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Abstract. In this paper we consider a general hyperbolic system subjected to random per-
turbations which models wave propagation in random media. We consider the paraxial white-noise
regime, which is the regime in which the propagation distance is much larger than the diameter of
the input beam or source, which is itself much larger than the typical wavelength, and in which the
correlation length of the medium is of the same order as the diameter of the input beam or source. We
introduce a general framework that allows to consider the general random hyperbolic system. Using
invariant imbedding and asymptotic analysis we show how to derive the system of It6-Schrédinger
equations driven by Brownian fields that govern the wave propagation. The form of the diffraction
operator and the covariance matrix of the Brownian fields are computed from the eigenvalues and
eigenvectors of the unperturbed system and from the two-point statistics of the random fluctuations
of the medium. Applications are given for acoustic, elastic, and electromagnetic waves.
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1. Introduction. The paraxial (or parabolic) approximation for wave propa-
gation in homogeneous and heterogeneous media is a model used in a vast number
of applications, for instance in communication and imaging [42]. It usually has the
form of a Schréodinger equation that describes waves propagating along a privileged
propagation axis determined by the input beam or source. It is very simple compared
to the full wave equation, both from the theoretical and numerical viewpoints, and
it enables the analysis of many important phenomena, such as laser beam propaga-
tion [41], light propagation through the atmosphere for astronomy [44], tropospheric
electromagnetic wave propagation [38], time reversal in random media [5, 7, 9, 39],
broadband communications [17], passive imaging [15], virtual source imaging [23, 24],
underwater acoustics [42, 21], or migration problems in geophysics [10].

The paraxial approximation for waves in homogeneous media is rather well-
understood and used when the radius of the input beam or source is large compared
to the wavelength, but small compared to the propagation distance. The white-noise
paraxial approximation for waves in random media is used when the medium fluc-
tuations have weak amplitudes and are slow compared to the wavelength, but rapid
compared to the propagation distance. In these conditions backscattering is neglected
and the medium fluctuations are approximated by a white-noise term. The main mo-
tivations for considering the white-noise paraxial wave equation are (i) it appears as
a very natural model in many situations where the correlation length of the randomly
heterogeneous medium is relatively small, (ii) it allows for the use of 1t&’s stochas-
tic calculus, which in turn enables the closure of the hierarchy of moment equations
and the statistical analysis of important wave propagation problems, such as scin-
tillation [3, 4, 20, 31, 44] or other questions related to applications in imaging and
communication (see [1] and references therein).

When the white-noise paraxial approximation can be justified for scalar waves,
then the effective equation takes the form of the random Schrédinger equation driven
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by a Brownian field studied in particular in [12]. In [14] paraxial equations were
discussed in the context of general rough coefficients. The proof of the convergence of
the solution of the wave equation in a random medium to the solution of the white-
noise paraxial equation was obtained for stratified weakly fluctuating media in [2]
and recently for three-dimensional random media in the context of acoustic waves in
[26]. In [8] a coupled system of paraxial equations is derived to describe the mode
amplitudes in three-dimensional random waveguides, when the waves are trapped by
top and bottom boundaries and the medium is unbounded in the two other directions.
The white-noise paraxial approximation can also be justified for vector waves. So far
the problem has been studied for linear elastic waves in isotropic solids [27] and for
electromagnetic waves in isotropic media [28].

In this paper we consider general wave propagation in open media with statis-
tically isotropic and homogeneous fluctuations. Our goal is to introduce a unified
framework that allows to address the general wave propagation problem, so the re-
sults scattered in the literature that address specific wave equations can be recovered
in a simple manner and can then be extended. It is not straightforward to extend
the paraxial approximation to arbitrary waves because different wavenumbers may
coexist for plane waves in a given direction in a homogeneous medium and because
nonpropagating waves may exist. The main problem is to capture the effective behav-
ior of the coupling terms between wave modes in homogeneous and in heterogeneous
media.

In this paper we consider a general randomly perturbed hyperbolic system. Origi-
nally motivated by elastic problems in geophysics, we assume that the privileged prop-
agation axis is the vertical direction. This choice explains the terminology “downward-
going” waves and “upward-going” waves that we use in the context of the wave de-
composition that we set forth. Our goal is to provide a derivation of the paraxial
wave equations for the general hyperbolic system in homogeneous media and in ran-
dom media. This allows us:

- to unify the different results previously known,

- to obtain original results for other physically relevant systems (such as electromag-
netic waves in anisotropic media that we address as an application in this paper),

- to identify the general conditions under which the paraxial approximation is valid.

1) In the case of a homogeneous medium, we consider the distinguished limit in
which the propagation distance is much larger than the initial beam width, which
is itself much larger than the typical wavelength. We apply an invariant imbedding
theorem and an averaging theorem for rapidly oscillating differential equations in or-
der to prove the convergence of the solution of the wave equation to the solution of
a system of Schrédinger equations. The invariant imbedding allows us to transform
the boundary value problem (with radiation conditions) into an initial value prob-
lem. The averaging theorem allows us to obtain effective paraxial wave equations (see
Proposition 5.1). In particular, the coupling terms between downward-going waves
and nonpropagating and upward-going waves have rapid phases. By using an averag-
ing theorem for highly oscillatory differential equations, we show that these coupling
terms average out to give non-zero effective terms (in the form of Lie brackets). It
turns out that the computation of the Lie brackets for classical physical systems gives
simple forms for the paraxial approximations of the wave modes.

2) In the case of a random medium, we assume additionally that the correla-
tion length of the random medium is of the same order as the initial beam width,
and that the amplitude of the random fluctuations is small. By applying diffusion-
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approximation theorems we prove the convergence of the solution of the random hy-
perbolic system to the solution of a system of It6-Schrédinger equations (see Propo-
sition 5.2). These Schrodinger equations are driven by a set of correlated Brownian
fields, whose covariance function depends on the two-point statistics of the fluctuations
of the parameters of the medium. This result shows that it is possible to justify both
the paraxial approximation and the white-noise approximation in the distinguished
limit considered in this paper. The limit system permits easy numerical simulations
on the one hand, and exact computations of moments using It6’s formula on the other
hand.

The paper is organized as follows. In Section 2 we describe the white-noise parax-
ial wave model from a physical perspective. In Section 3 we describe the general
hyperbolic system that we want to address. In Section 4 we introduce the fundamen-
tal wave mode decomposition and we formulate the propagation problem in terms
of the wave mode amplitudes. In Section 5 we present the main results, i.e. the
random paraxial wave equations. The proofs of the results are given in Section 6
when the medium is homogeneous and in Section 7 when the medium is randomly
heterogeneous. In Section 8 we apply the general results to classical physical systems.

2. The It6-Schrodinger Equations. In this section we introduce the It6-
Schrédinger equation from a physical perspective and discuss how this relates to
the framework set forth in this paper. This section can be seen as a review. In the
subsequent sections we will provide a mathematical derivation of this model. We will
moreover generalize it to general symmetric hyperbolic systems.

2.1. The Paraxial Approximation. We consider in this section scalar waves

and assume the governing equation:

2
n-\(x, ,rq
(02, + Ag Ju— ( ; )afu =0, (2.1)
0

for x = (z, ,74) € R¥"! x R, x4 corresponding to the propagation axis and x, being
the lateral spatial coordinates. Here n(x, ,z4) is the local index of refraction and we
assume radiation conditions at infinity. It is convenient to Fourier transform in time:

t(w, @, ,xq) = / u(t, x, , xq) exp (iwt)dt. (2.2)

— 00
We then obtain the Helmholtz equation:

2
w
(02, + Ay )i+ C—QnQ(mﬂxd)a =0, (2.3)
0
with k& = w/cy being the free space wavenumber. We assume a source located at
the “surface” x4 = 0 generating a “down-propagating” wave, propagating into the
negative xg4-direction. A particular solution of (2.3) in the case of a homogeneous
medium n = 1 is a down-propagating plane wave:

We make the ansatz of a slowly-varying envelope around a plane wave going into the
negative x4-direction:
wx
w(w,x, ,q) :exp(—i—d)d(mwﬂxd). (2.4)
€o
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Fic. 2.1. A source is located at xq4 = 0 generating a probing down-propagating wave, with the
transmitted wave evaluated at xg = —L.

The amplitude & then solves

24w w?
C—ﬁxdd + Ay a+ C—Q(ni’(%xd) —1)a=0. (2.5)
0 0

92 6 —
In many physical configurations there is a wave (beam) propagating in a specific
direction with negligible backscattering. As mentioned, we choose a coordinate system
so that the probing direction is the negative z4-direction. We then make the forward
or one-way approximation, suppressing the 92 ,G term in (2.5). This corresponds to
assuming that & is relatively slowly varying in x4 and suppressing backscattering so
that & solves the initial value problem
2iw w?
"= 0p,0 = Dy G+ — (n*(x,,x4) — 1), (2.6)
Co Co

with &(w,z, ,24 = 0) = Qine(w,x, ) and dipc is determined by the probing wave,
the source located at the “surface” x4 = 0, whose typical transverse width ry must
be larger than the typical wavelength Ao (the typical wavelength is related to the
typical frequency wp by Ao = 27m¢g/wp) in order to satisfy the slowly-varying envelope
assumption.

