transmitted wave in the standard
paraxial (or forward-scattering) approximation (since dg = 0). The scheme (9-
10) seems natural: it iteratively computes the transmitted (b,) and backscat-
tered (a,) waves, and if the pair of functions (an,b,) were converging, then
it would converge to a fixed point that would be the solution of the system
(4-5). The problem is that the scheme (9-10) is unstable when the distance L
is larger than the wavelength, which is the high-frequency regime of interest
in most applications. This instability was first noticed in [12]. It is due to the

cross transverse Laplacian as shown by the following lemma.



Lemma 3.1 Let us assume that v = 0 and let us consider the transverse
Fourier transforms of the functions a, and b, :

dn(wu Z,K',) = /CVLn((,(),Z,X)e‘ih‘,-xdx7 Z;n(wa Z,K',) — /Bn(W,Z,X>€_iH'xdx,

If |K|? = 202/c2 and wL/cy > ©/2, then b,(w,0,K) diverges exponentially as

n—oo as
A 4 2w\
bn 70a 2_<—> binc ) .
a0, = 2 (ZE) et )

Proof. Notice first that now

G = e E) g = )

b, 0 ay,) .
0z 2w +€Oa

Let us thus fix a transverse wavevector k such that |k|* = 2w? /c2. The rescaled
functions

then satisfy the system

dgn ~ T 7 da'n 7 ~
E = An—1, bn(L) = 17 = = bTL? an(o) = 07

where L = wL/co. Note that the correspondingly scaled transverse Fourier
transform of the solution of the boundary value problem (4-5) satisfies

b - - da 5
=0 b(L) =1, E_b’ a(0)=0
It is a pair of smooth functions bounded by one:
a() = smh(%) ’ B(5) = cosh(,f)‘
cosh(L) cosh(L)

The solution (d,, b,) of the two-way scheme does not always converge to (a, b).
Indeed, we can show by induction that the pair of functions (a,, b,) is given
by

"_1"_21_] Ey 725241 i 2) "il"_z:l_] Ey 7252
P —— < 5 n zZ) = . 9
j=0 1=0 (27 + D20 j=0 1=0 (27)1(20)!



where the FEy’s are the Euler numbers, which are associated to the series
expansion [1, formula 4.5.66]

and whose behavior is [1, formula 23.1.15]

92142 1 lE2l 92142
g2+l ] 4 3-1-2 <(=1) (20)! < 241

In particular,

|
_

= — FEo

E2l

I
o
[

)21.

Consequently, the series is divergent if % > 1. O

is an alternating series whose general term is equivalent to (—1)%(

3.2 The Corrected Iterative Scheme

We now propose a corrected scheme that avoids the previous instability. We
introduce the operators

SE(z) = —2—“’<x> , (11)

and we define the new two-way paraxial scheme as follows:
Step 0: start from ag(w, z,x) = 0 and by(w, 2, X) = biye(w, x) for all 2.
Step n: compute b, by solving the paraxial wave equation with source from
z=Ltoz=0: 5
ob,
0z
starting from by, (w, z = L, X) = bine(w, X), and then compute a, by solving the
paraxial wave equation with source from z =0 to z = L:
day, .

T = L), + 852 (13)

—L,(2)by, — SF(2)an-1, (12)

starting from a,,(w, z = 0,x) = 0.

We again notice that the first-order solution b; is the transmitted wave in the
standard paraxial (or forward-scattering) approximation. Compared to the
scheme (9-10) described in the previous subsection, the crossed terms involving
the transverse Laplacian exp(£2iwz/cy)A | have been removed, while we have
kept the crossed terms involving the random process v. As a consequence, if



the sequence of functions (a,, b, ) converges in a sense strong enough to the pair
(Giso, bso) @s m — 00, then the limit will not satisfy the system (4-5) exactly,
because the crossed terms exp(—2iwz/co)A b in (4) and exp(2iwz/co) AL d in
(5) will be absent. Therefore, the iterative scheme cannot give the exact result
of the full wave equation, even in the limit n — co. However, the main goal
of this paper is to show that the iterative scheme is a good approximation
of the full wave equation in a specific regime (in which the crossed terms
associated with the transverse Laplacian are indeed negligible, while random
backscattering is significant).

We first give an elementary lemma for the convergence of the two-way paraxial
scheme with a strong hypothesis on the amplitude of the random fluctuations.
The proof of the lemma is given in Appendix A.

Lemma 3.2 If ||v]| is small enough (a sufficient condition is w|[v|L <
2¢0/V/3), then the pair of functions (Gy, b,) converges exponentially in L=([0, L], L*(R?))
to the solution of the boundary value problem

0600 . ¥ 4 . adoo o « — 7
W — _‘Cw(z)boo - Sw (Z)aOO ) W - ‘Cw(z)aoo + Sw (Z)boo ) (14)

with the boundary conditions d.(w,z = 0,x) = 0 and boo(w, 2 = L,x) =

binc(w, x). The limit pair of functions satisfies the conservation of energy re-
lation

laoe(w, L 2 + oo (@, 0, )2 = l[Binc(w, )2 (15)

where || - ||2 stands for the L*(RY)-norm.

For any k > 1, if v belongs to L°°([0, L], W**°(R%)) and the corresponding
norm is small enough, then the functions (dn,i)n) converges exponentially in
L>=([0, L], H*(R%)) to the solution of the boundary value problem (14), provided
the initial condition by, € H*(RY).

