COUPLED WIDEANGLE WAVE APPROXIMATIONS

JOSSELIN GARNIER*AND KNUT SOLNAT

Abstract. In this paper we analyze wave propagation in three-dimensional random media. We
consider a source with limited spatial and temporal support that generates spherically diverging
waves. The waves propagate in a random medium whose fluctuations have small amplitude and
correlation radius larger than the typical wavelength but smaller than the propagation distance. In
a regime of separation of scales we prove that the wave is modified in two ways by the interaction
with the random medium: first, its time profile is affected by a deterministic diffusive and dispersive
convolution; second the wave fronts are affected by random perturbations that can be described in
terms of a Gaussian process whose amplitude is of the order of the wavelength and whose correlation
radius is of the order of the correlation radius of the medium. Both effects depend on the two-point
statistics of the random medium.
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1. Introduction. In this paper the reflection and transmission of waves by a
three-dimensional random medium are studied in a high-frequency regime. Our goal
is to go beyond the paraxial wave equation that can only take into account sources
that generate waves propagating along a privileged axis of propagation. Moreover,
we would like to find a model that establishes a bridge between different models: the
random paraxial wave equation, the random travel time model, and the O’Doherty-
Anstey theory.

The random paraxial wave equation is valid in a high-frequency regime when the
source generates a narrow beam that propagates along a privileged axis through a
weakly perturbed medium [12, 13, 14]. Along the main propagation axis it describes
the random wave front perturbation in terms of a Schrodinger-type equation, but it
does not model delay spread. It is very useful to describe laser beam propagation
[5, 7, 11, 22], time reversal in random media [1, 6], underwater acoustics [23] or
migration problems in geophysics [3, 15].

The random travel time model is a simple model used in the high-frequency
regime in order to account for very small and slowly varying fluctuations of the index
of refraction of the medium. The random travel time model captures wavefront distor-
tions in heterogeneous media but neglects amplitude modulations [21, 24]. Tt is widely
used in adaptive optics for approximating wavefront distortions due to propagation
in turbulent media [16, 25].

The O’Doherty-Anstey theory is valid for wave propagation in one-dimensional
or randomly layered three-dimensional media [4, 17, 18, 19]. It predicts that the wave
is modified in two ways due to the fluctuations of the random medium: first the pulse
profile is convolved by a deterministic kernel, and second the travel time is affected
by a random delay. Both effects depend on the two-point statistics of the random
medium.

Here we consider a source that generates spherically diverging waves that prop-
agate in a random medium whose fluctuations have small amplitude and correlation
radius larger than the typical wavelength, but smaller than the propagation distance.
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We use asymptotic theory and separation of scales techniques to obtain a new model
that is not limited to narrow beam propagation as is the random paraxial wave equa-
tion, and that takes into account amplitude modulation and delay spread in a manner
similar to the O’Doherty-Anstey theory. We show that, compared to the case in which
the medium is homogeneous, the waves are modified in two ways: first, its time profile
is affected by a deterministic diffusion and dispersion process; second the wave fronts
are affected by random perturbations that can be described in terms of a Gaussian
process whose amplitude is of the order of the wavelength and whose correlation radius
is of the order of the correlation radius of the medium.

The paper is organized as follows. We describe the transmission-reflection prob-
lem in Section 2. We introduce the wave field decomposition into generalized left- and
right-going modes in Section 3. We define the transmission and reflection operators in
Section 4 and give the integral representations of the transmitted and reflected waves
in Section 5. In Section 6 we describe the transmitted and reflected waves when the
medium is homogeneous in the high-frequency regime and in Section 7 we show how
the waves are modified when they propagate through a random medium, which are
the main results of this paper.

2. The Transmission-Reflection Problem. Following [13] we consider linear
acoustic waves propagating in 1+4d spatial dimensions with heterogeneous and random
medium fluctuations. The governing equations are the equations of conservation of
momentum and mass

ou* R 1 Op°
— F* —
o VP " Ke ot

p° + V-4 =0, (2.1)
where p° is the pressure field, u° is the velocity field, p° is the density of the medium,
and K¢ is the bulk modulus of the medium. We moreover use the notation & =
(x,2) € R? x R for the space coordinates and the source is modeled by the forcing
term F<. It has the form

Fo(t,m,2) — e % {fﬂ (5 2)oz =), (2.2)

fz Ep’[_:—p

where ¢ is a small parameter. We denote by f, the transverse components of the
source and by f, its longitudinal component. The amplitude scaling is chosen so that
the wave field quantity of interest is of order one as € — 0, but it is not so important as
the wave equation is linear. The time duration of the source is short, of order eP and
its spatial support centered at (0, z5) is also on the scale e?. This source configuration
generates spherically diverging waves.

We cousider the situation in which a random slab occupying the interval z € (0, L)
is sandwiched in between two homogeneous half-spaces, and the source F© is located
to the right of the random slab at z = 2z with z;, > L. The medium fluctuations
in the random slab (0, L) vary rapidly in space while the “background” medium is
constant. The medium is assumed to be matched at the right boundary z = L. We
allow for a possible mismatch at the boundary z = 0 and denote the background
medium parameters in the two half-spaces z < 0 and z > 0 by pg, Ko and p1, K1
respectively:

Ka(lw,z) - Ktz) (1 +e (;’77 5%) 1(O,L)(Z)) . p(zyz) =p(2), (23)
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with

Ky ifz2<0, (Z):{po if z<0, (2.4)

K(Z):{Kl if >0, pr if2>0.

The amplitude, eP~!, of the medium fluctuations is chosen so as to obtain a regime
where the random medium effects are strong, but do not completely dominate coherent
phenomena, in the limit ¢ — 0. That is, the magnitude of the medium fluctuations
are chosen as the minimum value that results in the propagating wave being modified
to leading order by the fluctuations of the medium.

The random field v(x, z) models the medium fluctuations and we assume that
it is a stationary and zero-mean random process and that it satisfies strong mixing
conditions in z. Its correlation function is denoted by

Clz,z) =Ev(@ +x, 2 + 2)v(z', 7). (2.5)
We consider the principal scaling scenario:
n<p/2, 0<n<2, 1<p. (2.6)

As we will see this corresponds to wave spreading with random wave front pertur-
bations. It is possible to analyze other scalings in the framework set forth, but the
situation (2.6) gives rise to an interesting multiscale behavior. This is a regime that
is very interesting to analyze from the physical viewpoint as it goes beyond classical
homogenization. In the homogenization scaling the fluctuating medium parameters
can be replaced by effective ones, corresponding essentially to an averaging or law
of large numbers scenario. The situation we consider in this paper corresponds to
a transition to a central limit theorem scenario. In this case the fluctuations in the
wave field that corrects the homogenization description accumulate and they become
leading order. We shall capture this effect by diffusion approximation results. Fi-
nally, note that the case n < 2 (resp. n = 2) corresponds to a statistically anisotropic
(resp. isotropic) random medium. They will give rise to qualitatively similar but
quantitatively different results.

The scaling scenario (2.6) leads to a very different regime from that considered in
for instance [13, 14] where the wavelength is very small compared to the transverse
support of the source leading to the beam propagation situation described in terms of
paraxial or Schrodinger equations. Here we will consider a novel decomposition that
describes wide angle propagation. This setup is illustrated in Figure 2.1. We remark
that the effective medium parameters for bulk modulus and density are respectively
K(z) and p(z) and they describe the wave propagation over (short) distances on the
scale of several wavelengths. Over long, O(1), distances the random effects build up
and modify the wave field, this is the phenomenon that we want to describe.