In the case of a homogeneous medium n = 1, we then find that the transmitted
wave to xgy = —L is given by

OVZ(W,IBL7—L) |n£1 = dhomo(wawlv_L)v (27)
d—1 2
3 w 2 3 wly, — x|
omo\W, ,—L = ( . ) inc\W, ( #)d . 2.8
ool ~0) = (557=) T [ ey e (- Ya . 23)

The configuration is illustrated in Figure 2.1. To summarize, the source is located
at the surface in the plane z4 = 0 and we are interested in the transmitted wave
evaluated at x4 = —L. We consider a scaling regime in which diffractive effects are of
order one. Diffractive effects can be measured by the Rayleigh length L, defined as
the distance from wave beam waist where the beam area is doubled by diffraction. In
the homogeneous medium it follows from (2.8) that the Rayleigh length for a beam
with initial beam width ry and carrier wavelength A\g is of the order of r% /Ao. In
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particular, in the case with Gaussian initial data

3 2
Gine(w,@,) = f(w)exp - 'j;é ) (2.9)
we have
a(w,z, ,—L) = f(w)( 10 )d_lex (— .| ) rp(w)=r (1+iLCO>1/2
B N rr(w) P 2r? (w)/’ L= r3w ’

which shows that the Rayleigh length Ly (for d = 3 and with f centered at wy) is

Therefore we consider in this paper a high-frequency regime in which
X < 1o < L, ML ~ 72, (2.10)

so that the slowly-varying envelope approximation will be valid and the diffractive
effects will be of order one.

2.2. The White-Noise Approximation. We consider now the situation when
the medium is not homogeneous, but rather fluctuating on a fine scale and modeled
in terms of a random field. Such modeling is for instance motivated by wave propaga-
tion scenarios in the earth’s crust, the atmosphere or the ocean. Then the medium is
typically heterogeneous and its pointwise parameter values cannot be identified pre-
cisely. However, one can often characterize the statistics of the heterogeneities and
then examine how the statistics of the wave field is affected by the statistics of the
medium fluctuations.

Let the local index of refraction in (2.1) be modeled by

n2(asl,xd) =1+m(x ,xq),

for m being the centered random medium fluctuations. We assume that m is a station-
ary zero-mean random process that is mixing in x4 and with integrable correlations.
We denote by o, the typical amplitude of the fluctuations of the index of refraction
(the standard deviation of m), and by [. the characteristic length scale of the medium
fluctuations (the correlation radius of m). We consider the situation in which the
correlation length is of the same order as the beam width to capture the most delicate
interaction in between the lateral fluctuations of the medium and the beam:

le ~ 79 < L. (2.11)
In this case (2.6) reads
1e w
By 0t = —2—£ @, G — ﬂm(muxd)d, (2.12)

the Schrodinger equation with a random potential, also referred to as the paraxial or
forward-scattering wave equation [37]. In the case with very small or weak potentials
the method of smooth potentials [35] for instance or a Rytov type method [43] can
be used. However, the use of such perturbation methods do not describe a range of
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physical phenomena in situations with relatively strong medium interaction or “satu-
rated fluctuations”. This is the regime we consider in this paper corresponding to the
scaling regime outlined above with a medium correlation length that is small relative
to the propagation distance and large relative to the wavelength. Specifically, we shall
assume that the potential has the white noise scaling when viewed as a stochastic pro-
cess in the propagation coordinate. For m a rapidly decorrelating centered stochastic
process as in (2.11) we indeed have for 24 € (—L,0) that

B(x, ,zq) = /Omd m(x, ,z)dz (2.13)

behaves weakly (or in distribution) as a non-standard Brownian field, that is a Gaus-
sian process with mean zero and covariance

E[B(xL,Z‘d)B(IBi y x:i)] = min{‘de |l‘:1|}’}/($i - :Ll) ) (2'14)

where the covariance y(x, ) is given by

y(x,) = /OO E[m(0,0)m(z, ,zq)]dz,. (2.15)

— 00

The main challenge is now to show that a “white-noise approximation”, corre-
sponding to replacing the contribution from the potential term m in (2.12) by an in-
tegral with respect to the Brownian field B is valid when starting from the Helmholtz
equation. That is, we need to show that the simultaneous limits of the paraxial and
white-noise approximations are valid. This was first accomplished in the case of strat-
ified weakly fluctuating media in [2] and for three-dimensional random media in the
case of scalar waves in [26], while here we prove this limit result in the case of rather
general hyperbolic systems. The mathematical approach we use is an invariant imbed-
ding technique that allows us to convert the boundary value problem associated with
the Helmholtz equation to a nonlinear initial value problem which subsequently can be
handled via averaging and diffusion approximation theorems to show the convergence
of the wave field in distribution to the solution of an It6-Schrédinger equation. Cor-
responding to the situation in (2.13) the convergence can only be obtained in a weak
or distributional and not pathwise sense. We have that & converges to the solution
of the It6-Schrodinger equation as analyzed in [12] and extensively used to describe
physical wave propagation [41], it reads:

dé(w,z, ,xq) = —@Aw dw, x, ,xq)dag — Eovz(w,:nwgcd) odB(x, ,zq4), (2.16)
2w L 260
where x4 runs backward from z4 = 0 to x4y = —L. The symbol o stands for the

Stratonovich stochastic integral in x4 and B(x, ,x4) is the non-standard Brownian
field or Gaussian process with the covariance (2.14). In the It6 form we have

1c w?~(0
da(w,x, ,zq) = _QTSA%OV‘(W’:EL’xd)dxd + 870(2 )d(w,$wxd)dxd
0
~ 2 A(w,x, ,2q)dB(a, , ). (2.17)
200

The Tt6 correction has here a plus sign because the equation runs backward in z4.
In this paper we want to address the regime in which the random fluctuations of the
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medium are responsible for an effect of order one. From (2.17) this means that we
should have v(0)LwZ/c3 of order one, or equivalently (using (2.15)),

o2l.L ~ \}. (2.18)

Since l. ~ 79 and L ~ r2/)\o (by (2.10)) this means that the typical amplitude o,
of the medium fluctuations should be small, of the order of (A\g/r¢)%/?, in order to
address the regime in which diffractive and random effects are of the same order. We
now proceed by commenting on some consequences of the It6-Schréodinger description.

2.3. Statistics of the Wave in the White-Noise Paraxial Approximation.
First, we describe the mean or coherent field that we denote by M7 o = E[d]. It follows
from (2.17) that this solves

OM 1c w2 0
6x20 (W7 z , xd) = _TMOAEL Ml@(“”? T , xd) + 8’1% )Ml,o(w, ilZL,LEd)7 (219)
so that
w2y(0)L
Mlyo(w, z , *L) = OVlhomo(wa T, 7L) exp ( - %)’
0

where Gnomo is the wave solution in the homogeneous medium. The exponential

damping reflects the fact that the wave field becomes partly incoherent as it propagates

into the medium. The characteristic depth of penetration L, of the coherent field is
2 A3

"2 9(0)

which is called scattering mean free path in the physical literature. Moreover we have
the following expression for the mean transmitted pulse

E[a(t’ Z, , *L)] = [NUL () * ainc('a Z, , *L)] (t) (220)
where * stands for a convolution product in time and

7(0)L
403 '

=~

Nop (t ! £
O'L( ) - 27_(_0_% exXp ( 20_%)a o
The result (2.20) follows directly from the fact that the damping term in (2.17) is
independent of the offset , in our beam geometry. Therefore, for the mean, the
random fluctuations in the medium have the effect of smearing the signal in time
through convolution with a Gaussian kernel of width oy. It results in the loss of
coherence of the wave field even though the total wave energy is conserved, the amount
of smearing scales diffusively as VL. Note however, that the pulse in a particular
realization of the medium may be very different from the mean pulse that is obtained
by averaging over pulses in different media realizations.

In order to obtain more insight about the statistical structure of the wave and
how the pulse in a particular realization typically differs from the mean it is useful to
compute its higher-order moments, in particular the second-order moments that allow
us to characterize a decoherence frequency and length and also the spreading of the
pulse [18, 26]. The fourth-order moment can be used to describe intensity fluctuations
and also the scintillation index, moreover, it is used for characterization of statistical
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stability of imaging functionals and in time-reversal problems [5, 39]. For the general
moment we define the (n, m)—order moment of & in the context of the It6-Schrédinger
equation (2.17) by

M’nm(w m£1)7"'7w£n)7y£1)7"'7y£ {Hdwm xd H 7yl 7 }7

(2.21)
and it then follows from (2.17) and It6’s formula that M, ., solves the closed-form
equation

8M"’m - ZCO ( Z A (J) + Z A (k)) n,m ﬁvn,mMn,ma (222)

0z 82
running backward from z4 = 0 to 4 = —L, where we have introduced the potential
Vam=2 Y @D —y®)— > y@ —z®) - Y 4y -y
1<j<n,1<k<m 1<j,k<n 1<j,k<m

This is a Schrédinger equation with a deterministic potential in (n+m)(d—1) dimen-
sions and it is not exactly solvable in general. However, the equations for the first-
and second-order moments can readily be solved [34, Chap. 20]. We discussed the

first-order moment above. The second-order moment solves
a]\4171 ZCO 2
drg 2w( Az +A9L)M11+4 2( (0) —v(z, —y,)) M.

We remark that the second-order moments can also be expressed in terms of the
Wigner transform [26]

. . Yy = Y
W(w,x, , Kk, ,74) = /d exp(—ik, -y, )E [a(w,acl + ;,xd)a(w,% - ?,xd)} dy, .
R —1

This representation is a convenient to deduce the explicit expression for the second-
order moment of the field with the initial condition (2.9):

2 d=1
Yy Yy 0 F 2/ TH 2 .
Mia (w,a:L + ?,ml - ?*,— ) = f(w)| (E) /Rdil dk, exp (“‘”u -:cL)
1 Kk Legi2 ik |2 w? 0 zco
<oxp (= galu - =02 - g [l £ T - 2(00d).

The second-order moment exhibits a very interesting multiscale behavior and we refer
to [30] for a detailed discussion. This second-order moment along with the fourth-
order moment play an important role in applications to time reversal and imaging.

The It6-Schrodinger equation presented in this section in (2.17) corresponds to the
one derived in the application to acoustic waves presented below in Section 8.1. There,
the It6-Schrodinger equation is presented for the transmission operator rather than for
the field itself. The general It6-Schrodinger result for general symmetric hyperbolic
systems is presented in Section 5. A main point is that via the It6-Schrodinger
equation we have replaced a boundary value problem associated with the Helmholtz
equation with radiation conditions by an initial value problem, which is important
both from computational and analytic viewpoints. It is a fundamental modeling
equation in particular for wave propagation in the atmosphere and the heterogeneous
earth. It is therefore important to obtain a mathematical derivation which makes
explicit the conditions under which it is valid.
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3. Hyperbolic System in a Random Medium. We consider a general hy-
perbolic system for waves propagating in a d-dimensional medium with heterogeneous
and random fluctuations:!