The conservation of energy relation (15) means that the power of the incoming
wave is equal to the sum of the power of the reflected wave (G (w, L, -)) and

the one of the transmitted wave (b (w,0,-)).

4 The Reflection Operator for the Two-way Paraxial Wave Equa-
tion

In the next section we will study the statistics of the reflected wave. The
statistical analysis of the solution of the iterative scheme is not easy since we
deal with a two-point boundary value problem, so the solution is not adapted
to the filtration of the random field v. However, it is possible to transform this



boundary value problem into an initial value problem by using an invariant
imbedding technique [3]. This section is devoted to the presentation of this
result. We first rewrite the system in the Fourier domain. We consider the
transverse Fourier transforms of the modes

dn(wy Z, K/) = /dn(w, Z, X)e_i’“'xdx, Bn(uj’ Z, K,) = /Bn(w’ 2, X)e—in-xdx .

In the Fourier domain the operator L, (z) can be expressed explicitly in terms
of the kernel process L, (z, k, K')

/e‘i“'xﬁw(z)@b(x) dx = /ﬁw(z, K, K)(K') dK' (16)

for ¢ a test function and where

~ W

’iCO
L,(z, Hﬁ/)zm 0

2w|n|25(n—n’). (17)

vz, k — K') —
Similarly the kernel processes associated with 8F(z) are

S (2, kK :ei%%zﬁﬁ(z,n — k). (18)

In this framework, the two equations (9-10) of the two-way paraxial system
read:

b,
E(wazam) (19)

= —/EW(Z, Kk, K )by (w, 2, K')dK — /gz(z,n, K an_1(w, 2,k )dK',

starting from by, (w, z = L, k) = bie(w, &), and

aa,
E(("% Z, K’) (20)

— /Ew(z, K, K )a,(w, 2, k') dK' —|—/§;(z,n, Kby (w, 2, K')dK'
starting from a,(w,z =0,k) = 0.

Using the invariant imbedding technique as explained in Appendix B, we ob-
tain the following result.

Proposition 4.1 The reflected wave predicted by the n-th order two-way parax-
1al wave equation is given by



n 1 ~ ikx 1L iy
pief)(tax):W//an(w>[ﬁm)elnx€ e drdw (21)

dn(w,L,n):/'ﬁ(n)(w,L,m, n’)lginc(w,m’)dn’, (22)

where ’7/?,\(”) has the form

7j=1

and the kernels ’i/i\j(w, z,k, k'), j=1,...,n, satisfy the equations

R . _ _ _
aa ! = / EW(Z, K, K',l)R1<u), Z, k1, Fi,/) + Rl (w, Z, K, nl)ﬁw(z, K1, K',/)dlﬁ',l
y4

+8_ (2, k. K'), (24)

a;-\)'j :/Ew(z, F{,,K',l)Rj(w,Z,K',l,KZ/) +7'\’,j(w,z,n, Hl)Ew(Z',Hl,K//)dl‘&l
y4

Jj—1 . N .
+ Z // Rj—l(w’ Z, K, "51)8:(2> K1, ""’2)Rl(w7 Z, Ka, K’/)dk"’ld’{Z ) (25)
=1

for j > 2, with the initial conditions ﬁj(w, z2=0,Kk,K')=0 forall j > 1.

In the same way, we obtain the following proposition describing the transmit-
ted wave.

Proposition 4.2 The transmitted wave predicted by the n-th order two-way
paraxial wave equation is given by

1 - . .
P (L, x) = @ // b(w, 0, k)™ > e “drdw, (26)

b (w, 0, k) = / T (w0, L, 5, &) bime(w, &) dK (27)

where ?(n) has the form
7" =37, (28)
j=1

o~

and the kernels T j(w, z, Kk, K'), j = 1,...,n, satisfy the equations

10



o~

aTl = / ?1((4}, Z, K, nl)ﬁw(z, K1, K/)dlﬁ?l s (29)
0z

0T ; e ~ I

azﬁ :/Tj(w, Z, K, nl)[,w(z,nl,m )dlil

Jj—1 - N .
+Z//Tj_l(w,z,n, nl)SI(z,nl,@)Rl(w,z, Ko, K )dkidry,  (30)
=1

for j > 2, with the initial conditions Ti(w,z = 0,Kk,K) = 6(k — K') and
Ti(w,z=0,k,k") =0 forall j > 2.

Note that the first-order term 7 is precisely the propagator of the paraxial
wave equation. The higher-order terms 7 ; are corrections taking into account
backscattering by the random medium.

5 Statistical Analysis of the Reflected Wave
5.1 Scaled Regime

Our goal is to show that the two-way paraxial wave equation is a simplified
system that predicts accurately the statistics of the reflected wave in a spe-
cial asymptotic regime. We consider the following scaled model for the bulk
modulus and density

1 Kt if z € (—00,0) U (L, 00),

K -1 Z 5
(2,x) K, (1 + 51/(52, 5)) if € (0,L),
pE(z’X) = Lo,

where ¢ is a small parameter and v is a stationary zero-mean random process
with the autocorrelation function

C(z,x) = E[l/(z’, xw(z + 2z, x' + x)} : (31)

We assume that the incoming wave at z = L has the scaled form

1y X\ il _wt
ptigHC(tX) = Tm/binc(wag)e sl 2 dw .