3. Wavefield Decomposition. Following the approach of [9] we now carry out
a joint Fourier transform in time and transverse spatial coordinates. The main differ-
ence here is that in the random slab the medium fluctuations are varying transversally
and not only in the longitudinal variable z as in the layered case analyzed in [9, Chap-
ter 14] so that we arrive at a family of coupled mode equations parameterized by a
transverse slowness vector k similar to the situation in [14]. Outside of the random
slab in (0, L) the mode equations decouple as in [9]. The goal with the decomposition
that we present below is to obtain a splitting of the waves into locally right- and
left-going (plane) wave modes in the z-direction (We shall refer to waves propagating
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Fic. 2.1. Initial setup. The random slab occupies the region z € [0, L]. The source is located
at (0, zs) with zs > L. There is an interface at z = 0.

in the direction with a positive z component as right-propagating waves). We look
at high-frequency waves on the P time scale, which corresponds to using frequencies
scaled as w/eP. We therefore introduce the specific Fourier transform of the pressure

. N A
P(w, K, 2) = // exp (sz)pa(t,m,z)dtdm,

with a similar formula for the longitudinal velocity 4° and the transversal velocity ©°.
The inverse transform is given by

1 Ct—K-xT\
pE(t, @, z) = @rer)i T // exp ( - sz)pE(w, K, 2)wldwdk,  (3.1)

with again a similar formula for the velocity field 4¢ = (v®,u¢). Taking the specific
Fourier transform gives that (0°,4°) and p° satisfy the system

w W -
—p(2) 67 + S = e (w0, k)62 - ),
iw . op° .
—p(z)g—puE + e ePU+d/2) f (w0, k)6 (2 — 24),
1 w 1 w

_ma_l’p K (z) e(+da)(27)d

qwk—=FK) z\, , dar w
x /V( co ,E—Q)pg(w,n,z)w dk IZE(OaL)+€_pK’.vE+

ouc

0z =0

Here ao = p — 1), we used the notation k = |k|, f denotes the unscaled specific Fourier
transform:

f(w,n)://f(t,a:)exp (iw(t — k- x))dtda, (3.2)

and U(k, z) is the partial Fourier transform (in @) of v(z, 2):

v(k,z) = /V(m, z)exp (— ik - x)dx.
The jump relations through the source plane z = z5 are given by

_ w(+d/2) B fa(w k)
P1
.. =" (w, &, 2) — P (w, ks, 27 ) = PIFYD f(w, k) . (3.4)

[ﬁe]zs = ’&E(wa K, Z:r) - ﬁs(wv K, Z;)
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By eliminating ©° we deduce that (4°, p¢) satisfy the following coupled system for
z {0, z:}:

_w ey 9
PR+ o= =0, (3.5)
w K2 1 e w
2 ( =) K(») >p 2) 20 (27)1 (3.6)
w(k —K) ouc
></ ( = 52)p (w, K, 2) widr/ 100,)(2) % =0.
Here and below we use the notations:
K(z) K; .
c(z2) =\—7=x, Cz)=p(z)cz), c;=4—L, ¢ =pjcjforj=0,1.
(2) 02 (2) = p(z)c(2) 2 PR Al

We remark that in the background or effective medium the modes with x > ¢!

are evanescent modes [9, Chapter 14]. For simplicity we will assume that the source
functions .fm and fz are compactly supported in s strictly below min(e] o co ) and
in w away from the origin. This means that the source does not emit a perfectly
symmetric spherical wave, but a wave with a large aperture (of order one). We next
define the mode-dependent background speed and impedance

(hnz) = —— . ((ka2) = p(2)elsn2). (3.7)

¢j(k) = ———, ¢i(k) = pjci(k) for j=0,1. (3.8)

We remark that 1/c(k, z) corresponds to the longitudinal (z-direction) slowness as-
sociated with the homogeneous medium so that z/c(k, z) is the time it takes for a
right-propagating wave to go from the origin to the point (0, z). We introduce the
associated phase

(3.9)

We now introduce the complex amplitudes Af and B° of right- and left-propagating
modes respectively:

P (w,k,2) = (2 (K, 2) (Aa(“ k Z)eXp( w)

+B%(w, k z)exp( M)) ) (3.10)

ep

ep

—B*(w, K z)exp( M)) . (3.11)

ep

i (w, R, 2) = (2 (R, 2) (As(w, K,Z)exp (ZM)



6 J. Garnier and K. Sglna

They are solutions of

Ae iwitles K, 2 1, ywk—K) =z
%(w,m,z) = ( )) /CQ(H ,z)u(g,—)

0z gltdae(z)2(2m)d e e?
% (As(w, K/, 2) exp ( P(w, K, 2) ;Dd)(w’ K, Z)) (3.12)
+B%(w, K’ z)exp( plw, k. 2) quj(w K Z))) de'1(0,1)(2),
dBe iw? 1 w(k —K') z
W(wvnvz) = 51+do‘20 d / 2 < e ’5_2>

d(w, K, 2) Jrgb(wn z))

(A8 w, k', 2) exp (z (3.13)

+B%(w, K, z) exp (i¢(w’ K, 2) ;qu(w, i ’Z))) dr’ 19 1)(2) .

Note that in (3.12-3.13) the random medium fluctuations introduce a coupling
between modes at nearby transverse slowness vectors k. Motivated by this we define

0 (w, Ky A, 2) = Aa(w, K+e*\2), Ba(w, K, 2) = Ba(w, K+e*Nz), (3.14)

and we arrive at the leading mode coupling equations for z # 0, z,:

dac iwitlez (k4 A, 2) [ 1 o . " 2
E(W’H’)\’Z) N £2c(z)?(2m)? /02(|n+g A |)’z)y(w()‘_)‘)’?)
X (da(w, Kk, X, z)exp ( — i) (W, Ky A, N z)) (3.15)
Jrl;‘g(w, Kk, XN, z)exp ( — = (w, k&, AN z)))d)\/ 1(0,0)(2),
b iwitlez (|k + A, 2) [ 1 oIt n " 2
gz W Az) == £2¢(z)?(2m)4 /C2 (I €% |’Z)V(w()‘ —X), ?)
X (da (w,k, X, 2) exp (iwa""(w, KN, z)) (3.16)
+b° (w,k, X, 2) exp (iwa’_(w, Ko N, z)))d)\/ 100,)(2),
with

VEE(w, R, AN 2) = e P (B(w, [k + % A],2) £ B2, w, [k + 2 N], 2)) .
Since 7 < p/2 and a = p — 1, we have 2a > p and £2% < &P, therefore:

2¢(w, k,2)  zwe(k, 2)k - (A +X)
ep a en
(A=A
ch(’ivz)'; ( ) +o(1),

VT (W, kAN 2) = +o(1),

VO (w, e, AN 2) =
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and we can replace the above mode coupling equations for z € (0, L) by:

oa® iwttle (k . z
5 (W, Kk, A, 2) = 71(;/V<w(k— ), ?)

2ec?(2m)

2wer(k)k - (A — )\))

X ( (w,k, N, 2) exp( (3.17)

. 2 AN
era(w,n,)\/,z)exp(f w2 Jrz'zwcl(H)H A+ ))) dx’,

ePcy (k) en
obe iwitle; (k) ,
E(W’H’)\Vz) T 2ec?(2m)d / ( (A=), 52)
e . 2wz zwer(k)k - (A + X
X (a (w,k, X, 2) exp (zqu(n) —i () 5’7( )) (3.18)
!/
+b° (w,k, X, 2) exp (z chl(ﬁ)’zn A=A )) dX'.