) 2% 13 D, _ e 3.1
where the vector wave field u® (¢, ) takes values in R” and f¢(t, «) is the source term.
This is a general model that can describe acoustic, elastic and electromagnetic wave
propagation [11], as we discuss in Section 8. This model was used in a different scaling
regime than the one we introduce below in order to derive transport equations for the
energy density of waves in a random medium in [40]. In our paper we aim at deriving
It6-Schrodinger equations from the model (3.1).

We consider the situation in which a random section occupies the region x4 €
(=L,0) and is sandwiched in between two homogeneous half-spaces. The medium
parameters are:

Co ifeg<—Lorxzy>0
1> . )
C (:B) o {CQ +5301 (%) if x4 € (—L,O)7

€

(3.2)

with € a small parameter.

The constant real matrix Cq is symmetric and positive definite. The real ma-
trices Dy, are symmetric and do not depend on (¢, ). They model the unperturbed
hyperbolic system.

The random matrix-valued process Cy(x) describes the medium fluctuations. We
assume that it is stationary and zero-mean and that it satisfies strong mixing condi-
tions in x4. The parameter 2 characterizes the ratio of the correlation length of the
random medium fluctuations to the thickness of the random section.

We consider a source term with a transverse spatial extent of the order of 2
so that the medium fluctuations and the beam will interact strongly. Moreover, in
order to deal with a situation in which diffractive effects are of order one we consider
a high-frequency regime in which the typical wavelength is of order * (in order to
satisfy (2.10), which means that the Rayleigh length is of the order of the propagation
distance). Therefore we write the source term in the form

t x
ot = £(5. %) daa). (3.3)
where @ = (x,,24), x, = (21,...,24-1). This is a model for a source acting on a

thin region in the x4 = 0 plane. It will give jump conditions on the wave field across
the interface. The source generates a wave beam that propagates mainly along the
xrg4-axis as we explain in detail in Section 5. We assume that the Fourier transform
f(w,x, ) defined by

flw,x )= /_00 f(t,z, )exp (iwt)dt

is compactly supported in w in a domain away from zero.

IThroughout the paper, symbols of scalar quantities are printed in italic type, symbols of vectors
are printed in bold italic type, and symbols of matrices are printed in bold type.
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Finally, as seen in (3.2), we also assume that the amplitude of the random fluctu-
ations is of order 2. This corresponds to the scaling (2.18) and this is the interesting
regime in which the medium fluctuations give rise to effective terms of order one when
€ goes to zero, as we will show in this paper.

4. Wave Propagation in Random Media.

4.1. Wave Mode Decomposition. We rescale the transverse spatial variables
and the time variable so as to observe the wave at the scale of the source and we take
a scaled Fourier transform in time:

uf (w, x) = / us(e't, e%m, , wq) exp (iwt)dt.
—o0
The vector field @°(w, ) satisfies the time-harmonic form of (3.1):

das
8xd o

Fflw,z )d(zq). (4.1)

w 12 fas
. g2 ~ e
71—840 (e“x, ,zq)0° + = kgl Dk—amk + Dy

When the medium is homogeneous C; = 0, then there exist plane wave solutions
that depend only on x4. They satisfy
ou w

C,'Dy Bon = i (4.2)

away from x4 = 0. It is convenient to introduce the inner product
(u,v), = u' Cyu, (4.3)

where T stands for the transpose. This inner product is the natural one for the system
(3.1). The matrix Cy Dy is self-adjoint with respect to the inner product (4.3). We
denote the real eigenvalues of Cy ' Dy by (¢;)j=1... ., and sort them in increasing order.
There may be multiple eigenvalues. The corresponding real eigenvectors, denoted by
(¥;)j=1,....n, are chosen to be orthonormal with respect to the inner product (4.3).
They satisfy:

Cy'Dyu; =cjuj, j=1,...,n. (4.4)

Note that
’U/?Dd’u,j/ = U?COCalDd’U,j/ = Cj/’u,?CO'UIj/ = Cj/(Sjj/, j, j, = 1, ey n. (45)
We partition the index set {1,...,n} of the pairs of eigenvalues/eigenvectors into

three subsets:
Ad:{jacj <0}7 AOZ{jaCjZO}v Au:{]’cj >0}

- The modes (u;);ea, represent the downward-going wave modes, i.e. modes propa-
gating towards the negative x4, of the form:

. . . WITyg
u(w, z) = &, (w)e (2—)11-7 4.6
(0.2) = &y () exp (1225 ), (16)
where &;(w) € C.
- The modes (u;);en, represent the upward-going wave modes of the form (4.6).
- The modes (u;, ) ,en, represent the nonpropagating wave modes.
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We assume that Ay # 0 and denote ng = card(Ag4). We now introduce Hypothesis
H1 that is fundamental to prove the forward-scattering approximation (which means
that the wave goes downward and no energy is reflected in the asymptotic regime
g — 0) and to derive a system of paraxial equations for the wave mode amplitudes:

For all j,l € {1,...,n}? such that c; = ¢,

Hypothesis H1: we have u] Dyu; =0 for all k€ {1,...,d -1},

Although it is not necessary for the forthcoming analysis, we can explain heuris-
tically why Hypothesis H1 is a necessary condition for the validity of the paraxial
approximation. Note first that a general plane wave in our scaling takes the form

exp (m -x— iw€—4)u,

with K the wave vector that gives the spatial direction of the plane wave and u the
vector profile. The paraxial approximation aims at describing beam waves that prop-
agate along the z4-axis. In (4.6) we have identified ng plane wave modes propagating
downward along the z4-axis. The jth plane wave mode has wavevector (0, ..., 0, CJ%),
vector profile u;, and speed |c;|. A paraxial perturbation (in the scales of the paraxial
regime) of the jth mode has a wavevector of the form k° = (<3, ..., “24=1, oot ).
It can exist provided there is a vector profile u® such that u®exp(ik® - ) is solution
of the homogeneous time-harmonic wave equation. This vector profile can be written

in the (w;);=1,. ,-basis as u® = u; + >, ; e2dju;. This perturbation should satisfy

the dispersion relation 23 Cou® — Zzzl Dyu®si = 0. Projecting this relation onto the
vectors u; and collecting the leading-order terms, we get that the coefficients d; should
satisfy d;(—1+ ¢ /c;) + Ez: skujTDkul =0 for all I # j. A necessary condition for
these equations to have a solution if that Hypothesis H1 is satisfied.

In fact, the situation ujTDkul # 0, for some k, represents a diffractive coupling
between the modes j and [ and in Hypothesis H1 excludes certain forms of such cou-
plings. We remark that cross diffractive coupling between modes of different wave
speeds is allowed since the separation in wave speeds then serves to control the cou-
pling effect, see Eq. (4.10) below. We will show that a paraxial approximation can
be defined with Hypothesis H1 and an additional technical hypothesis H2. We will
also show that an additional hypothesis H3 introduced in Proposition 5.1 can serve to
simplify the structure by making it diagonal in the case of a homogeneous medium.
In the case of a random medium we shall introduce an additional hypothesis H4 in
Proposition 5.2 which serves to retain the diagonal structure also in the random case,
but Hypotheses H3-H4 are not necessary to write a Schrodinger-type system (we give
such an example in Subsection 8.4).

4.2. Evolutions of the Wave Mode Amplitudes. When the medium is het-
erogeneous we expand the solution of the system (4.1) in the basis (u;)j=1,.. n:

. . .WTq o
uf(w,x) = Z &5 (w, x, ,zq) €xp (Z@)Uj + Z a5, (w,x, s za)ug,.  (4.7)
JEAGUA, J Jo€Ao
11



The evolution equations for x4 € (—L,0) are obtained by substituting the form (4.7)
into (4.1) and multiplying by Cal

= Z o Ujo T+ Z ZC leuj—exp( wxd>

4
C;€
Jo€Ao jEAdUA“k‘ 1
d—1
1 a5 da5 wxgq
.7
+€—2 E E Cy! Dkuma + E P uJexp( 5)
Jjo€Ag k=1 JEAGUA,,
_1 Xd ‘e .WZTq
= E ?CO Cl(-’EL,?)’U/jO[jeXp (Zg
jeAduA J
c 1Cy (), 2)uy,al 48
£ My s, (48)
Jo€Ao

By projecting (4.8) onto Couj,, jo € Ao, we find by using the orthonormality
property of the eigenvectors that

,Z‘ Z Z u; Dkuj exp( wmd) Z Z u; Dkulg 87

]EAdUA k=1 lgerk 1

= Z ?(ujj':)cl (wlvg)uj)dj exXp (Z%) + Z ?(u};Cl (aﬂvg)ulo)dlg{)‘

JEAGUA, lo€Ao

Using Hypothesis H1 for jo,ly € Ag (which are such that ¢;, = ¢;, = 0) gives

a5, (w, @, = —z— Z Z u; Dkuj 8 ( ', Td) €Xp (i%) +O(e%).
Y jehaun, k=1 J
(4.9)
This shows that to leading order the complex amplitudes of the nonpropagating wave
modes can be expressed in terms of the complex amplitudes of the propagating modes.
By projecting (4.8) onto Cou;, j € Ag U A, we find

8@5 LWTg

— exp (z—)

T orq Cj54

— % W 5'
= = E E u; Dy —exp( 064) E E u; DkuJO
1€AGUAL k=1 Tk ! joEAgk‘ 1
Zu} WTyq T Tq B
+ E u C1 )ul)al exp (Z—Cl€4) + E ?(uj Cl(:cL, =2 )ujo) a5, -
I€AqUA,, jo€Ao

Substituting (4.9) into this equation gives
das

d—1
1 1
7 _ TDu (ﬂ f_i)
Oz 520] ze/ggAu; o) et ( )
d— E

0%a . 1 1
Z Z Z u; Dkujo (u Dk/ul)a k’axk p<l%(7_7_))

I A UAy k=1 jocho a ¢
w T4 wxg 1 1
+— Z ('uJTCl(wU —)ul)al exp ( —4(— — —)) + O(e). (4.10)
€% 1eA 0, e £oa g

12



It can be seen from Eq. (4.10) why Hypothesis H1 is necessary to ensure the validity
of the paraxial approximation: the first term of the right-hand side of (4.10) has
amplitude e 2. This term will blow up if, for some pair (j,1), we have ¢; = ¢; (so that
the rapid phase is zero and it cannot average out the expression) and the amplitude
(u]TDkul) is not zero for some k = 1,...,d — 1. Hypothesis H1 ensures that this
situation does not occur for any pair (j,1).