This means that the incoming wave has a carrier frequency of order €72, a

bandwidth of order one, and a transverse spatial extent of order €. It has an
amplitude of order 7!, which will ensure that the reflected wave is of order one
(we are in a regime where backscattering is weak). This scaling is such that the

11



Rayleigh distance of the incoming beam is of order one (it is proportional to the
square of the input beam width divided by the carrier wavelength). Hence, the
Rayleigh distance is of the same order as the size, L, of the random medium.
Moreover, in the regime we consider, the correlation radius of the fluctuations
of the random medium in the longitudinal direction is of the same order as
the carrier wavelength (i.e., of order £2), while the correlation radius of the
fluctuations of the random medium in the transverse direction is of the same
order as the beam radius (i.e., of order £). This resonant regime is therefore
the one in which the wave is very sensitive to the fluctuations of the random
medium.

We introduce the scaled right- and left-going mode amplitudes @ and b¢:

wz

1 iwz X\ —i _jut
e _ ~€ > e € > o2 i
p(t,z,x)—27T/<a (w,z,g)e 0 +b(w,z,6)e 0 )e Zdw ,
Wy ax) = i/ﬂ(ae(w N T §)€—icg§2>e_i;_;dw
oz 2w J cpe? e e ’
The equations for the iterative scheme for the mode amplitudes a°(w, z, x) and
b*(w, z,x) are the ones given in (12-13), but with the e-dependent operators

For(5x). @)

+2¢

w z ico
LC(z)= ?051/(5_2’}() + %Al, S*e(2)=e
Note that the hypothesis of Lemma 3.2 is not fulfilled in this scaled regime,
since the amplitude of the fluctuations operator 8 is of order e ~'. Therefore,
we cannot claim here that the scheme (12-13) converges strongly as n — oc.
Rather, we will show that the scheme (12-13) gives very good predictions for
the statistics of the reflected wave field.

5.2 Asymptotic Analysis of the Reflection Kernel Process for the Two-way
Parazial Scheme

In this subsection we study the statistics of the reflected wave as given by the
two-way paraxial equation. In Subsection 5.3 we will compare these results
with the behavior of the reflected wave predicted by the full wave equation
[10]. The reader should keep in mind that our main goal is to prove that the
two systems give the same statistics for the reflected wave in the scaled regime
considered in this section.

The next proposition shows that it is possible to compute the cross moments
of the reflection operator predicted by the first-order two-way paraxial equa-
tion in the limit ¢ — 0. The proof is based on diffusion approximation theory
and follows exactly the strategy used in [10] to obtain the equivalent system

12



for the full wave equation. Indeed, the random components of the operators
L:(z) and 8#(2) are centered (in the sense that their statistical means are
zero) and vary rapidly at the scale €. This scaled regime corresponds to a
diffusion approximation regime in which the overall effect of the fluctuations
can be modeled by a diffusion process of order one in the limit ¢ — 0. The
approach for identifying the law of the reflected wave field as predicted by the
two-way parabolic approximation is based on identifying transport equations
for the moments of specific products of reflection process kernels. Owing to
the nonlinear coupling term in (25) we obtain below first a system that cou-
ples moments at different orders of the reflection kernel process evaluated at
different wave vectors. To obtain a concise description for these moments we
introduce below a multi-index notation for the wave vectors at which the ker-
nels in the product are evaluated. We remark also that we evaluate the kernels
at nearby frequencies since a quantity of main interest, the spectrum of the
reflected wave field, derives from such an expression in this scaling regime with
a relatively high carrier frequency, we shall discuss this in more detail below.
Explicitly indicating the € dependence for the family of reflection operators
we then have:

Proposition 5.1 Let us introduce the notation: If k,(j), &,(j) € R, j =
1,...,np, then the multi-vector p is the set

p={(r(i), R, (1))} " (33)

where nyp stands for the number of pairs of vectors in p.

—, 1 .
We introduce the moments of products of’T\’,a( )(w, 2, K, K'), the reflection pro-
cess, at two nearby frequencies:

Z/lf)’(l)(w h,z) = (34)
2

[Hﬁa(l ( +% 2z, Kp(J )H Aa(l ( — %,Z,&q(l),&;(l))],

where p,q are two multi-vectors of the form (33). We introduce the power
spectral density of the fluctuations of the medium

/R d / (2, x)e " =59 gy (35)

The family of Fourier transforms

1 )
- / e~ ihlr = tna)z/eoly e () (o, 2)dh, (36)

We’(l)(w, T, Z) = 5
T

p.a

13



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

q

oWl L pt g oW icy g Wiy w?
0z Co or 2w 4(2%)%(2)

(kWO +Lw®)  (37)

p.a

with, the initial conditions W (w, 7,2 = 0) = 1o(np)1o(nq)d(7). Here we have
defined