Thus, the plane wave mode amplitudes are coupled only due to the random
medium fluctuations. In sections of constant parameter the splitting decomposes
the field into uncoupled right- and left-propagating wave field components. There-
fore, the local amplitudes are z-independent in the sections z < 0, L < z < zs and
zs < z and we denote them respectively a° = ag and b = 138 for z < 0; a° = af and
be = lA)i for L < z < zg; a° = a5 and b = B; for zs < z, see Figure 3.1.

We now use the fact that the only source term is at z = z;. By assuming that no
energy is coming from +oo and —oo, we get the radiation conditions

a(w,k,A) =0,  b5(w,k,A) =0, 3.19
0 2

see Figure 3.1. We then obtain the general expression for the wave in the left homo-
geneous half-space z < 0 :

£
P (t2.2) = Gy [ G @b m.0)
wit—k-x+ o(w,k,2))
X exp ( " ( )wddwdn. (3.20)
Similarly, the wave field in the homogeneous region z € (z4, 00) has the form
pa(tawaz) 2 cp d+1/ gl w K, 0)
t — —
X exp ( B ” I Z)))wddw dk . (3.21)
€

Using the definitions (3.10) and (3.11) for mode amplitudes and the expressions
(3.3) and (3.4) for the jumps in 4° and p°, we deduce the jump conditions at z = z,
for the mode amplitudes:

a5(w, k,0) — aj(w, Kk, 0) (3.22)
B ep(1+d/2) P(w, K, 25) G (k) . 2
- e () (2% fofr) + florm) )

b5(w, K, 0) — b5 (w, K, 0) (3.23)

 p(+d/2) H(w, Ky 25) GR) s A
7mexp<l ep ) ( P1 H'fm(W,K)+fZ(w,n)> .
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ag=0 | a°(0) as(L) | ai ai a;
b§ b*(0) b*(L) bs be bs =0
< < | t— = <
z
0 L Zs -

F1c. 3.1. Boundary conditions for the modes in the presence of an interface at z =0, a random
slab (0, L), and a source at z = zs.

Taking into account the second radiation condition in (3.19) we then have

b (w, k,0) = eP(1+d/2) exp( W)S(w,m), (3.24)
S __ 1 Cl(m)n-Awm—Awn
St6m) = i (U o)~ fem)) - 329)

At the end of the slab, at z = 0, there are jumps in the “effective” parameters K (z)
and p(z) corresponding to an interface which generates strong reflections associated
with partial transmission. We deduce now the interface reflection and transmission
coefficients that describe this phenomenon. Recall the decomposition (3.10-3.11-3.14)
for the wave field. Below we use this decomposition and the continuity conditions on
the fields p® and u® at z = 0, and thus also on p° and 4°, to derive transmission and
reflection coefficients.

First, we introduce the parameters

*%(\/Co( )/C1(k) £ V/Ci(k)/Colk ), (3.26)

where we have r+ (k)2 — r~(k)? = 1. This gives the jump condition at the interface,
using (3.10) and (3.11) we now get that to leading order

et =l e ey e

The approximation that consists in replacing r*(|x + e*A|) by r*(k) introduces a
negligible error in our asymptotic framework. The mode-dependent interface reflection
coefficient Ry(k) and transmission coefficient T7(x) are then defined by

EPAVAS () 1(%) (3.28)

1
)= " o+ G
(k) Colk) — w)
Bils) = 50 = Glm) T (e (3.29)

with the subscript “I” representing “Interface.” Then we have

iien 1= o] lremnon] = 5] reomaon.

with
Ty (w)|* + | Re(w)|* = 1. (3.30)



Coupled Wideangle Wave Approximations 9

Recall that we assume that the medium is matched at the right end of the random
medium z = L and thus the interface reflection coefficient is zero and transmission
coefficient unity at the termination of the random medium at z = L. We thus have

b5 (w, 5,0, 2 = L) = b (w, K, 0) = eP(1+4/2) exp( M)g(w,n) , (3.31)

ep
af(w, ky A, 2 = 07) = Ry (k) b5 (w, k, A, 2 = 07) (3.32)
Eg(w, K, A) =Tr(k) Eg(w, Kk, A z=0"). (3.33)

The mode amplitudes b (w,k,0,z = L) describe the incident wave, the amplitudes
a5 (w,k,A) = a°(w,k, A,z = L) describe the reflected wave, and the amplitudes
b5 (w, Kk, A) describe the transmitted wave.

Finally, the existence of conserved quantities turns out to be interesting from
the physical point of view and useful for the proof of the relative compactness of the
reflected and transmitted wave fields. It follows from the relation (3.34) that we derive
below. We can check from (3.12-3.13) that, for any w the integral

[ (o~ 5o )

is conserved in z € (0,L). Applying this relation at z = 0 and z = L and using the
boundary conditions (3.30-3.33) we obtain that, for any X,

/|a§(w,n,>\)|2dn+/|Bg(w,n,>\)|2dn:sp<d+2>/|S(w,n)|2dn. (3.34)

4. Reflection and Transmission Operators. We now make use of an in-
variant imbedding step and introduce transmission and reflection operators via the
following ansatz

(w, K, A, X, 2)b° (w, 6, N, 2) AN (4.1)

a° (w, K, A, 2) / (w H,A,A',z)és(w,n,)\',z)d)\'. (4.2)
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Using the mode coupling equations (3.17) and (3.18) we find that the kernels T and
R’ satisfy for z € (0, L)

OR” / . 2zw zwer(k)k - ( A+ )
N = = X0 ) 52 )
I
€
+ /Vg(w,m,w()\—)\l),z)’ﬁ, (w, 8, A1, X, z)exp( zwer(k )"55;7(/\—/\1))(1)\1
+/ ’ﬁf(w,liy)\, AQ,Z)VE(w7/€,W(A2 — )\1),,2)
2zw

zwer (KK ~()\1+)\2))

xR (w, 8, A1, X, z)exp( ;
€

dArdAs exp ( ) . (4.3)

ePcy (k)
o7

e —(w, K, AN 2 / T (w, K, A, Az, 2)v° (w, K, w(A2 — A1), 2)

zwer (KK ~()\1+)\2))

2zw
en )

xR’ (w, 8, A1, X, z)exp( Per(s)

dA1dAg exp (

~e A=A
+/T (W, K, A, Aq, 2)V° (w, K,w(A — '), z) exp (z ZWC1(I€)F&EU( 1))d/\1 ,(4.4)

using the notation

iwttley (k) . z
Vs(w,ﬂ,k,Z) = Wl/(k,?) . (45)

This system is complemented with the initial conditions at z = 0:

R (w, kA, X, 2 = 0) = Ry (k)5(A — X'), (4.6)

T(wn)\)\ z2=0)=Tr(k)S(A=X).

The transmission and reflection operators evaluated at z = L carry all the relevant
information about the random medium from the point of view of the transmitted and
reflected waves, which are our main quantities of interest.