4.3. Boundary Conditions. The boundary conditions at x4 = —L correspond
to a radiation condition which means that there are no upward-going waves coming

from —oo:
Ov‘;(w7wlaxd = _L) =0, JE€ Ay. (411)

The boundary conditions at 4 = 07 correspond to a radiation condition which
means that there are no downward-going waves coming from +oo:

&(w,z ,2a=0") =0,  j€Aq (4.12)

The source imposes jump conditions at the interface x4 = 0. From (4.1) these
jump conditions read:

D[t (w, z,,7)]0 = Flw,,). (4.13)

Projecting onto w; and using (4.5) and (4.12) give boundary conditions at q = 07:

d;(wva’l70_) = ﬁj,inc(“-}aa’l)y ] S Ad, (414)
with
. 1 T
jimc(w, @, ) = Y Flw,z,). (4.15)
J

4.4. Energy Conservation. The energy density and the energy flux in the kth
direction are respectively

1 1
Ef(t,x) = ius(t,x)TCE(:c)ug(t,sc), Fr(t,x) = §u5(t,m)TDkus(t,m).

From the boundary conditions (4.11) and (4.14) the total energy flux incoming in the
section x4 € (—L,0) is

1
Fie=3 [[ whelt.e) " Da (b2 )da, .

where the incoming wave field is

€ t x
uinc(tamJ_) = Z Uj,inc(g, ﬁ)uj, (416)
JEA4

1

'Uj,inc(t, :BL) = % /{}j,inc("W aﬂ)exp(_io‘}t)dw' (417)

Using (4.5) we find

et ] ,

inc — T Z Cj // |vj,inc(w7mJ_)’ d:chw (418)
JEA4

13



(the flux is signed and here F7,.
transmitted flux is

gd+2(d-1) )
Fi = Z ¢ // |a w,x, ,xg=—L)|"dw, dw, (4.19)

JEAa

< 0 since ¢; < 0 for j € Ag). Similarly the total

and the total reflected flux is
c4+2(d—1)

f = Z ¢ // |a (w,z, ,xq= 0_)|2d:cldw. (4.20)

JEAL

Energy conservation imposes that

e e
‘7:1nc ref

= FE. (4.21)

4.5. The Two-point Boundary Value Problem. Let us next introduce the
column vector

Xs(w,azwmd) = (d;(w,w

L’wd))jeAduAu' (4.22)

From (4.10) the vector X°¢ satisfies in the section x4 € (—L,0) the linear system

dXxXe

=A*
dxd

zq)X°, (4.23)

( 9 J_?
where the (j, [)-entry of the square matrix A® = (A;;);1ea,0a, is given by

. 1 . 1. < . 1 1
A5 (w,x, ,2q) = [?Aﬁ)(w) + ng.})(%wL, m—;) + A;_(l])(w)} exp (Z%(f — 7))7

C| Cj
A(O)(w) . Z Z u TDyu; u D u) o (4.24)
jl = k jo kU .
! LUC] k,k'=1 joE€Ao 8xk/8$k
w
AS) (W ,xd) = f(uchl(wpxd)w), (4.25)
Cj
d—1
1 T 0
D 4.2
o 2 (u D) o (4.26)
J k=1

From (4.11-4.14) the vector X¢ satisfies the following two-point boundary conditions
at g = —L and x4 = O:

H IX*(w,x ,~L)+HX(w,z, ,0)=V(w,z,), (4.27)

where the vector V(w, z, ) and the diagonal matrices H=% and H? are defined by

~ Vi inc(w, T if‘€A,

Vo) = { groles) f0E M (4.28)
|1 ifj=lel,, o | 1 ifj=1lelq

Hy™ = { 0 otherwise, 5 = 0 otherwise. (4.29)

In the expression (4.24-4.26) of A® we have neglected terms of order ¢ and smaller,
and kept only the terms of order e72, ¢!, and 1.
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If the source is , -independent and if the medium is homogeneous (C; = 0), then
the solution of (4.23)-(4.27) is a constant vector which corresponds to a collection of
downward-going modes:

Se ﬁ-’incw lfjeA —
Xj(w,a,l,:cd){ OJ () iijAZ V(x,,zq) € R x [~L,0].

If the source is @, -dependent and/or the medium is heterogeneous, then trans-
verse spatial effects and/or random effects have to be taken into account:
1) The terms associated with the matrices A(®) and A in (4.26) correspond to de-
terministic transverse spatial effects.
The terms associated with the matrix A(®) have amplitudes of order one and rapid
phases. In the limit € — 0 only the terms with no rapid phase will survive, that is,
the entries (j,1) for which we have ¢; = ¢;.
The terms associated with the matrix A have large amplitudes, of order e~2, but
they also have rapid phases that vary at the scale ¢*. Note that Hypothesis H1 im-
poses that the entries (j,) for which there is no rapid phase ¢; = ¢; satisfy Aﬁ) =0.
We will see that these large-amplitude and rapidly fluctuating terms give rise to ef-
fective terms of order one in the limit € — 0 through the application of an averaging
theorem for highly oscillatory differential equations.
The deterministic effects associated with the matrices A and A®) consist in cou-
pling between modes with different velocities, including coupling between upward-
and downward-going modes, and it is crucial to take them into account in the deter-
mination of the paraxial wave equation. As we will see, the reflected upward-going
mode amplitudes are vanishing in the limit ¢ — 0, but the coupling terms between
upward- and downward-going modes give important contributions to the dynamics of
the transmitted waves.
2) The terms associated with the matrix A(!) in (4.26) correspond to downward and
upward scattering and coupling between modes due to the random heterogeneities of
the medium. These terms have large amplitudes, of order =%, but they vary rapidly
at the scale €2, and the driving processes have mean zero and mixing properties. They
will also give rise to effective terms of order one in the limit ¢ — 0 through the appli-
cation of a diffusion approximation theorem. The limit of X< will be characterized
by a system of stochastic partial differential equations driven by correlated Brownian
fields.

5. The Paraxial Wave Equations. In this section we state the main results
of the paper. Proposition 5.1 describes the paraxial equations for waves when the
medium is homogeneous and it is proved in Section 6. Proposition 5.2 describes the
white-noise paraxial equations for waves when the medium is randomly heterogeneous
and it is proved in Section 7. The proofs are based on the wave mode decomposition
set forth in Section 4.

We assume that there are n distinct nonzero eigenvalues:

{51,...7571} = {Cj, RS AdUAu}, with ¢ < --- < é5. (51)

We denote by 714 the number of distinct negative eigenvalues. For p = 1,...,fig (which
is such that ¢, < 0) we denote by

Agp) ={j=1,...,nsuch that ¢; =, }, (5.2)
15



the set of modes with the velocity ¢,. The multiplicity m, of the eigenvalue ¢, is

the cardinal of the set A&p ). We now state an additional hypothesis that prevents
anomalous coupling between pairs of modes:
_ The positive numbers |, —
H H2: - b
ypothesis H2 for 1 < p < q<n are distinct.
PROPOSITION 5.1. When the medium is homogeneous C1 = 0, under Hypotheses

&t

H1-H2, in the limit e — 0, the transmitted wave at x4 = —L consists of the succession
of g wave fields that emerge around times —L/¢,, p=1,....1
e L 4, 2 e=0  (p)
U (t:—f—&—s s, € wﬂxd:—L) = ug (s, x,). (5.3)
Cp

The field uEf) is a superposition of wave modes with the velocity ¢,:

ul (s,0,) = 3 ogls.@,)u;. (5.4)
jEAfip)
The Fourier transforms é&;(w,x,), j € A ), of the wave amplitudes (s, x, ) are
given by
(dj(w, wi))jEA((ip) = s T(P) (Wﬂﬁ — :Bi,xd = 0) ({)j’inc(w, wi))jeAg@dwi,

with Ujinc given in (4.15). The 1y, x my-matriv TP (w,x, ,z4) is solution of the
coupled system of parazial wave equations:

- Cod—1 o
8T(P) _ 1 Z 0 T(p) l-\(p,k,k/)7 (55)
Oxg w o 0x1. 0Ty
starting from TW) (w,x, ,xq = —L) = 6(x, )IP), where I®) is the m, x m, identity

matriz and the m, X mp symmetric matrix @R G defined by

1
) S e, o)
j’,cj/iép

+(ul, , Dyuy) (ul, | Dy, )} Gl=1,...1,  (5.6)

where My =0 and M, = Y1 g
Let

. (p,k,k") .
Hypothesis H3: The matrices T’ are diagonal

forallp=1,...,7g and k, k' =1,...,d — 1.
Under Hypotheses H1-H3, for any j € Aq the Fourier transform é;(w,, ) of the wave
mode amplitude o (s, x,) is given by

dj(w,x, ) = /Rd_1 Tj(w, T, — a:i,xd = 0)z7j7inc(w,wi)da:i,

where the scalar-valued process Tj(w, X, ,xq) s solution of the parazial wave equation:

Z GURK) _Z 5 T (5.7)

X
8zd kk’ 1 0 k@xk/

16



starting from Tj(w, @, ,xq = —L) = §(x, ), where the real-valued coefficient GUHK)
is defined by

- 1
GUF) = Z cjr —¢; (uj Dyuyr) (uj Dyugr). (5.8)
j',Cj/$£C_7'

Note that:
- Equation (5.5) can be solved explicitly in the transverse spatial Fourier domain

i(za—L) 2
T(p) (wﬂ KL?‘('Cd) = €xp ( - d Z F(p7k7k )Kkﬁk’>a
w
k,k'=1
which shows that (5.5) can also be written as
d—1

Al
kk'=1

T

) 92T
8xk8xk/ '

(5.9)

1
0xq w

- Hypothesis H3 is readily satisfied if the negative eigenvalues are simple, since then
my, = 1 and the matrices PR are of size 1x 1.