Ppq = — Z (Iksp ()2 + 11 () 1?) + Z (IkaP + sy () . (38)

and the linear operators IC and L are given by

(W), = 220(2—“’ rop(7) = (1) 3 (15 (1) =5, ()5 ()45, (1)) Wl

(39)
(EW)pq = /dné’(O, n){ — (np +nq)Whq
np Tiq
= Waliltmp ) —rry )= ha T D Wl {1l(sq () o (1))
j=1 =1
1 e
-5 2 (Wl 1,21 (p 52)— by 1)) () 5 ()
J1#£j2=1
F2W (1.2 (1) .0 (1)), (0 (2) 05 (G2) — )
Wl 1.2l (0 (1)), (1) — ), (50 (G2) 1 (G2)+40)
1 la
-5 X | W ol ol 1) 1)), 1) 1)
lh£la=1
F2Wp a1 dal(a (1)~ et (1)) (1 (1) i 12) — 1) }
W al{in dal (g 12) 1, (1)), (1 (12) 1 (1))}
np nNgq
+ 32 2 [ Waltsimm) - @)ooy )
j=11=1
F W1 ()5 (1)) Vsl {1 (554 (1).155, (D)}
W15 ()= sty ) sl (0 (1)1, (D))}
WV 51 7). (50t 1] g ()46 0 } ’ (40)

where we have used the notations:

np

pli = {0, N

pI{jl(r1, k2)} = {(,y(7"), k(1)) }

np

J=12 U (K',l, K',g) .

14



Note that (LW)p g involves only terms Wy o with ny = n, and ng = nq,
while (W), q involves only terms Wy o with ny = np —1 and ng = ng — 1.
Therefore, for any integer N, the system for (WI()%) restricted to the multi-
vectors (p q) such that n, < N and ng < N is closed. This sub-system
characterizes the 2N-th order statistics of the reflected wave. We will focus
our attention on the second-order statistics in Subsection 5.5.

Proposition 5.1 describes the statistics of the reflected wave as predicted by
the first-order two-way paraxial equation (n = 1 in (12-13)). We would like
now to describe the statistics of the reflected wave as predicted by the second-
order two-way paraxial equation (n = 2 in (12-13)). We introduce therefore
the moments in (34) with the second- rather than first-order reflection kernel
processes and study its asymptotic behavior. The next proposition charac-
terizes the statistics of the reflection operator predicted by the second-order
two-way scheme.

(2
Proposition 5.2 We introduce the moments of products of’J/R’,\a( )(w, Z, K, K)
at two nearby frequencies:

Z/lf)’(z)(w h,z) = (41)
2

€,(2) e“h /\a 2) 2, )
[HR( ( 2 Ky (J )H @ ( 5 ,Z,K,q(l),n;q(l))],

where p, q are two multi-vectors of the form (33). The family of Fourier trans-

forms

1 .
W;:((f)(w,T, z) = py /e_lh[T_("er"q)z/cO}Ug:Ef) (w, h,z)dh, (42)

converges as € — 0:

pP.q

lim Wod (@7, 2) = Wiki(w, 7, 2) = 2 Wesaapalw2),  (43)

where Wy, q.p.4 15 the solution of

Mpapa = Mp+ g+ np +1gMWpapq  ic T

2
w ~ o~ —~ e~ o~ o~
+W(ICW + LW + MW)

: (44)

P;q,p,q

with, the initial conditions Wy qp.q(w, 7, 2 = 0) = 1o(np)Lo(ng)Lo(np)1lo(ng)d(7).
The linear operator K is defined ezactly as in (39) and acts only on (p,q),
not (p,q). The linear operator L is defined as in (40), however, here acts on
both (p,q) and (p,q). The linear operator M is defined by

15



~ P (2w
_ + - -
(MW)papa=—2.|C < o~ > AW g 3, G (45)
j=1
e 2w
-2 / ¢ (g )d""Wp QU (050 Bl
=1
np np 9w ‘ o .
- ZIZ/C (C—0> Kp(J) — ”p(J)> W o1 (310551 (), b ()5 ) Bl 0
j=1j=1
ta la s 2w , —
—;Z/C <g="«z(l> - "”vq(l)) W bl g0 g (00 (55 0) 5 D). TS
=1 =1
TLP nq
+ZZ/// dnldngdmgC( k1)
j=11l=1
XW (7),m2)U(R2—r1,k55(1),qU(rq (1) k3)U (k3 —k1,k7 (1)), Bl7all 2
where

_2/ / Z X +ikz— znxdzdx
Rd

Sketch of proof. From (23) we get

L{;:g)(w,h, = > U \pq palws 1 2),

PCp,qCq
_ e2h R =)
U apalw: 1 2) [HR (w5 2 1) TR (w0 = S50 2y,
=1
" 2 e2h - , 7
X HRz(W -+ 77Z7K/p )HR ( 9 7z7H§(l>7H¢j(l)):|7

where R, and R, satisfy the e-dependent versions of (24) and (25). The ap-
plication of the diffusion approximation theory then gives the result. O

Note that the last component of (MW )p.qp.q involves terms Wiy o/ 5. With
Ny +np = np +np + 1 and ng + ng = ngq + ng + 1. Therefore, it is not
possible to isolate a closed sub-system to compute (for instance) the second-
order statistics of the reflected wave with this system.