5. Reflected and Transmitted Wave Fields. We will be able to obtain “ef-
fective” distributional characterizations of the reflection and transmission kernels. We
will illustrate the application of such characterizations by analyzing the transmitted
and reflected wave fields parameterized as:

pfr(svm) :p‘€ (ttr(m) +€p5 xr 07)
pief(saw) :PE( ref( )+€ S, T L)

where ¢, () and tef(x) are the expected arrival times of the coherent transmitted
and reflected wave fronts defined by (6.3) and (6.6) below. That is, in (5.1) and (5.2)
we “open a time window” on the scale of the source centered at the expected arrival
times of the coherent wave fronts.
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5.1. Integral Representations. In view of (3.20) and (4.1) the transmitted
wave field can be expressed as

tir .
pi(s,x) = 27r5p T // ¢t (k)bg(w, k,0) eXp( iws — z%)wddwdﬁ
= W// T (w,R,O,A/,L)Qg(ﬁ)g‘i(w,m,)\/)
X exp ( iws — zwy‘fldwd)\/dn, (5.3)

and similarly:

pfef(sam) 271'517 d+1 / Cl w K 0)

W(tet(T) — K- — L/Cl(ﬁ)))wddwdn

xexp( WS — 1

27rsp (2mer)d+l // R (w.£,0. X L) ( )5 (w, 1, X)
w(tref( )*H Q?*L/cl([{))

ep

X exp ( iws — i )wddwd)\/dn . (5.4)

We here assume R; # 0 so that there is a front associated with the reflection from
the interface at z = 0. The transmitted velocity field is

ug (s, @) = (ttr( )+ ePs,x, 07 )

= 27T5p d+1/ §0 (w, Kk 0)exp<—zws—z€—p w

ve (s, ) = v° (ter () + €Ps, @,0” )

%ﬁ/ "“ () (wn,O)exp( Zws—zM)wdddel,

and similar formulas hold for the reflected velocity field.

5.2. Energy Conservation. The transmitted, reflected, and incident energy
flux densities (through the transversal planes z = 0 and z = L) are

Fi(s ) = pir(s, )ug, (s, ),
‘Ffef(s ) = pfef(s :B) ief(sa IB) )
}-fnc( ) plnc(S :13) 1nc(57 :13),

with

1 L. . KT
Dine(s, @) = W/ (2 (K)bS (w, K, 0) exp ( —iws +1i = )wddwdn.
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The total transmitted, reflected, and incident energy fluxes are

1 .
/ ]:fr(s, :L')dsd:c —W / |b8 (w, K, O)|2wddlidw 5

! :
/] Fato wisaz = P [ 5w, 0) Pt

1 ~
// inc S (13 de(B = W/ |bi(w,h‘,,0)|2wddh‘,dw
1
= ~ @ //|Swm|wddftdw
e
)

Using the conservation relation (3.34) we find that

// (s, x)dsde + // (s, x)dsdx :/ Feo(s,z)dsde, (5.5)

which expresses the fact that the energy fluxes through the plane z = 0 and through
the plane z = L are equal.
The transmitted, reflected, and incident surface energy densities are

1
£ @) = il @) + 5 (15 (5,2)” o+ [oi (s, 2))
1
Eo(5,®) = s Dier(5, )7 + 2 (ulps(5,@)* + vl (s, @) [?) |
2K, 2
1 P1 2 2
Emc(s .’13) 2—I(1p§nc(s (13) + ?( fnc(sam) + |vi€nc(57m)| )

The total transmitted, reflected, and incident surface energies are

co(k
//5tr s,x)dsde = o) d+1€p ) // |b8 w, K, 0)2wldrdw,
c1(k
// (s, x)dsdx = (27T)d+15p(d+2) // |a$ (w, k, 0)Pwidkdw ,
1 c1(K) 2
// & (s, x)dsde = B )d+15p(d+2) // 2 |b§(w, m,0)|2wddndw

o d+1 //Cl S(w, k)|Pwidkdw .
)

Therefore the conservation relation (3.34) and the fact that S(w, ) supported in &
strictly below min(cy?, ¢y 1Y imply the a priori estimate

/ / P (5, )% + pSo(s, 2)2deds < Cyp / / 1S (w, k)Pwidrdw . (5.6)

Similarly, using the conservation relation (3.34) and the fact that S(w, &) is bounded
in K and in w we find that, for any integer g,

// agpfr(s,:c)Q + agpfef(s,:v)Qd:Bds < Cup // |S’(w,m)|2wd+2qdndw. (5.7)

In the next sections we derive effective models that allow us to characterize pg,
and pZ.; in the small € limit. We first consider the case without medium fluctuations
in the next section and we address the case with random medium fluctuations in
Section 7.




Coupled Wideangle Wave Approximations 13

Fi1G. 6.1. In this figure we show the source position at (0, zs), the observation point at (x,0),
and the stationary slowness vector Kir.

6. Transmission and Reflection in the Homogeneous Case.

6.1. The Transmitted Field. In the homogeneous case we have in view of
(4.3) and (4.4)

T (W, ke, AN, L) =Ty (k)S(A = X)), R (w, kAN, L) = Ry (k)6(A — X).
Using (3.24) and (5.3) we find that

“(t+ePs, @, 0™ Ti(
p°(t+ePs,x,07) = 2ﬂd+1€2//1

wit—k-x—2z5/c1(K)

EN m|>-A

)S(w, k)

X exp ( —fws — i ))wddwdft. (6.1)

eb

We next use a stationary phase argument as in [9, Chapter 14]. The stationary phase
point solves

Ve(t—k-x—2z/c1(k)) =0,

and the stationary slowness vector ki, is explicitly

L xr

This value for the slowness vector corresponds to the plane wave mode

Wt — ke - + Z/C1("€tr))) ,

exp ( — op

that is moving in the direction (K¢, —1/c1(k;)) or equivalently (a, —zs). This is the
direction of the vector from the source point center (0, z5) to the point of observation
(x,0), see Figure 6.1.

The rapid phase in (6.1) is given by

Wt — Kty - — 25/c1(Ktr)) _ i(t— @)

ep ep cl

The integration in w renders the integral vanishingly small in the small € limit unless
we choose t to cancel the rapid phase term. This corresponds to the fact that there
is a phase front arriving at

b=t () = VT (6.3)

C1
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F1c. 6.2. In this figure we show the source position at (0, zs), the observation point at (x, L),
and the stationary slowness vector Kyef.

In the case with d = 2 (which corresponds to a three-dimensional medium) the sta-
tionary phase calculation (after the change of variable k = ki () + P/2€) now gives
lim. 0 p5, (s, ) = p2.(s, x) with

p?r(s’m) = % (31c : fv;(s,mr) - zsﬂ(s, "””tr)) ) (6.4)
for
7 _ o 26(k) Vsﬁ:i flw, k) exp ( — iws)ds
TI(K)_CO(H)JrQ(n)’ Fle:) 27T/f( e ( Jds.

and the prime stands for a derivative with respect to s. We discuss in Section 7 how
this picture is modified in the case with random medium fluctuations.

6.2. The Reflected Field. Next, we consider the reflected wave field. A similar
stationary phase calculation as in the previous subsection gives lim._. pS(s, &) =
P2 (s, @) with

RI(Href) 5 "
47T61(|:B|2 + (ZS + L)2) ((13 ' fz(S, Klref) - (ZS + L) Z(S7 Href)) 5 (65)

pl(r)ef(sa .’13) =

in the case d = 2 and

i Il + (0 + L) (6.6)

tref (:B) = .

/]2 + (zs + L)2’ 1

The stationary slowness vector corresponds to the one associated with the ray
that goes from the source point (0, z5) and is reflected via specular reflection at z = 0
and then goes through the point of observation at (x, L), see Figure 6.2. The arrival
time of the pulse, t..f(x), corresponds to the travel time along the reflected ray from
the source point to the point of observation.