Proposition 5.1 describes how the downward-going wave modes propagate into
the homogeneous medium. The form of this Schrédinger system is simple but its
derivation is not obvious. One has to show that the forward-scattering approximation
is valid. One has to take into account the coupling of downward-going waves with
upward-going wave modes and with non-propagative wave modes. As we will see, the
brutal suppression of the upward-going (i.e. reflected) and non-propagative modes
from the equations leads to wrong results. The reflected modes are vanishing in the
limit € — 0, which means that there is no transfer of energy from the downward-
going modes to the upward-going modes, but the averaging of the coupling terms
between upward- and downward-going modes give effective terms that contribute to
the expressions of the diffraction operators.

We now give the result when the medium has random fluctuations.

PROPOSITION 5.2. When the medium is randomly heterogeneous Cy % 0, under
Hypotheses H1-H2, in the limit € — 0, the transmitted wave consists of the succession
of ng wave fields that emerge at 4 = —L around times t = —L/é,, p = 1,...,7q,
as described by (5.3). They have the form (5.4) and the wave mode amplitudes are
described below.

1) Let us write the random matriz Cy(x) in the form

Cl(vaxd) = Zg(r)(mwxd)h(”, (510)
r=1

where the real-valued fields g™ (x,,xq) are stationary, zero-mean, and mixing in Tq
and the matrices h") are constant.

Forp=1,...,7n,, the time-harmonic fields &;(w,x,), j € Afip), are given by

(dj (w, wL))jeAff) = /]Rdi1 T(P) (w’ ;L'L,lei”rd =0) (@j,inc(Wy a:i))jeAfip)d:Bi.
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The m,, x m,-matric kernel f(p)(w,azi,wi,xd) is solution of the coupled system of
paraxial wave equations:

= (p) _ 1 D) (P)ng (rp) )
d re dx NP o QW ("
T Z 8mk6xk/ g+ . ;’T o (!, 2q)

Sy vA (0)FP [NCPNCP) - NCINCEP]dz,,  (5.11)

P 1<r<s<n,

starting from 7 (w,z, 2 ,xg=—L)=6(x, —z' )I®). Here the symbol o stands for

the Stratonovich stochastic integral, the m, X my,-matriz | NCLLRRPP defined by (5.6),
the W(T)(:cﬂxd), r=1,...,n, are correlated Brownian fields with the covariance

EW ) (@, 2a)W® (], 2y)] = min{(L +zq), (L + 2}y (@] — ), (5.12)

the matrices v°(x, ) and v (x,) are given by

VES(QH) :/ ]E[g(r)(070)9(5)(3&,.%(1)}(11'(1,
e} 0
A/?i(x ) = / ]E[g(T) (an)g(S)(wlvmd)] d‘rd _/ ]E[g(T) (an)g(S)(wlvmd)] d(Ed,
0 —0o0
and, forr=1,...,n;, p=1,...,7q, the m, X m, matric NP) is defined by
NP = uﬁpﬂh(”uﬂ;{pﬂ Gl=1,...,1m,, (5.13)
where My =0 and M, = ZZ;} Mg.
2) Let
Forallr=1,...,n,, p=1,...,04,

Hypothesis T4z o o atriz NG 4 diagonal.

Under Hypotheses H1-HJ, the time-harmonic fields é;(w,x, ), j € Aq are given by

dj(w, ) = Ti(w,z, 2, 2q = 0)0inc(w,z’ )da’,
Rd-1
with Vjinc given in (4.15). The operators ’7; are the solutions of the following It6-
Schrédinger diffusion models for x4 € (—L,0):

. d—1
- 1 ) 92 .
dﬁ(wawLawide) = ; Z G(J’k’k )WT(W T, 7wi,$d)d$d

kk/=1 kY k
W , ,

+Tjw ., @), xa) 0 dBj(a],za), (5.14)
J

with the initial conditions
Tiw,z, 2 ,2g=—-L) =6z —=z). (5.15)

Here the Bj(x, ,x4), j € Mg, are correlated Brownian fields with the covariance

E[Bj (wL,xd)Bl(mi,x;)] = min{(L + xd)v (L + x:i)}P)/jl(wi - a’l>7 (5'16)
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where the covariance matriz v(x, ) is given by

vi(®, ) = /OO E[(u?Cl(O,O)uj)(uchl(mL,xd)ul)}dxd. (5.17)

oo

Note that:
- The stochastic partial differential equations (5.11) and (5.14) are written using the
Statonovich stochastic integral. In It6’s form they read respectively
.od—1 = (p) .oy
~ 82 ’ -~
d’T(p) _t %F(p’k,k Ddzg + aﬁ Z T(p)N(T’p)dW(T)(a:i ,Zq)
w = Oz 0x1., Cp =

w2

—om Z ’yTS,S(O)f(p)N(s’p)N(r’p)dxd
P 1<r,s<n,
2
7;gs(o)j—@) [NEPNCP) - NCONED]dz,,  (5.18)

1<r<s<n,

w

2
2cp
and

. d—1 )
. ) R 9? . w s w? .
d7; = = E GUk.k )a:rax; Tidzq + c—j7}dBj(:ci,xd) ~ 52 7vj;(0)T;dzq . (5.19)
k,k'=1 ! J

The It6 corrections have minus signs because the equations run forward in xg.
- When the random process Ci (i) is of the form (5.10), the matrix vy(x, ) defined by
(5.17) is also given by

Ny

vi(x, ) = Z (ujTh(r)uj)vfs(mL)(ulTh(S)ul), Jyl € Ag.

r,s=1

- Hypotheses H3 and H4 are satisfied in particular when the negative eigenvalues
(€¢)j=1,...,ny are simple.

The It6-Schrodinger equations (5.11) or (5.14) describe how the wave modes prop-
agate into the random medium. The important qualitative results are that the forward
scattering approximation is valid in the scaled regime considered in the paper, and
that the scattering effects of the random medium can be modeled by correlated Brow-
nian fields that only depend on the two-point statistics of the random fluctuations of
the parameters of the medium.

In order to give a complete characterization of the transmitted field, we add that
there is no other transmitted wave in the sense that for any time ¢y & Ujea, {—L/c;},

uE(t =to+e's, %k, ,xq = —L) =90.

There is no reflected wave in the sense that for any time t5 > 0,

u(t=to +e*s, ez, 24 = 0) 0.

In [12] the existence and uniqueness have been established for the random process

Vitw,z ) = [ Tilonn,al )0yl
»
19



Td

Fic. 5.1. Boundary conditions for the wave modes with a source at xqy = 0 and radiation
conditions at +oco.

for any test functions ¢; with unit L?(R?~!,C)-norm and j € Ay. Furthermore,
it is shown that the process Vj(w,x,,zq) is a continuous Markov diffusion process
on the unit ball of L2(R%~!,C). The moment equations moreover satisfy a closed
system at each order [20]. It is straightforward to generalize these results for the
joint distribution of the joint process (V;) ea,. The interested reader can find explicit
calculations for the mean intensity, the autocorrelation function, and other relevant
quantities of the transmitted wave in [26].

The fact that the solutions of It6-Schrédinger equations have constant L?-norms
shows that the sum of the energies of the transmitted mode waves (in homogeneous or
random media) is equal to the energy of the incoming wave. Indeed the total energy
flux generated by the source and entering the random section at x4, = 0 is given by
(4.18) (in the limit of & small). Moreover, the corresponding total energy flux of the
transmitted wave modes (5.3) exiting at x4 = —L is

cA+2(d—1) 5 / e
tEr,j = ch //‘/7}((‘)5mJ_vaa_aO)/Uj,inc(wamJ_)de_ demJ_'

This shows that we have 75, =5 jeny Fir,j» which illustrates the fact that no energy
is reflected and all the energy is transmitted in the form of the 14 wave fields described

in the propositions.

6. The Derivation of the Paraxial Wave Equations in the Homogeneous
Case. In this section we assume that there are no random fluctuations C; = 0 and we
prove Proposition 5.1. We transform the two-point boundary value problem (4.23)-
(4.27) into an initial value problem. This is done by an invariant imbedding step
in which we introduce transmission and reflection matrices. The principle of the
invariant imbedding approach is explained in detail in [19, Chapter 4]. First, we
define the lateral Fourier modes for j € A, U Ag:

aj(w,ﬁﬂxd) = /d;(w,wﬂxd)exp ( — ik, -wL)d:cL, (6.1)
where we have denoted kK, = (k1,...,%4—1). The reflected wave is characterized by
a5(w, K, 24 = 0) for j € A, and the transmitted wave by a5(w, K, ,zq4 = —L) for

j €Ay
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The parameters w and k, are frozen in the problem, so we shall not write explic-

itly the (w, k, )-dependence of the vectors and matrices. The column vector X (zq)
defined by

Xe(xq) = (&;(w,nl,xd))jeAduAu (6.2)
is the solution of the two-point boundary value problem:
55 CHPUR — — _
= A%(zq) X", H 'X*(-L)+H°X®(0) =V,
d.%'d
where the matrix A¢(z4) is defined by
—~ 1~ —~ wrg 1 1
A5y (xa) = [?le + sz} exp (ZET(C—Z - g)), (6.3)
R ;e
P = o (u?Dkul)ﬁky (6.4)
k

=1
Cd-1
sz—L Z Z (u] Dyuj, ) (u) Dprw) khin (6.5)

WC;
7 k,k'=1 jo€Ao

H~* and H? are given by (4.29), and

o i]\jjnc(w,ktl) lfj S Ad,
Vi= { 0 ifj € Ay, (6.6)
Uine,j (W, K, ) = /@j,inc(w,ill)exp(—ilﬁ'l sz )dx j e Ag. (6.7)

By applying Proposition A.1 of Appendix A , we get that the reflected and transmitted
modes are given by

a5(xq=0)=[R°(xza =0)V];,  j€A,, (6.8)
a5(xq=—L)=[T°(xza =0)V];,  j€Ag (6.9)

where the reflection and transmission matrices R and T¢ are solution of the initial
value problem

dR¢ ~ ~ ~ ~

W REA IR, Re=-0)=1 (6.10)
dr/f\s Texy0 A € e e

d,’Ed =-T°H"A (xd)R 5 T (J?d = —L) = I, (611)

and I is the identity matrix. Note that the linear boundary value problem has been
transformed into a nonlinear initial value problem, that has the form of a matrix
Riccati equation.