5.8  Asymptotic Analysis of the Reflection Kernel Process for the Full Wave
Equation

In [10] it is shown that the statistics of the reflection operator for the full
wave equation is characterized by an infinite-dimensional system of transport
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equations. The limits of the Fourier transforms satisfy the system

MWpq | np+nqgdWhq ic w?
9 9 — @ -
ot o S et i (KW L),
2
w
tieiE (MW + NW)p,q : (46)

where the two additional linear operators M and N are defined by

(MW )pq=— /npé”r (2_w, K,) AWy q — /nq@ <2w ) AW 4 (47)
Co ¢

0

Z / C ( (J1) — '%;(Jl)) Wl 1,219 (2 s— 1 (1)), (=151, (1)1 G2)) oo D6
Jlsﬁjz 1
Z / < ke(l) — K (z1)> Wo al {110 (rg(12).m—riq (1)), (s (1) (12))} OKS
li#l=1
and
np nNg
=33 [l m)
j=1l=1
X W15 (7) 152) (12— 5150y (7)) bl L (s (1), 3, (13— st () } AR AR o d o3 (48)

Note that (MW)p q involves only terms Wy o with ny = np and ng = nq,
while (MNW)p, q involves only terms Wy o with ny = np+1 and ng = ng + 1.
Therefore, again it is not possible to isolate a closed sub-system to compute
(for instance) the 2N-th order statistics of the reflected wave, and the full
system (46) is in general impossible to solve.

We next study the full system (46) in the so-called weak backscattering regime.
This regime corresponds to the case in which

C(i“’ n)
0= sup ! /o, (49)
KER?, wE[wo—B,wo+B] C(O, 0)

where wq is the carrier frequency and B is the bandwidth of the incoming
beam. The dimensionless parameter ¢ is the ratio of the average intensity of
random backscattering over the intensity of forward scattering. The regime
0 < 1 is interesting for many applications in geophysics and optical tomogra-
phy, and it describes physically relevant phenomena, in particular interference
effects such as the enhanced backscattering (or weak localization) phenomenon
[10].
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We renormalize the power spectral density of the fluctuations of the random
medium and introduce the rescaled quantity Cy:

é (2_w>l§> = 66’0 <2_wa K/> ) C\’(O’ K’) = éO(O’K') ’

Co Co

which is such that CA'O(QC—;’, n) and 6’0(0, k) are of the same order for w in the
spectrum of the incoming beam.

Proposition 5.3 The solution Wy, 4 of the full system (46) is zero if ny # ng
and if np = ng it can then be expanded for any n as

n

p.q

(51)
with the initial conditions Wiy, o(w, 7, 2 = 0) = 1o(np)1o(ng)o(7). Here Ko and
Ly are the same operators as IC and L, but with Cy instead of C. W,y satisfies

Wpq =D 0" W, 4 o(6m "), (50)
j=1
where W satisfies the system:
oW, N + ng OW, ic w?
1p,q 4 P q 1p,q — —O(I)wa/lp7q + W(ICOWH + E()Wl) y

0z Co or 2w

8W2p,q Np + Ng 8W2p7q . ’éC() w2
9= Co or 2w PoalVopat 4(2m)dck (ICOWQ * EOWZ)p,q
2
w
+4(27T)dc(2) (Mowl)p,q ’ (52)

with the initial conditions W, o(w, 7,2 = 0) = 0. More generally the W;’s for
J > 3 satisfy the systems:

ow; Ny + ng OW; ic w?
p.q p q Jpq _ 20 , . .
0z - Co or 2w PoalVipq * 4(27)%c3 (ICOW] * EOWJ)p,q
2
w
T (MoWjor + NoWo2) (53)

with the initial conditions W (w, 7,z =0) = 0.

Note that, for any n > 1 and N > 1, the system for (ijﬂ)j:l,,,,,n restricted
to the multi-vectors (p,q) such that n, < N and nqy < N is closed. This
sub-system characterizes the 2/N-th order statistics of the reflected wave in
the weak backscattering regime with a relative error of order o(6"71).

We can revisit the asymptotic analysis of the statistics of the reflection op-
erator predicted by the two-way paraxial scheme in the weak backscattering
regime.
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Proposition 5.4 The solution VV(1 obtained with the first-order two-way
scheme (Proposition 5.1) is zero zf Np # Ng and if n, = ng it can be written
for any n as

W = 6™ Wi, o, (54)
where Wy is the solution of (51).

The solution W o obtained with the second-order two-way scheme (Proposition
5.2) is zero if np 7é ng and if n, = ng it can be expanded for any n as

w2

pP.q

= 5an1p,q + 5np+1W2p7q + O(5np+1) , (55)

where Wy is the solution of (52).
5.4 Discussion

We now notice the following important points which are the main results of
this paper.

(1) By comparing (50) and (54), we find that in the weak backscattering
regime, the first-order two-way paraxial equation reproduces correctly
the statistics of the reflected wave to leading order.

(2) By comparing (50) and (55), we find that in the weak backscattering
regime, the second-order two-way paraxial equation reproduces correctly
the statistics of the reflected wave to second order.

(3) The theoretical question remains open whether the equivalence can be
established at any order. Due to complicated algebra we were not able
to write the full expansion of the moments of the reflection operator for
the n-th order two-way paraxial equation, as we have done in (53) for the
reflection operator of the full wave equation in the weak backscattering
regime. However, it is natural to expect that the equivalence is maintained
at any order.