Kret () =

7. Transmission and Reflection in the Random Case. We focus here on
the characterization of the transmitted field. The results for the reflected field follow
from a generalization of the argument presented below and they are presented in
Subsection 7.4.
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7.1. A Priori Estimates. We first state a priori estimates for the transmitted

field.
LEMMA 7.1. There exists C' > 0 such that, uniformly in € and in sq, s1,

[ itsn@)de < € and [ 15 (51,2) s, @) Pde < Clar = sl (71)

Proof. Using the Sobolev’s embedding L>(R) C H'(R), there exists a constant
Csob such that

[ itsn@)de < [ sup i (s.)Pde < Cu [ 15, @)y

Using the estimates (5.6-5.7) yields the first result of the lemma:

/ 195, (50, @)Pd < CoonCap / / (1 + )8 (0, 1) P

By Cauchy-Schwarz inequality, we have

S1 a
Ptx Pt r(
o) piton o)l = | [ s pa] <o ol [ |2
The integral in x of the last term in the inequality can be bounded uniformly as
above. O

7.2. Convergence of Moments. In this subsection we give the results con-
cerning the convergence of the moments of the transmitted field.

PROPOSITION 7.2. For any fixed x € R? the transmitted wave field traces at
nearby observations points y; and times sj, j =1,...,n, have the following limits

{5 (sjo + €My Yoy ~ { (A *s 22) (55 — Oanlyy) @)} - (7.2)

Here the limits are understood in the sense of moments.
1. The field (p? (s, x))scr is the transmitted field observed in the absence of
random medium fluctuations. It is given by (6.4) when d = 2.
2. The process (Ox,L(Y))yecre that gives the random time shifts is a Gaussian
process with mean zero and covariance

Zs

E[O2,L(¥)Oz,L(y')] = méﬂ (y—v), (7.3)

where
cos(0y) = S , (7.4)
Vel + 22
and
L)z, poo
N / / C(y(1 —w), z)dzdw if n<2,
GOER (7.5)

L/zs
/0 /_ C(y(l—w)—z%z,z)dzdw if n=2.
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AN ‘é)
AN
0,z)
1 €N PO S
t:tl
t:t2>t1

Fic. 7.1. Schematic showing the wave front distortions: after a time of order one, the transverse
wave extent is of order one and the wave front distortions have a correlation radius of order € which
is larger than the wavelength or pulse width which are of order €P. The pulse profiles spread out as
the beam propagates.

3. The convolution kernel (Ag 1(8))ser is deterministic and its Fourier trans-
form is given by

2p(p)
aslo) = exp | - o], 0
where
2/oo C(0,z) exp (zkz)dz if p=2,
F’(Cp) - 2/Oo C(0,z)dz if p<2, .7
0 ’ if p>2.

This proposition shows that the random medium produces a deterministic pulse
broadening and dispersion effect combined with a random travel time perturbation,
or equivalently a random perturbation of the wave front.

For p > 2, we do not observe any time deformation, but only a random time delay
that gives a wavefront distortion.

For p < 2, the time deformation has the form of a Gaussian convolution.

Eq. (7.2) shows that the random wave front distortions have a transversal correlation
radius of order €7 and an amplitude of the order of the wavelength €. Since P < &"
the curvature of the wave front is only weakly perturbed (see Figure 7.1).

The proposition can be generalized to get the following results.

PROPOSITION 7.3. The transmitted wave field traces at observation points x; +
ey; and times s;, j = 1,...,n, have the following limits

i (sjs g + ey Yoy ~ {(Aay %5 pr) (55— ewJ,L(yj)awj)}?zl ; (7.8)

where the random time shifts O, 1 are Gaussian processes with the covariance func-
tions (7.3) and they are independent from each other when the offsets ; are distinct.
Proof of Proposition 7.2. We seek to characterize the limits of the moments of the
random field

{X(5, )}y = {0 (s, 2 +2"Y) by,
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for a fixed . The joint moment of order m = (my)}-;:
M'ren = E[XE(SD yl)ml e Xs(sna yn)mn]

can be written in the form of an integral with respect to the variables w;, x;1, )\;J,
1<j<my,1<i<m

1 . N Wit P
My, = (27r)m(d+1)€mpd/2 /// €Xp ( -t ij,lsl +1 Z op )
gl gl

~€ 1 ~ d
XE[HT (wj,lvﬁjylvOaAQ,va)} 60 (k)8 (@i b + €N i sdwsadiesadXy
il il

where we have defined

n
m = E m,
=1

z
Q= —tu(x+e"y) + K- (x+e"y) + 2

cr(kjo+e* X)) 7

with ¢, (2) is given by (6.3). The last term of the rapid phase can also be written as

Zs 2 N /
= —e%c1(Kj )R- N+ o(eP
Cl(|“jﬁl+5a>\;‘,z| c1(kj1) s K1)k 0 (),

since £2% < P (p < 2a). In view of the stationary phase analysis of the previous
section we make the change of variables k;; — §; ;:

Kji = Ke(T +ey) + £j,l5p/2 )

where the rapid phase localizes the main contribution to an O(gP/?)-neighborhood
of the stationary point, that is integration on a neighborhood of the origin for §;
and where k() is defined in (6.2). The rapid phase is therefore of the form (using
zsc1 (ke (@) e (2) = @)

1
®j1 = —e%( +e"y) 'A;‘,z + §€p€}?lH(K’tr(m))€j,l +o(e?),
where H(k) is the Hessian matrix of the function k — z4/c1(k), whose determinant is
d

(—c1(k)zs)%c3(k)/c3. The joint moment MZ, can therefore be written as (to leading
order in ¢)

1 , i .
M;, = W /// exp ( — zjzlwﬂsl + 3 ;wj,lﬁjJH(mr(w)){j,l)

~c 1 N
xE[HT (@jtr @, Y1, 0, X, L)} TT ¢ (kex (@) S (s, Kur (@) )t deoy1de AN, (7.9)

Jil al

where

wx+ey) - (A - X))

T @2,y AN 2) =T (@ ru(@+e"y), AN, 2)exp (i L

(710
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~c
Here we have not taken into account the term £jylsp/ 2 in the second argument of T~

because it disappears in the asymptotic framework ¢ — 0 since e?/2 < ¢” (p/2 > n).
Let m € N and wy,...,w, € R be m distinct frequencies. We show in Appendix
A that the following moments of the modified transmission kernels converge as ¢ — 0

lim //IE{H’i’a(w],m,yj,ﬂ,)\;,L)}d)\’l d)\;n
j=1

e—=0
m 1 m w2_ »
=1 =1 *
1 e — wiwyp ~(n)
xexp{fgz Z‘mcz%(yj*yl)zs} ) (7.11)

where ky = wcos(z)/c1. Tt is then easy to see that

e—0

lim //E[ﬁ%E(Mj,:l:,yj,O,A;,L)}dx\/l---d/\;n :E[ﬁf(wj,m,yj,L)}, (7.12)
Jj=1 j=1

where the limit process T is of the form

. TR L w0 L (y)
T(w, 2.y, L) = Ti(ku()) exp [ 8 cos;((?m) 2¢q C(Ss(@m)}

with (Oz,.(Y))yecrae a stationary Gaussian process with mean zero and covariance
function (7.3). The substitution of (7.12) into (7.9) leads to the correct asymptotic
limit. Finally, for the time trace at the point (x,0) we find the characterization:

Pic(s. @) ~ (Az,z % 11y) (5 — O2,0(0),2) (7.13)

where the Fourier transform of the kernel Ag 1 is given by (7.6). We see that the
medium fluctuations produce a deterministic pulse broadening and dispersion effect
combined with a random travel time perturbation. More generally, the wave field
traces at nearby observations points y; and times s;, j = 1,...,n, have the limits
(7.2), when the limit is understood in the sense of convergence of moments. O