Next we wish to apply Proposition B.1, and write the system in a form which
is convenient for applying this result. We assume that there are n distinct nonzero
eigenvalues ¢, < --- < &; defined by (5.1) and we denote by 7, the multiplicity of

the eigenvalue ¢, for p=1,...,7n.
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Remember that ]Sjl = 0 if ¢; = ¢; by Hypothesis H1. We introduce the matrices
MO M®9) and PP for p £ q e {1,...,7}:

plra) _ { ﬁjl if ¢; = ¢p and ¢; = ¢y,

it 0 otherwise,
7O J\/Zj if ¢; = ¢, V@D _ ]\/ZJ if ¢; = ¢, and ¢ = ¢4,
Jt 0 otherwise, it 0 otherwise,

which allows us to expand the matrix A%(z4) into matrices which have the same rapid
phases:

~ 1 ~ wxg 1 1 ~ wxg , 1 1
A (l’d) = ? Z ~ {P(p q) exp ('LET(T — T)) —+ P(q p) exp (ZET(f — T))}
1<p<g<n
+MY + Z {M P4) exp (ZT(T — —)) + MP) exp (z—(f — T))}
_ et Ve G €

1<p<q<n
Using Hypothesis H2 we can apply Proposition B.1 which gives the asymptotic be-
havior of the reflection and transmission matrices. The limits (R, T) of the reflec-
tion/transmission matrices (R®, T¢) as e — 0 satisfy

dR REOMOR 4 1 [ ®ow
ded:(I—RH)M R+~ > T L&Y,
1<p<q<n ¢a ©p
AT Ao | 1
= _TH'M©® = L(T.pa)
day R+ w Z 1 _ 1 ’

1<p<q<i ¢q  &p
where the brackets stand for Lie brackets as defined in Proposition B.1:

d[(1 - RH)P(9R]

L2 o (1-RH"POIR),,
Js
9[(I - RH°)PU»)R] SR
,Z o (I-RH")PPPR)
7,k
L(Tpa) — Z aﬁ‘HOfD(p’q)ﬁ} (THOf)(qw)ﬁ)
= 2 T ik
Js
d[TH'PP9R] PO
-y = (1-RH")PYPR).
]zk: OR;, (( ) )Jk

O[THP@PR]
_ Z [ T ] (THOP(”’q)R)jk
ik

GTHPUPR]
il St S (P.q)
+Zk T (1-RH")PPIR) .

3,
It turns out that these equations can be dramatically simplified. Indeed, the Lie
brackets can be computed

L®Pa) _ (I— f{HO)(iS(p,q)iS(q,p) _ ﬁ(q,p)ﬁ(uq))ﬁ’
L(Tra — _THO(ﬁ(nq)f)(q,p) _ f)(q,p)ﬁ(pﬂ))ﬁ7
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which gives the following equations for the reflection and transmission matrices:

dR SO ~

— =(I-RH)DR, R(zgq=-L)=1, (6.12)
d.%‘d

AT ~onn -

— = -TH°DR, T(zqg=—-L) =1, (6.13)
d.%‘d

where

P ; 1 PR R

D=MO_*% _ = (pwoplap) _ plep)pp.a)
+— > T (PraPp plar)pr0)

1<p<qg<n ¢q Cp

— D — 1 o 5
—M©® +£ Z — PP, (6.14)

p#q=1 Ca  Cp

The matrix D is block-diagonal. There are n blocks and the pth block D® has
size m, x m, and it corresponds to the pairs of indices (j,1) such that ¢; = ¢; = ¢&,:

DO o ... ... o0
0 D® o ... o
D= @ZZID(P) _ ,
0
0 0 D®

p

1 1
DY e (2 (g Dy )i [ (g, y D )]

for j,l = 1,...,m,, where M, = 0 and Mp = Zz;} mg. From the block-diagonal
structure of D and the diagonal structure of H® we conclude that the system (6.12-

6.13) only couples modes with the same eigenvalue. Therefore R and T are block-
diagonal:

R(zq) = @7 RP(zg),  T(za) = &7, TP (),

and we describe the forms of the matrices R® and T® below:

e Let p be such that ¢, > 0. Since Hj; = 0 for all j,1 such that ¢; = ¢; = &,

we find that the m, x m, matrices R® and T®) satisfy:

dR.(®)

RE_DBORW,  RO(ag=-1)=10), (6.15)
d
dT®) .
—— = o T (gg=—L) =17 (6.16)
d
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e Let p be such that ¢, < 0. Since the matrix H° restricted to the indices (j, {)
such that ¢; = ¢; = ¢, is the identity, we find that the /m, X 7, matrices R®
and T®) satisfy:

d(i(p) = 1I®» —RE)DPWR® RV (zg=-L)=1"  (6.17)

d

d(’iIg‘;(p) = _TODPR®P TP (gg=—L) =17 (6.18)
d

In particular we get that f{(p)(a:d) = 1® for any x4 € (—L,0) and p such
that &, < 0 and TP satisfies

4T ®
da:d

= -TWD® TW (g =—L) =1

The first consequence of the block-diagonal form of the reflection matrix and the
form (6.6) of V is that, for j € A,, we have

gi_r}(l) a5(za =0) = [R(xq = 0)V]; = 0.
This shows that the paraxial (or forward-scattering) approximation is valid in the
sense that the reflected modes a5(zq4 = 0) for j € A, are vanishing in the limit ¢ — 0.

The second consequence of the previous asymptotic results and the application of
an inverse Fourier transform in #, is that the transmitted wave modes a5(zq = —L),
j € Ay, given by (6.9) satisfy the paraxial wave system (5.5) of Proposition 5.1 in the
limit € — 0. R

With the hypothesis H2 the matrix D is diagonal:

1 o
D= ;dj(ml) it j=1,
0 otherwise,

where
d—1

dk)= Y 3 (@D )]

cjr —¢j
j’,cj/;éc]' 7 J k=1

The solution of (6.13) is also a diagonal matrix with

7 _ 1 ifjen,
Wt ifje Ay,
where
dt; ch(n )~ ~
chjd(xd)Z— le ti(ra),  tjxa=-L)=1

By using (6.9) and by taking an inverse Fourier transform in x,, we obtain the
expression of the transmitted wave field and the result (5.7) of Proposition 5.1. Finally,
the solutions of the Schrodinger equations in a homogeneous medium can be computed
explicitly and we obtain for any j € Ay

1 d;
a;(s,x,) = @)l // D inc(w, K, ) €Xp ( - i%L +iK, - LI:L)dKl exp(—iws)dw.
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7. The Derivation of the Paraxial Wave Equations in the Random Case.
In this section we prove Proposition 5.2. We transform the two-point boundary value
problem (4.23)-(4.27) into an initial value problem. This is very important in the
random case so that we can deal exclusively with quantities that are adapted to the
filtration of the driving process C; (which is necessary for the application of a diffusion
approximation theorem). This transformation is done by an invariant imbedding step
in which we introduce transmission and reflection operators. The algebra is more
complicated than in the homogeneous case since the random medium fluctuations
involve coupling not only between the n modes (as in the homogeneous case) but also
between different &, -modes. This is why we need to introduce matrix operators. The

vector X¢ defined as in (4.22) is solution of the two-point boundary value problem:

X: = = = N
Xt _ A (z)X°, H X (-L)+H'X(0)=V.

dxd

1 . . . -~ ~
Here A (z4) is the matrix operator acting on vector fields Y (&, ) = (Y;(K,))jea,un,
as

~E

A (@) P)os) = [ AL a) ¥ ()]

)
with the matrix kernel given by

.fle(nl,ni,xd) =4(k, — HL)KE(W,I@_,Id) —|—ﬁ8(u},l<.'1 — K, z4), (7.1)
wry 1 1

-~ 1~ T .
J\ffl(w,nﬂxd):g jl(w,&L,E—g)exp(zET(c—l—c—j)) G lEAUA,. (7.2)

The matrix A¢ is defined by (6.3) and the matrix N is defined by

w -~
ul Cyi(k, ,zq)wy) - (7.3)

sz(w,fﬁ’xd)=W( i

—=E
The matrix operator A/ can be expanded into a matrix operator without rapid phase
and a matrix operator with rapid phase:

o> 1 5 (a) Tq 1 3 (b) Td Wxq 1 1
Nj(w, K, za) = —Nj (w ke s g) + 2N (w. ko, ;2) exp (ZsT(?j - gl))a
where we have introduced the matrices N® and N(®):
N(a) _ ]le if Cj =, N(b) _ j\}jl if Cj 75 cr,
Il 0 otherwise, Jt 0 otherwise.