5.5 The Second-order Statistics

A central quantity that characterizes the statistics of the backscattered wave
field is the cross spectral density. We consider the cross spectral density ob-
tained with the n-th order two-way paraxial scheme:

1 1 —ih(t—2z/c
W(Kvl#%) (ks3, n4)(w7 T, Z) = }:I_I)I(l) % /6 (t—22/co)
R e S e2h
xE R (W+—,z,n1,nz)7\’, (W—T,Z,F&g,l‘&4> dh . (56)

19



This quantity describes the cross correlations of the reflected wave field

ll_I}/(I]E pi}i (t gx)pro(f )(t _'_6 S, ex’! :| = 271‘ 2d+1/ / (Rl,h‘,g J(K3,Kk4) (W,t, L)

X einl.x_in‘%.xl eiwsl;inc(w, l‘&g)ginc (w, l‘&4)d@ddl‘&1dl‘&2dl‘&3dl€4 s (57)

where p=\" is the reflected field obtained by the n-th-order two-way paraxial

equation:

12 L T
Prg (L, ex) = %/ ¢'e0” e 15 duy

n 7 : jwL Lt
- d+1a ///R R w, L, K, K )bine(w, K )™ dk'dre 0 e "2 dw .

As noted in Subsection 5.2, the cross spectral density for the first-order scheme
can be characterized by a closed system of transport equations. We can write
this closed system in a simple form, as shown in the next proposition.

Proposition 5.5 The cross spectral density W
(56) for the first-order scheme has the form

w, T, z) defined by

(K1,Kk2) (1%371%4)(

W(m,l-cg) (R3,I€4)(w7 Ty Z) = V""'Q—R47""'1+R47""'1—R2 (wv 7, Z)é(ﬁ"l —kKa2—Kk3 _'_K'4) ) (58>

where Vig, ko (W, T, 2) is the solution of the system of transport equations

8VK‘, Ky, K 2 aVn Ky,K (U2 ~ (2w ’éC()
u, K, Rw - A2 M b C(—, K"’w) 6 — —K‘/u . K./UV
u)2 ~
+4(27T)dc(2) /C(O’ H){Vnu7n’u_n7nw—fi + VKZ’“”RU_K”RwJ’_R _l— VKU_Rynvynw_n

+vﬁu_’§,ﬁu,ﬁw+ﬁ - vﬁu_""'yﬁu_"‘%’""w - vﬁu‘f‘"ﬁ,ﬁu—""’y""'w - 2V""ﬂu7""'v7"§w }dn7 (59)

starting from Vi, ko wo (W, 7,2 =0) = 0.

It follows from the results of Subsection 5.3 that the spectral density deter-
mined by the system (59) is the spectral density obtained from the full wave
equation in the weak backscattering regime to leading order.

Proposition 5.6 The cross spectral density W
(56) for the second-order scheme has the form

(r1,Kk2),(K3,K4) (W, T, Z) d€ﬁn€d by

(2 Z A
W("”vl,ﬁz),("”»s,m)(w’ T 2) = W(Rl,h‘,g) (K3, n4)(w> T, Z) exp ( - —C(C_’ 0)) . (60)
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It follows from the results of Subsection 5.3 that the spectral density (60) is the
spectral density obtained from the full wave equation in the weak backscat-
tering regime to second-order.

Proof. Using (52) and

= (2w
[Mowl](n1,n2),(n37n4) = —2(27T)d0(c—0, O)Wl(nl,ng),(ng,n4)>

we find by Duhamel’s principle that the second-order correction is

(.UZv(

W2(n1,f<,2),(n3,n4)(w7 T, Z) _2—00 )Wl(nl K2),(Kk3,Kk4) (w T, Z)

Therefore, using (55), we find

w2z » 2w
VV(,.€1 o), (o) (W Ts 2) = 5[1 — 52—0300(0_0’ 0)]W1(,§17,§2)7(R37,§4)(w, T, Z),
which is equivalent to second-order in ¢ to (60). O

As a first application, the mean reflected power defined by

— [ B[yt x)?]ax.,

has the limit /(t) as ¢ — 0, with

[@){[OiftE[Q2L/%L

0 otherwise.

Here

20&) w - )
Iy = (2r) d+1/8co (_ 0) exp( 203 C( e )l/“)mc w, H)| dn]dw
2
~ Y0 (20 ) ( Wil o 2w0 > )
_8%0<qf0 exp ( — 57 C J[ Vel 0P|

where the second approximation is valid when the bandwidth of the incoming
beam is small. See [10] regarding details of the calculation.

As a second application, the beam width R(t) defined by

J Ix[2E[p (1, %)%)dx
TEpe(t.x) dx

R€2(t) —
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has a limit R(t) as ¢ — 0, which is described in [10]. Let us denote by I, the
transverse correlation radius of the medium and assume that C'(k, x) is twice
differentiable at x = 0. In the Fraunhofer regime cyL/(wpl?) > 1 we obtain
the approximate expression

2
0

2 AC(22 0)\ /egt\2 2. . cot\3

R2 R2 € K2 X co 0 0
WO=F+, ( ° 20 () >< ) 3 "C(O’O)< > :
(62)

where Ry (resp. Kj) is the rms width (resp. spectral width) of the incoming
beam defined by

2 ff|x|2|61nc(wax)|2dde 2 ff|’{|2|6inc(w>’<"’)|2d’<"’dw
R = K2 = .