7.3. Weak Convergence. In this subsection we prove the weak convergence of
the transmitted wave field.

PROPOSITION 7.4. (pf,(5,®))secr wera weakly converges to (piy®(s, @))ser werd in
the space CO(R, L2 (R4, R)) N L2 (R, L2 (R, R)), where the limit is deterministic and
given by

p?;]e(sa :B) = E[ptr(sa :B)] = ( ;‘:% *s p?r) (S’ :B) . (7'14)

Here (A3'7(s))ser is the kernel whose Fourier transform is given by

(F(p) + 7(77))WQL
1ave 2w cos(0y)/c1 T
= - 7.15
@1 (W) = exp [ 8¢ cos?(0z) ] ’ ( )
with
/ C(O,z)dz if n<2,
= o (7.16)
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Here L2 is the L? space equipped with the weak topology. As a matter of fact,
the convergence holds in probability since the limit is deterministic. This proposition
shows that the transmitted field locally averaged in the transverse direction is self-
averaging and experiences a deterministic spreading and dispersion described by the
kernel A3'7 (s). The local spatial average has averaged out the random perturbation
of the travel time, because the transverse correlation radius of these perturbations is
of order " as shown in Proposition 7.2.

Proof. Lemma 7.1 shows that the process p¢, is tight in C°(R, L2 (R?, R)). More-
over, the first estimate in the lemma shows that, for any function ¢ € L? the random
process (X§(s))ser defined by

X3(s) = [ pi(s.2)o(e)de.

is uniformly bounded in €. Therefore, the finite-dimensional distributions are charac-
terized by the moments of the form

E[ll_i[lxa (s)™ ],

where ¢ € N, m; € N, 5, € R, ¢y € L2(R%,R) for [ = 1,...,q. Furthermore, we have
that |X5(s) — X5(s)] < Cll¢ — 9|2 for any ¢,¢ € L* uniformly in e. Therefore it
is sufficient to show the convergence of the moments for a dense subset of functions
¢, say compactly supported continuous functions. For small ¢ the moments can be
written as multiple integrals

q qa my
m ! : Y
E[HX;Z (Sl) li| = W ///H HdA;,ldK’j,ldwj,lCO (IijJ)(—’Lw_j,l)z
=1 =1j=1
1+4 /
i P ([mja +e"A50) 4 a a
<11 JCI A GRS VI (I TES=LO VR ER)
gl

~E ~ .
XE{H T (wjﬁl, Kj1, 0, )\;,l, L)] H S(wjyl, Kj1 + EO‘)\;J) exp ( — zwjylsl) s
gl Jil

for m = Y7 | m;. Here we have used a stationary phase argument to show that, as
€ — 0, we have

/exp (iwn ‘x —tu(T) + ZS/Cl(K))(b(IB)dJZ " (27Tcl(m)zs)% c1(K)

54 C1 w
x@(c1(k)zsk) .

e—iﬂ'd/4

vl

Using the same approach as in the previous section we obtain that

/ E[T (W) ki, 0, Ny, L)] AN,

I‘(p)_ L L+CM L (0)zs)w?,c3(k;.)
ﬂT,(nj,l)exP[( 2wj1/e1(r4,0) “(”ggl“ﬂ”“ Jw it (x5, }
1
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We have C") (0)zs = (m) L. Moreover, the terms ‘f's(wj,l,nj7l,0,)\’< L)

c1(k)kzs,L 761(&)&23 5,0
for distinct k;,; become independent for different x;; in the limit ¢ — 0. This implies

the convergence of the moment to

q q my

1 4

E[HX% (Sl)ml} = D //H [T koo (i )%
1=1 (2m)m 1=1j=1

d

+4
1 C I il d A
<[ (Hj,z)%zf S(wia k01 (c1 (kg )m5025)

(p) (n) 2 2
(F2w]‘,1/01(ﬁ]‘,1) + 701(Hj,1)lij’lzs)wj1lcl ("ﬁjvl)L
8¢t

xTr (k1) exp [— } exp ( - iwjylsl) ,

or equivalently
q
B[ L X5 (0™ ] T Xols)™, Xols) = / (A3, % Pl (s, 2)o(@)da

which gives the convergence of the finite-dimensional distributions, which in turn
implies the weak convergence in C°(R, L2 (R% R)). Furthermore, the estimate (5.6)
shows that the processes are tight in L2 (R, L2 (R? R)) (the unit ball is compact in
the weak topology). This proves the weak convergence in L2, (R, L2 (R4, R)). O

7.4. Convergence of the Reflected Field. The results for the reflected wave
read as follows. They are obtained using the same method as the one used for the
transmitted wave.

PROPOSITION 7.5. The reflected wave field traces at observation points x; +¢e"y;
and times sj, j = 1,...,n, have the following limits

{(Pret (55 5 + ™yj)Yi_y ~ { (Avet,ms, 1 *s Dleg) (85 — Oret,a,,L.(Y5), mj)}?zl . (7.17)

Here
1. The field (p°(s,x))ser is the reflected field observed in the absence of random
medium fluctuations. It is given by (6.5) when d = 2.
2. The process (Oref,w,1(Y))yera s a Gaussian process with mean zero.
If & # 0 the covariance function of the process (Oref,x,L(Y))yecrd is

+L ~
E|©, O, N=-— T2 &0 —y 7.18
[ ef@aL(y) Ef@aL(y )] 4C% COSQ(eref,m) ref,a:,L(y Yy )’ ( )
where
s+ L
cos(Oref,z) = %t , (7.19)
= VRE + ot I
and 5r(gf)zL(y) is defined by
2L
zs+L o0
/ ’ / C(y(1 —w),z)dzdw if n<2,
— 0 —o0

va1r(;7f),m,L(y>

AL [0 x
1—w) — fon=2.
/0 /_OOC(y( w) ZS+Lz,z)dzdw if
(7.20)
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If © = 0 the covariance function of the process (Oref,0,1(Y))yecra is

4¢3

zs+ L =5T
E [Oret,0,0(¥)Oret 0,0 (¥)] = / / y)(w + wy), 2)
/-

+C(w (y+y) ws(y —y'),z)dzdw. (7.21)

with ws = z5/(zs + L).
3. The convolution kernel (Avef,z,1.(8))ser is deterministic and its Fourier trans-
form is given by
21’\( )

. 2w cos(Oref,z)/C1
A w) = exX
ref,m,L( ) P 401 COS2 (eref,il?)

, (7.22)

where F,(Cp) is defined by (7.7).

The results for the reflected field are similar to the corresponding ones for the
transmitted field, if we select the correct angles 6;cf, and the correct propagation
distances. The result can be predicted from the ones of Subsections 7.2-7.3 if we
assume that the random effects on the way from z = L to z = 0 are independent
from those on the way back from z = 0 to z = L. The rigorous analysis show that
this prediction is correct provided the observation point @ is different from 0. If the
observation point & = 0 (which corresponds to the backscattered direction) then the
result is more complex: it is still described by the asymptotic formula (7.17), the pulse
deformation is described by the kernel Aref101 1 (w) defined by (7.22), but the random
time shift has the covariance (7.21) that has a more complex structure than (7.18).
The more complex structure comes from the fact that, when the observation point
is & = 0, then the wave revisits the same region during its propagation from z = L
to z = 0 and from z = 0 to z = L. The random time shift is not locally stationary
anymore, and we have in particular

L o0
E[eref,O,L(O)z} = 0_2/ C(O,z)dz,
1 J—o0
which is twice larger than in the case & # 0:

E[@ref,w,L(O)ﬂ = __ L /OO C(0,z)dz, x#0.