Using (5.10) we can expand

N (w, k, ,2g) =iw > G (k,,24) N,

y vy
r=1

where the constant matrices N(") are given by

(r) _ 1 T r 5 L ~
N = C—j(uMth( Yy ) for jil=1,... 1,
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where M; = 0 and M, = 3-°_] /i,. The matrices N(") are block-diagonal:

q=1

N — @gzliN(hp)7
Cp

where the m, x m, matrix N(P) ig given by

N;lr’p) = ujTh(T)ul for j, 1 such that ¢; = ¢; = é&p. (7.4)

By applying Proposition A.1, we get that the reflected and transmitted modes
are given by

~E ~

@(ra=0)=[R (za=0)V];,  j€ A, (7.5)
&5 (ra=—L)=[T (a=0)V];, j€Aq (7.6)

where the reflection and transmission matrix-operator kernels are solution of the initial
value problem

(i% —F-RAVA @R, R(wa=-L)=1, (7.7)

d

dAE =€ -~ ~E ~c ~

% = TH A ()R, T lea=-L) =1, (7.8)
d

with
~ ~0

I(k, Kk )=0(k —r I, H (5 ,k ) =0k —r H".

Explicitly, the transmitted wave components are, for j € Ag:

1 ~ ~
u; Cou®(t,e°x, , 3 = —L) = @nd /// Z Tin(w kK, g = 0)Dinek(w, K] )
kEAg
x exp(ir, - x, )dk’ dk, exp ( - i% (L + ¢jt) )dw .
Cj€ ’
We first note that the rapid phase in w will give a localization in time of the transmit-

ted waves (provided we show that T has a limit). Therefore we focus our attention
on

aj(s,z, ) = ujTCOuE (t = —g +ets, 2z, xq = —L), J € Aq.
j

The proof of the convergence follows closely the strategy adopted in [26], where
the paraxial wave equation is obtained from the acoustic wave equations in the same
distinguished limit. The main step of the proof consists in showing the convergence
of the general moments of the transmitted wave components to the ones given by the
limit system of stochastic partial differential equations (5.11). For N € N, j,. € Ay,
mr €N, s, € Rand = , € R4=1 ¢ =1,...,N, the general moment of transmitted
wave components

N
I = E[ I, (s )™
r=1
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can be expressed as a sum of |A4|™ multiple integrals, for M = Zivzl My

IF = Z I,

k=(krn)h=1,...,mp,r=1,..., NEAY
N m,
€
i = Gy [ / TT IT ! o
r=1h=1

X H rUlnC K (W7 hy K L" h) eXp( ( LT‘h CL g — wT,hST)))
r,h

’
XE[H Jrakvh wTh’ K, r,h; K iTh,O)}.

Therefore, the convergence of the general moment of the transmitted wave components
in the white-noise limit will follow from the convergence of the moments E[J¢(0)] of
the transmission matrix-operator kernels, where

M
I (xa) = [[ T wrs s KLy a) - (7.9)
r=1

We use diffusion approximation theorems in the same way as in [26] combined with
the application of the averaging theorem in Appendix B as in the homogeneous case
to obtain the limit of the expectation of J¢(0) as € — 0. We find that this limit can
be expressed as the expectation of the corresponding product of components of an
“effective” transmission kernel in the following way:

M
lim E[J°(0)] = E[[[lﬁmkr(wr,@,ﬁir,())] (7.10)

Under Hypotheses 1-2 the expectation on the right-hand side of (7.10) is taken
with respect to the following It6-Schrodinger model for the transmission operator

T = (Tj1)jieraon,:

= S ()]

T(w, kK, xa) =Dy T (W, K, K], 4),
where, for p=ng+1,...,70

?(p) (wv K, K’i ) xd) = 6(K1 - HL)I(;D);
and for p=1,..., 74, the M, x ™M, matrix kernel ’7A'(p) (w,k, , K, zq) is solution of
~(») i - ()
a7’ (w k., K xq) = —— Z nﬁcﬁ;,Tp (wﬂﬁ,ni,xd)l"(p’k’k )dzy
ke, k' =1

2 o~
7;’? Z ’ny(O)’T(p) (W, K, ni,xd)N(S’p)N(T’p)dzd
p 1<r,s<n,

TR N N ) . .
+(27T)d_16pZ/T (w, KZ iEd)N( ’p)dW( )( K, d)dh‘,i/
r=1

w? =~ (p)

oz O nsOT
<

2
P 1<r<s<n

(w, K, ,411’7 zq) [N(S’p)N(T’p) _ 1\1(7“71?)1\1(8@)]dxd7

27



starting from 7\'@)( kK 2y = —L) = 0(k, i)I(p). Here we use the standard

Ito stochastic integral and the Brownian field W = (/V[7(T))T:1,m7nr is the partial
Fourier transform of the field W = (W()),_; . whose covariance is (5.12). It has
the following operator-valued spatial covariance:

E[W (k. ,2)WT (K ,2)] = min{(L + 2q), (L + 2) }(2m)* 5% (k. )5(k. + &)

(7.11)
where
P = [ ) expl=in, -a)da, (712)
By considering the transmission kernels in the original spatial variables:
’73( T, L,md e 1//exp K| ))’?}( K, L,xd)dm dK',

we obtain that they satlsfy the system (5.11) where we have used the Stratonovich
integral instead of It6 integral.

Under Hypotheses 1-4 the expectation on the right-hand side of (7.10) is taken
with respect to the following It6-Schrodinger model for the transmission operator

T = (Tj)jiena0n,:

_ 0 it # 1
7},[(“7’{1,’<:'iaxd): 7;(&1 K, , L,xd) lfj:ZGAd,
Sk, —K!) ifj=1€eA,,

where the kernel ’7A;( w, K, , K, ,Tq) is solution of

~ id;
d7;(w, k., K, xzq) = ! ( K 7

Ti(w,k, K zg)dzg — ;72()73(0.) ! xq)dag
%

27r — T /T w, ni’,xd)déj(nf—n ,xq)dK!,

starting from 7A}(w, kK ,xq = —L) = 0(k, — K!). Here the Brownian field B =
(éj)jEAd is the partial Fourier transform of the field B = (B;), ca, whose covariance

s (5.16). By considering the transmission kernels in the original spatial variables we
obtain that they satisfy the system (5.14).

8. Applications. In this section we apply the general results to physical systems
in the three-dimensional case d = 3.

8.1. Acoustic Waves in Random Media. We consider linear acoustic waves
propagating in a three-dimensional random medium. The governing equations are the
conservation equations

ou T 1 Jp t x
—+V wl(—>—=)0 , ————+V-u=f,(—,—=)6 , (8.1
p( )8t + p= .f ( 52) (ﬂfg) K(w) ot + u fp(54 52) ($3) ( )
where p is the pressure field, u is the velocity field, p is the density of the medium,

K is the bulk modulus of the medium. They have the form:

r Ko_l if 3 < —L or x3 > 0,
K(x) {K01 [1+e3mu(%)] if a3 € (—L,0),
p($) {po if x3 < —L or T3 > O7
po[l +e®my(%)] if w3 € (—L,0),
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where the random processes my () and m,(x) model the medium fluctuations. We
can write the problem in the hyperbolic form (3.1). The four-dimensional acoustic
field is characterized by the three-dimensional velocity field w(¢,x) and the scalar
pressure field p(¢, x):

cerg; (3)+ o (3) - () e e

1

with C¢(z) = Cg + £3C1(x/€?), Ci(z) = m,(x)h? + mg (x)hX,

po 0 0 0 po 0 0 0 000 0
o po 0 0 s, |0 o 0 0] x O OO O
CO_OOpOO’h_OOpOO’h_OOOO’

0 0 0 K;' 0 0 0 0 000 K;'

00 0 1 0000 0000
0000 00 0 1 0000
Di=10 00 0| P2=]0 00 0|l P*=|o 001
100 0 01 0 0 0010

There are four eigenvalues of C; D3 (that are wave velocities):
c1=—cy, Cc2=c3=0, c4=cy,

where ¢y = \/Ko/po is the acoustic speed of propagation. They are associated with
the four eigenvectors (that is, wave modes):

0 1
ur) 1 0 uzy 1 |0
<p1>_¢% L] (m)_\/p“o 0]’

—Co 0

0 0

u3>_ 1|1 <u4)_ 1 |o
(pg N 8 \ms) T V2o Cl ’
0

where (o = /Kopo is the acoustic impedance. It is easy to check that Hypotheses
H1-H4 are satisfied. By applying Proposition 5.2 we find that the transmitted wave
at x3 = —L emerges around time L/cg:

L
(u) (t = — —|—54S,€2wl,1'3 - _L) H—)O Oltr(sﬂwi) <U1> :

p Co D1

The Fourier transform ¢, (w, 2, ) of the wave amplitude (s, x, ) is given by
. 1 [ . .
atr(wva) = Ci /T(OJ, xlawivxS = 0)[”{fu +p1fp](w’ wi)dﬁi,
0

where the kernel of the transmission operator 7 (w, , , x|, x3) is solution of the parax-
ial wave equation:

. ic - W -
AT (w,x, , !, x3) = TSA% T(w,z, ! x3)des + — T (w,z, ,x ,23) o dB(x! , x3),
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L L,

starting from 7 (w, =—L)=6(x, —x'). Here Ami = %?2 + %?2 and B is
1 2
a Brownian field with the covariance function:

E[B(z, ,23)B(a,5)] = min{(L + z3), (L + 25) }y(x] —z,),

)= [ " El(my + mi) (0,0)(my + mic) (x, , x3)]dzs,

— 00

This example shows that the It6-Schrodinger model is the basic model for wave prop-
agation in the paraxial white-noise regime. This result was obtained in [26].