IS |bine(w, x)[2dxdw O ] bine(w, K)[2drdw

6 Simulations

Comparisons between the Helmholtz equation and the two-way paraxial equa-
tions are given in [12,13]. In this section we will illustrate the main result of
this paper, that the predictions of the numerical scheme for the statistics of the
wave backscattered by a random medium are in agreement with the already
known theoretical results.

We use a split-step Fourier method for solving the 1 + 1-dimensional random
paraxial wave equations (while a finite-difference scheme was used in [12,13]).
In the numerical setup the size of the slab is L = 400 and the background
velocity is ¢y = 1. The random process v(z, z) has the form

v(z,x) = Z Lin,.L,,0)(2)vi(),
=0

where Ly = 0, L; = zg’zl l;; 1; are independent and identically distributed
random variables with exponential distribution and mean [, = 4; v;(x) are in-
dependent and identically distributed Gaussian processes (in x) with Gaussian
autocorrelation function, standard deviation o (with ¢ = 0.01 or ¢ = 0.025),
and transverse correlation length [, = 16. The power spectral density of the
random fluctuations is

G2k, k) = 2/l — (—“2@)
JK) = 2/To le+4kQZ§eXp )

With kg = 1 and I, = 4, we have max,, C(2ko, )/C(0,0) ~ 0.016 which shows
that we are indeed in the weak backscattering regime. The incoming beam
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has a Gaussian shape in space with radius ro = 32 and a sinc shape in time
with a central frequency wy = 1 and a bandwidth B = 0.1:

1 , 2
binc(ty I) = §SiI1C(Bt)6_Zth exp < — Qx—r?) + cc.
0

Under these conditions, the mean reflected power is given by (61) with

W23 2ol 1
Iy =22 0 7 (63)
8Bcy  14+4wgl?/cg
and the beam width is approximately given by
2 A1 1 o2l
Rt)=2+ 2|5+ -5t “oat?. 64
®) 2 +w3 27'(2]_'_2@, Gt + 312 “ (64)

In Figure 1 we compare these theoretical formulas with the numerical results
given by the first-order two-way paraxial equation. The numerical average
values are obtained from a set of 1000 simulations.

7 Conclusion

We have shown that the two-way paraxial equation predicts the statistical
behavior of the wave reflected by a random medium with a computational
cost equivalent to the standard paraxial wave equation, but with an accuracy
equivalent to the one of the full wave equation, provided that:

1) The beam width must be larger than the carrier wavelength, corresponding
to a paraxial regime for the transmitted wave.

2) The transverse correlation radius of the fluctuations of the medium param-
eters must be larger than the carrier wavelength, corresponding to a paraxial
regime for the backscattered wave.

We have proved that the relative error between the statistics of the reflected
wave field given by the first-order (resp. second-order) two-way paraxial equa-
tion and the one given by the full wave equation is of order o(1) (resp. o(d)),
where ¢ is the ratio of the average intensity of random backscattering over
the one of forward scattering. We have also given heuristic arguments to sup-
port the conjecture that the relative error for the n-th order two-way paraxial
equation should be of order o(§"~1).

We remark that a similar result should hold true for the transmitted wave. We
have seen that the first-order two-way paraxial equation is equivalent to the
standard paraxial wave equation for the transmitted wave and that the higher-
order corrections describe the corrections due to random backscattering. By a
strategy as the one presented in this paper, that is, by comparing the system
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Fig. 1. The reflected powers, beam widths, and spatial profiles of the reflected beam
as a function of time for ¢ = 0.01 (a,c,e) and o = 0.025 (b,d,f). The thin solid lines
are the numerical results and the thick dashed lines the theoretical formulas (61),
(63) and (64). In the case o = 0.01 random forward scattering is rather weak. In
the case 0 = 0.025 random forward scattering is rather strong.

of moments for the transmission operator given by the iterative scheme and
the one given by the full system [10], one should be able to show that the error
in the statistics of the transmitted wave field given by the n-th order two-way
paraxial equation is of order o(6"!).

The framework we have set forth, with an iterative implementation of a two-
way paraxial system, is able to simulate realizations of random transmitted
and reflected wave fields with the correct law in the asymptotic regime we
have considered here. To the best of our knowledge there are no other nu-
merical method that can accomplish this with a comparable computational
cost. Therefore, we expect the scheme to be useful in the context of analyzing
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for instance imaging methods in regimes with relatively small scale medium
features and wavelength and we refer to [11] for an example.
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A An Elementary Proof of Convergence of the Iterative Scheme

The integral formulation of the problem is more convenient for the analysis.
Let us introduce the unitary flow U,(z, 2’) from L?(R¢) onto L?(R?) (and also
from H*(RY) onto H*(R?)) that is the fundamental solution of

ou.
0z

(2,2) = @ALU (2,2"), U,(2,7)=1,.

Its kernel is

. d/2
Un(2,2'%,%') = <—Z27Tco(z — zl)) / exp [ o= x| q 7

w

with the convention U, (%', 2’;x,x’) = 6(x — x’). The integral formulation of
the scheme is

Bn(w,z):U (Z L>bmc( )

L . cw
—i—zi/ Uu(z,2")v(2) (bn(w, )4 e 0" Gy (w, 2 )) dz',
200
2i222'y / /
2CO/U z,2") (an(w 2') 4 e bn(w,z))dz,

where we interpret v(z) as a multiplication operator. We can now give the
proof of Lemma 3.2.