2¢2 co8? (Oref )

The following proposition shows that the reflected field locally averaged in the
transverse direction is self-averaging and experiences a deterministic spreading and
dispersion.

PROPOSITION 7.6. (pf.(5,T))scr zere weakly converges to (pig(s, x))ser werd
in the space C°(R, L% (R*,R)) N L2 (R, L2 (R, R)). The limit (p2§(s,®))scr werd 15
deterministic and given by:

prek (5, 2) = Elpret (s, )] = (ARF o 1 *s Prer) (5, @) - (7.23)

Here (ALSF 5 1.(8))ser is the kernel whose Fourier transform is given by

a(w) = exp | -

(p) (m)
(F2€) cos(Oref,)/C1 + ’yrgf,m)WQL}

7.24
4¢? cos? (Oret ) ( )
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with
/ C(0,2)dz if n<2,
V8o = ’é’é’c . o ) (7.25)
[m (fzs_’_Lz,z)z if n=2.

7.5. Relation with the O’Doherty-Anstey Theory in Randomly Layered
Media. The O’Doherty-Anstey theory [19] describes pulse propagation in a one-
dimensional random medium. It predicts that the transmitted wave front in the
random medium is modified in two ways compared to propagation in a homogeneous
medium [4, 17, 18]. First, its arrival time has a small random component, on the
scale of the pulse duration, that has mean zero and Gaussian statistics. Second, if
we observe the wave front near its random arrival time, then we see a pulse profile
that, to leading order, is deterministic and is the original pulse shape convolved with
a deterministic kernel that depends on the second-order statistics of the medium. In
the case when the typical wavelength is larger than the correlation length, this kernel
is Gaussian.

We consider the acoustic wave equation in random medium (2.1-2.3) in the one-
dimensional case with p € (0,2] (a one-dimensional situation corresponds to taking
7 < 0 in the model (2.3)). The pressure field satisfies

1 a2ps B a2ps
cc(z)? Ot? 022

=0,

with

1 1 z
FTRE = c—%(l—i—ug(z)), ve(z) =P 1u<€—2).
We assume an initial pulse with a time duration of order €. The O’Doherty-Anstey
theory then predicts that the transmitted pulse front can be described as follows [9,
Chapter 7]:

1) The wave front (p°(7¢(L) + €Ps, L))Se]R observed in the random frame moving
with the random travel time

€ L g g 1 r g
T (L) = _+V‘I’(L)7 V‘I’(L): a5 14 (Z)dza
Cc1 201 0
converges in probability as e — 0 to the deterministic profile (APPA x p?r(s))se]R. Here

pY is the transmitted profile in the absence of fluctuations of the random medium,
and the Fourier transform of the convolution kernel A9P# is

F2w c w2 .
AODA( ) exp(_#%l/) ifp=2,
w ==
’ Low? if 2
exp | — 80% 1 <p<2z,

where

Iy = 2/000 E[v(0)v(z)] exp (ikz)dz.
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2) The random perturbation of the travel time converges in distribution to a
Gaussian random variable with mean zero and variance
—2p e 21 €—=0 ToL
e PEIVE(L)*| — —.
Va0 =
This is the same structure of the wave front, both in terms of random time delay
(see (7.3)) and deformation (see (7.6)), as the one derived in our model when the
wave is observed along the longitudinal axis = 0. Therefore, the model derived
in our paper can be used to recover the O’Doherty-Anstey theory when applied to a
one-dimensional or three-dimensional layered situation.

7.6. Relation with the Random Travel Time Model in Random Ge-
ometrical Optics. The random travel time model is a simple model used in the
high-frequency regime in order to account for small fluctuations of the index of re-
fraction of the medium. The random travel time model captures wavefront distor-
tions in heterogeneous media, but not the delay spread due to multiple scattering
[21, 24]. The model is valid in the geometrical optics regime in random media with
weak fluctuations and correlation lengths that are large compared to the wavelength
[10, 21, 24, 26]. The model ignores diffraction and amplitude fluctuations that cause
scintillation, and it is widely used in adaptive optics for approximating wavefront
distortions due to propagation in turbulent media [25, 16].

We consider the acoustic wave equation in random medium (2.1-2.3) in the
isotropic case n = 2 (and p > 4). The pressure field satisfies

1 0%°
——— —Ap* =0
@2 oz P T
with
1 _ 1 e/ i p—1 T =z
08(11_3’)2 - C% (1+V (IB)), v (IB) =& V(€2’€2).

The random travel time model is valid when the correlation length ¢ and the stan-
dard deviation o of the fluctuations of the wave speed ¢* (&) satisfy the conditions [2]:

9 A o L3 A2 <
t< L, o <<ﬁ, U£—3<<0_2£LN1. (7.26)

Under these conditions the geometric optics approximation is valid, the perturbation
of the amplitude of the wave (due to the fluctuations of the random medium) is
negligible, and the perturbation of the phase of the wave is of order one or larger (see
[24, Chapter 6], [21, Chapter 1], [10], and [2]).

In our framework, the three conditions (7.26) are satisfied since L ~ 1, £ ~ &2,
o ~¢eP~t and X\ ~ eP, with p > 4.

The random travel time model provides an approximate expression for the Green’s
function between two points:

Ge (w, z, 3]) ~ a1 (&, Y, w) exp (iw [7'1 (Z,9) + vi(Z, Q’)D .

Here oy (&, ¥, w) is the amplitude of the Green’s function in the background medium,
T1(&,Y) = |€ — y]/c1 is the travel time in the background medium, and vi (&, ¥) is
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the random perturbation of the travel time given by the integral of the fluctuations
of 1/¢* along the unperturbed, straight ray from ¢ to &,

VE(E,§) = |m*y|/ ¥+ (& — g)w)dw

This zero-mean random travel time perturbation acquires Gaussian statistics in the
limit ¢ — 0, and its covariance is described by

e *E[v (( ,0), (z v5((0,0), (z + *y, L))]

pina (U S / / (yw, z)dzdw .
4¢2 cos?

This is exactly the structure of the random travel time described in (7.3). Further-
more, our theory (7.6-7.7) in the regime p > 4 also predicts that there is no pulse
deformation. This shows that the results derived in our paper allows us to derive
rigorously the random travel time model as a special case of our more general model.

7.7. Relation with the White-Noise Paraxial Model. The white-noise
paraxial model is valid when the source generates a beam that propagates along
a privileged axis and when the fluctuations of the medium have small amplitude and
correlation radius of the same order as the beam width. Then there is no backscat-
tering and the effective propagation is governed by an It6-Schrédinger-type equation
which describes the wave front distortions.

The standard white-noise paraxial wave model is obtained when the random
medium is of the form K¢(x,2)~' = K '(1+4 &®v(x/e?, z/€?)) and when the source
is of the form F=(t,x,z) = f(t/e*, 2 /e2)6(z — z,) [14]. This seems close to the model
(2.2-2.3) with p = 4, n = 2, except that the source is different: its transverse spatial
support is large and it gives rise to a beam with small aperture instead of a diverging
wave field. Furthermore the condition p/2 > 7 that is necessary in our model is not
fulfilled in the white-noise paraxial conditions (which is such that p/2 = n). When
the source and random medium are x-independent, then it turns out that the two
models coincide formally. Indeed the transmitted wave along the axis @ = 0 pre-
dicted by the white-noise paraxial wave model in this particular situation then reads
[14, Proposition 3.1]

Pi(s) ==p ( +e s) (s —O1),

where ©, is a Gaussian random variable with mean zero and variance

I e}

This is in formal agreement with Proposition 7.2 (in the case when p = 4 and the
problem is x-independent).