Proof. Let us denote

5dn:dn+1—dn,n20, 6bn:bn+1_bn,n21
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They satisfy for any n > 1

d6b,,
0z

dday,

= —L,6b, — 8téa,_,
wOn-1 0z

= L.0a, + S6b, ,

with the boundary conditions 6d,(w,z = 0,x) = 0 and 0b,(w,z = L,x) = 0.
We have

b 2 ) ; W ~
dl1obn(w, 2)llz =R (Ee_m%z V(z,x)ébn(w,z,x)ddn_l(w,z,x)dx) )
dz Co
dlsan(,

1w 2L » N 7
g (205 st 0 )

Using Cauchy-Schwarz inequality, we find

< C||dan-1|2

|M < C16bull2
dz

d||6dn||2
dz

where C' = (w||v||«)/co- By integrating we obtain

272

~ 2 L / / ~ / / 30 ~ /
||<5an(2)||2§0/0 dz'(z N 2)[[dan-1(2)]2d2" < sup |01 (2)|l2,

2'€[0,L]

and by induction we get the relation

. 3C?L2 .
sup [|0a, ()2 < sup [|0Gn—1(2)]l2 -
z€[0,L] z€[0,L]

If 3C%L% < 4, then §a,(2) converges at an exponential rate to 0 in L>([0, L], L*(R%)),
and therefore a,, = Z;L;OI da; converges to a limit d.,. The same holds true for

b, which converges to b. By taking the limit n — oo in the integral for-
mulation of the problem, we find that (Gs,bs) is solution of the boundary
value problem (14). Note that the limit problem has a unique solution, as can
be shown by using the same arguments as above with the difference of two

solutions.

We now prove the conservation of energy relation. We have

1 2 ) ;W ~
Alboe(, 2)1I2 %(Ee_zzaz V(z,x)boo(w,z,x)doo(w,z,x)dx) :
dz Co
Aase(e, IE

y %(_zﬁe2i%z V(Z’X)@(w,z7x)6m(w,z,x)dx> g
2

Co
and therefore R -
d|[boo]3 — [ldco]l3

i =0.
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Integrating this relation between z = L and z = 0 and using the boundary
conditions, we obtain the conservation of energy relation.

Finally, for any k£ > 1, we have

d||6b,| g+ . d|| 8| v .
L Ly P KL LT PN N
dz dz
where w
Cr = — sup [lv(z,)[[wro.
Co z€(0,L]
We then proceed as above to get the final statement of Lemma 3.2. O

B Invariant Imbedding
B.1  General Theorem for a Two-point Linear Boundary Value Problem

Let us consider the two-point boundary value problem:

‘2_)2((2) =A(2)X(2), X(z)€R™, (B.1)

with the boundary condition H°X (0) + H-X (L) = V°, where A(z), H® and
H” are m x m-matrices and V? is a m-dimensional vector. Assume that A(z)
is bounded and H° + H’ is invertible. In this linear framework the invariant
imbedding approach leads to the following proposition [3].

Proposition B.1 Let us define the matrices (R(())o<c<r and (Q(z, ())o<z<c<L
as the solutions of the initial value problems:

O = AR - ROHAQRC), 0<¢<L,  (B2)
starting from ¢ = 0: R(¢ =0) = (H° + HY)™L, and
5.0 = QU OHPAQR(), #<(<L. (5.3)

starting from ¢ = z: Q(z,( = z) = R(2). Then P(z) = Q(z, L) is solution of:

dpP

() =A(P(z), 0<z<L,  with H'P(0) + H'P(L) =T,

and consequently X (z) = Q(z, L)V is solution of (B.1) with the boundary
condition H'X (0) + HLX (L) = V°.
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In particular, the value of X (L) is R(L)V. If we are interested in X (L) only,
then it is sufficient to consider the matrix Riccati equation (B.2).

B.2  Application

Let us fix the frequency w. We can apply the invariant imbedding theorem to
the vector . - R

X2j—1:&j7 X2j:b]7 jzlv"'vna
with a; and b; defined by (20) and (19). It satisfies a two-point boundary value
problem of the form

~0 .

where the vector V' is
~0 ~0 A ,
v2j—1:07 v2j:bin67 .]:17"'7n7

— =0 L
and the elements of the operator matrices A(z), H , and H are zero apart
from the following ones:

— — ~ — ~

Azj—l,zj—1(2) = E(Z), -Azj 2j(2) = —[,(z) ) A2j—1,2j(z) = S_(Z) )

)

fory=1,...,n,
— /\+

A2j,2j—3(z> =-8 (Z)u
7/-2(2]]'—1,2]'—1 =T, ng,zj =1,
for j = 1,...,n, and the kernel of the operator Z is d(k — K'). By applying
the general result, we first get that X (L) = ’i'\’,\(L)\A)O where R is the operator
matrix that satisfies the Riccati equation (B.2). After some algebra, we get the
result as stated in (22-25). The operator ’R that appears in (23) is actually the
component Rop 1 2 of the operator matrix R. Second, we get that X (O)
90, L)V where Q is the operator matrix that satisfies equation (B. 3). After
some algebra, we get the result as stated in (29-30). The operator T that
appears in (28) is actually the component an 2; of the operator matrix Q
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