Another random paraxial model is derived in [13] in a different scaling regime,
when the random medium is of the form KE(IB 2)7' = K71+ ev(x/e, 2/€?)) and
when the source is of the form F=(t,x,z) = f(t/e2,2/e)d(z — z5). This seems again
close to the model (2.2-2.3) with p = 2, n = 1, except that the source gives rise to a
beam instead of a diverging wave field and that the condition p/2 > 7 is not fulfilled.
When the source and random potential are x-independent, then it turns out that the
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two models coincide formally. Indeed the power transmission coefficient predicted by
the paraxial model in this particular situation then reads [13, Proposition 9]

w?Re (F;i)/cl (0))L )

=~ 27 €—0 12 .
E[|7 (w, DI*] =2 T2(0) exp ( e

)

which is in formal agreement with (7.11) (in the case when p = 2, n = 1, m = 2,
Y1 = y2 = 0, wy = —w; = w, and the problem is x-independent).

These two formal comparisons show that the model derived in our paper goes
beyond the random paraxial model, moreover, that both models give the same pre-
dictions in the special situations when they are both valid.

8. Conclusions. In this paper, for a general high-frequency regime, we have
obtained by a separation of scales technique a simple model that accurately describes
wave propagation in random media. This model is characterized by two main in-
gredients: a deterministic convolution of the pulse profile and random wave front
perturbations described in terms of a Gaussian process. This new model can be re-
duced to the random travel time model or to the O’Doherty-Anstey model in the
appropriate regimes of propagation. Our model goes beyond the paraxial regime and
gives the same prediction as the white-noise paraxial wave equation model when they
are both valid. Therefore, the simple model deduced in this paper captures many
important phenomena, such as power delay spread and multiple scattering, and it can
be used to analyze communication and imaging problems in complex environments.

Appendix A. Limit of the Joint Moments of the Transmission Kernel.
The purpose of this appendix is to compute the limit of (7.12) as ¢ — 0. Using (4.4)
and the shorthand notation k; = k¢ (x + €"y;), we first find that the kernel T
satisfies

~E
oT ~
e (wj,w,yj,/\j,)\;,z)://Ta(wj,:B,yj,)\j,)\/,z)ua(wj,mj,wj()\’—/\),z)

xR (Wj, Kjy A, )\;—, z) exp (z’wjyj (N = )\;))

zwicr (kK - A+ XN L 2zw;
XeXp<*z i j)gvjz ( ))d)\d)\’exp (175%1(;))
g
+/%E(wj,w,yj,)\j,)\/,z)ua(wj,mj,wj()\/—)\;-),z)
zwict(ki)Kk; - (AN, =N
X exp (z s () - A )Jrz'wjyj-()\/—)\;))d)\/, (A.1)

with the initial conditions 7~'€(wj, z,Yj, A, N, 2 =0) =Ty (k;)d(X; — )\;) Therefore
the quantities

I5(2) = [T T (wj .95, 0, X, 2).

j=1
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satisfy the system

)ZZ H %E(wl,w,yl,)\l,/\;,z)

J=11=1#j
{/ T wﬂ’myﬁ)‘j’)‘/’z)ys(wj"ij’wj()‘/7>‘)’Z)

xR (Wj, Kjy A, X—, z) exp (iwjyj (N - )\;))

X exp ( 2wl ;) (A + X )dAdx exp (z 220, )

eNzg Epcl(lij)
+/7~'€(wj, z,y;, A, X, 2)° (wy, k5, wj (N — )\;), z) exp (iwjyj (N = )\;))

(4 ey;) - (N =X
o () X0 ]

(A.2)

where we have also used that ke (x)cr (| (2')]) = '/ 2.

We next apply the diffusion approximation to get limit equations for the corre-
sponding moments, see [9, Chapter 6] or [20] for background material on the diffusion
approximation theory. Observe that the random coefficients are rapidly fluctuating
in view of (4.5). Those coefficients that are of order ! are centered and fluctuate
on the scale €2, moreover they are assumed to be rapidly mixing, giving a white-noise
scaling situation. Moreover, the rapid phase terms lead to some cancellations be-
tween interacting terms as we will see below. As a consequence, by applying diffusion
approximation results, we obtain a tractable system of equations for the moments
E[I5,(2)] in the limit ¢ — O:

L, (2) = lim E[I,(2)] .

e—0

We obtain from (A.2) that I,,, solves a system of integro-differential equations

Ol 1
with the initial conditions
Lo (w1, Winy ALy A, AL - A, 2 = 0) = H Tr(kee())5(X; — Aj).
j=1

We next discuss the particular forms of the terms Z,, ;. We have

{iCICOS ):|

Jj=1

m d+1

i Z /610052

X (Z(c")(wj)\’) exp (iwj(l — zi)(y] —y)-A )Im ()\2 — wz X, )\; + X, z)d)\',

which comes from the interaction of the right-hand side of (A.2) with the dynamics
for T~ as given in (A.1) and where we only show the shifted arguments for I,,,. Here

2// C(y,z)exp (— ik - y)dzdy ifn <2,
Re Jo

P C(y,z)exp(fik~y7iikz~m)dzdy ifn=2,
R JO Zs

C () =



Coupled Wideangle Wave Approximations 27

and C{" (y) is the inverse Fourier transform of e (k):

1

i (y) = @ /.

a”)(kz) exp (ik - y)dk .
The first term in the right-hand side of (A.2) also interacts with the dynamics for
R’ as given in (4.3) and gives

j=1

where ky = wcos(0z)/c1. Here we have used the fact that the frequencies w; are

distinct so that the rapid phase terms exp (z 220; 5~ 22 ) do not average out

ePey(kj ePcy(ky)

only if j = 1. We can conclude that

T =52 o €O + TR

j=1
m m d+1
1 Wy W
I
8(2m) =5, cicos (0z)
S, ! A o N7 YNy ’ ’
XCyV (wiA") exp | iw; (1 )(y] Y1) XN ) L (A AL+ A 2 )dN
Zs wi
By taking the transform:
In(2) = i // Hexp iwi(Aj - x; — /\/ Xj))w?dd)\jd)\;,

we can integrate the equation for I,,, and obtain

“ 52 oy O + )]

=1
m m L
XeXp[—%Z > %/O Ci-”’(xi—x}Jr(i—l)(y yz))dz}

In(L) = I,,(0) exp

—

where

0) = H Tr (ke ()3 (x5 — Xj) -

Taking an inverse Fourier transform in x; and X} we obtain

T8 = g [ e [ 9 ok €0 + T8 )]

1 m m .
o052 Y ks [ e (- (- 1w, - w)a]

x T T () X520 X iy

j=1
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and therefore

//fm(wl,...,wm,o,...,o,)\’l,...,A;L,L)d)\’l~-~d>\;n

1 — w?
= TP Gnl@) exp [ -5 3 Footgy G @ +T5) 1]
i=1 ®

xexp{féi i %/OLC;’?)((il)(yjyl))dz}.

J=11=1#]

By symmetry in the double sum of the last term we can replace Cé") (y) by its sym-
metrized version CY%m(y) = (CY” () + C” (—y))/2 which is such that

/ C(y,z)dz ifn<2,
Clm(y) =1 'r& .
/ C(y——z,z)dz ifn=2.

—00 s

This gives the desired result.

2]
3]
[4]
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