8.2. Elastic Waves in Isotropic Random Media. We consider linear elastic
waves propagating in a three-dimensional medium with heterogeneous and random
fluctuations. The linearized elastic wave equations in an isotropic solid have the form
[13]

8£k aTkl
= =12 2
Z 3xl fk” k ) 737 (8 )
1 85] ag’b 8Tkl . o
2<8x1 8x]> Z S”kl = hij, i,j=1,2,3, (8.3)

where (7g(¢,@))k,1=1,2,3 is the (symmetric) dynamic stress, (&x(t,«))k=1,2,3 is the
velocity, (fx(t,®))k=12,3 is the volume source density of force, h;;(t, ) is the (sym-
metric) volume source density of deformation rate,

Az)
(BA\(@) + 2u(@))2(@)

is the compliance, p(x) is the density of the medium, A(x) and p(x) are the Lamé
coefficients of the medium. We also use the Kronecker symbol d;; = 1 if ¢ = j and 0
otherwise. Equations (8.2-8.3) correspond respectively to the equation of motion and
the deformation equation for the small amplitude variations around the equilibrium
distributions.

If we introduce the pressure p and part of the stress tensor (ex)r,i=1,2,3 that are
given respectively by

Sijki(x) = (0:101 + 0i101) — 0i0kis 5,k 01=1,2,3

1
4p(x)

plt, @) = M) [; T ). (5.4

0
el @) = pl@) [ (hw) + T, k=123 (8.5)

where (u;);=1,23 is the displacement vector, then the stress tensor (7x;),1=1,2,3 and
the velocity vector (£x)g=1,2,3 have the following form in an isotropic solid [13]:

Tkg(t,a}) = p(t, x)ékl + €kl(t, :B), k,1=1,2,3, (8.6)
Gltw) = 2 (a), k=123 (5.7)

We consider the case in which the medium parameters are randomly perturbed
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in the region z3 € (—L,0):

L Mgl if z3 < —L or x3 > 0, (8.8)
plx)  \po' [1+e3m, (%)) ifas e (—L,0), '
— ) Po 1f1‘3S—L or l‘320,
plx) = {po [1+%m, (2)] if a3 € (—L,0), (8.9)

_ )\61 if 23 < —L or x3 > 0, (8.10)
M) A [1+ema ()] ifas € (—L,0), '

where m,,, m,, and my are zero-mean stationary random processes.

We can write the elastic problem in the hyperbolic form (3.1). The ten-dimen-
sional elastic field is characterized by the three-dimensional velocity field £(¢, x), the
six-dimensional stress field €(¢, ) = (€11, €22, €33, €23, €13, €12) T and the scalar pressure

field p(t, x):

9 3 3 9 3 fE t x
CO& € +2Dkaixk €|l =|7fe (874757;)5(933)7
P k=1 D 0

with fe = f,
3
feje(t, @) = —2u0hj(t, @) — Ao [Z hlz(t,iﬂ)]5jk,
=1

Ce(z) = Co + £3C4(z/£?), Ci(x) = m,(z)h? + m,(z)h* + m,(z)h*,

pol 10 0 e§ pol 0 0 €
0 LI 0 e 0 0 0 e€F
_ 2p0 0 P — 0
Co=1l0o "0 L1 el | =109 0 o el |’
Ho
1 €p €y € 0

e e e 3

0 0 0 ¢€f 0 0 0 ¢€f
0 1 0 ef 0 0 0 e
B 2p0 0 A 0
=10 0 11 el |’ =10 o o el |’

Ho 1
€ep € €ep 0 € € €0 7y,

0 Uk Vk e;

o Uk 0 0 €p o
Dk, - Vk: 0 0 eg‘ ) k= 172a37

e, e e O

where eg = (0,0,0)7, e; = (1,0,0)T, e5 = (0,1,0)7, and ez = (0,0,1)”, 0 is the 3x 3
null matrix, I is the 3 x 3 identity matrix,

o O O
o O O

100 00 0
U;=[0 0 0|, Uy=(0 1 0], Uz=
00 0 00 0
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0 0 O 0 0 1 01 0
Vi=10 0 1|, Vo=1[0 0 0], Vsg=|1 0 0
0 1 0 1 00 0 00
There are ten eigenvalues of C, Dy:
¢ =—cp, Cp=c3=—Cg, Cg=cC=0c=cr=0, cg=cg=cCg, C10=07Cp,

with c¢g and cp the shear-wave and pressure-wave speeds of propagation:

\//TO vV QMO + /\0

csg = +——, cp = (8.11)
VPO Vv Po
The associated eigenvectors u;, j = 1,...,10, are
—€3 —eq —e
) R Y [ U Y O 5
! V2p0 e |’ 2 V2po | Csez2 |’ s V2p0 | Cser |’
D1 Qo b2 ps3
¢ 0 0
240
€0 €0
& o) (s o
€1 | =+/2H0 eo | € | =20 eo |
yz 0 bs 0
3 0 3 o
66 — /i e 67 __V2Moho e;
6 0 eq |- 7 7%)\0 o | eo |
Pe 0 b7 -1
e eq €3
Eg _ 1 €0 59 _ 1 €0 Elo _ 1 Cpes
8 V2po | Cser |’ ? V2po | Csez |’ 10 V2o | e |’
Ds 0 Po 0 P1o QC
2p0 P
where (s and (p are the shear-wave and pressure-wave impedances:
2410+/P0
Cs = V/1opo, (p = —F——= (8.12)

V200 + Ao

The first mode (and the tenth mode) is a pressure wave mode. The second and third
modes (and the eighth and ninth modes) are shear wave modes.

Hypotheses H1-H4 are satisfied. Note that ulDous # 0 and ulDjus # 0;
ufDlug # 0 and u;‘nguLo, # 0 for 7 = 1,7,10, but we have I‘g’k’k/) = 0 which
ensures that Hypothesis H3 is satisfied. By applying Proposition 5.2 we find that
the transmitted wave at x3 = —L consists of a pressure wave and a shear wave that
emerge around times L/cp and L/cg. On the one hand we have for the pressure wave
mode

¢ L . 3

€ (t:—Jre S, € a:L,zngL)Hap(s,mL) €
cp

p p1
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The Fourier transform ¢ p(w,x, ) of the wave amplitude ap(s,, ) is given by

1 . . .
aplw,z) = / To(w @, o5 = 07 fe + € Fol(w, @ )da,

On the other hand we have for the shear wave modes

€ L e—0 52 €3
€ (t T s +ets, x5 = _L) — aga(s, @) | € | +ass(s, @) | €
D2 b3

The Fourier transform ég ;(w,x, ) of the wave amplitude ag ;(s,x, ) is given by
y 1 - . , .
O‘S,j(wv :CJ_) = a /7?9(60,.’%_,:81,:173 = O)[&ff& + G?fe}(wv :ci)da:i, J= 27 3.
The kernels of the transmission operators satisfy, for ¢ € {P, S}
a7, f ) = Can T ! as)d
q(w,azi,:nﬁxg) - Z mi q(OJ,Jl,CEL,x?,) T3

W o~
+$7;(w, $L,$i,l'3) ) qu($i,IE3),
q

with the initial conditions 7;(w,, 2,23 = —L) = §(z, — '), ¢ € {P,S}. Here
Bp(x, ,x3) and Bg(x, ,x3) are two correlated Brownian fields with the covariance

E[Bqy(@, ,23) By (2, 3)] = min{(L + x3), (L + 23)}v,, (@] —,),

(@) = / " By (0,0)my(x,25)|dzs, g7 € {P,S),

— 00
with

Ao

240 ma
2p0 + Ao

ms(x) = my(x) + my(x), mp(x) = mmu

(@) +mp(z) + ().
This example shows that in the paraxial white-noise regime and in the vector case
wave propagation is governed by a set of It6-Schrédinger equations that are driven by
a set of correlated Brownian fields. The It6-Schrédinger equations are dynamically
uncoupled, but coupled statistically. Note in particular that the Brownian motions
driving the two shear modes are perfectly correlated, and that they are partially
correlated with the one driving the pressure mode. A preliminary version of this
result was obtained in [27].

8.3. Electromagnetic Waves in Isotropic Random Media. We consider
electromagnetic waves propagating in a three-dimensional randomly heterogeneous
medium. Maxwell’s equations for the electric field E(¢,«) and the magnetic field
H(t,x) are

Vx E=—-0(pu(x)H), V- (ex(z)E) = p, (8.13)
V x H = J® (€i4, %)5(as) +Oex(@)B), V- (u(@)H) =0, (8.14)

The term J) is a current source term, p is the charge density (the equation of
continuity of charge d;p+ V- J) = 0 is automatically satisfied), u(z) is the magnetic

33



permeability of the medium, and €, () is the dielectric permittivity of the medium.
They have the form:

u(w):{“(’ , if 23 < —L or 23 >0,
poll+e3mu (%)) if zs € (—L,0),
6()_{60 if xtg < —L or x3 > 0,
X e[l +e3my(%)] if z3 € (-L,0),

where the random processes m,(x) and m, (x) model the medium fluctuations. We
can write the electromagnetic problem in the hyperbolic form (3.1). The six-dimen-
sional electromagnetic field is characterized by the three-dimensional electric field
E(t,z) and the three-dimensional magnetic field H (¢, x). It satisfies the hyperbolic
system:

.. .0 (E > 8 (E\ _[-JO\ t x
with C*(z) = Cy + £3C(x/e?), C1(x) = my(x)hX + m,(x)h*,

o 601 0 o 0 Wk o
CO<O MOI)7 Dk<wljg 0>7 k*17233a

x _ (€l O uw_ (0 O
w=(50) = (o )

0 is the 3 x 3 null matrix, and I is the 3 x 3 identity matrix. The six eigenvalues of
Cy 'D; are:

cp=c=—cy, c3=c4=0, c5=cg=cp,

where ¢g = 1/,/éono is the electromagnetic speed of propagation. The associated
eigenvectors are:

()~ (2), (B - (52). (B) - (o).

()= 7 (&) ()= (00) () == (4)
H, o \e3)’ H 200 \—e1)’ Hg 2 \ €2 )’
where eg = (0,0,0)7, e; = (1,0,0)7, es = (0,1,0), e3 = (0,0,1)T, and (, =

VIo/+/€o is the impedance.
Hypotheses H1-H4 are satisfied. By applying Proposition 5.2 we find that the

transmitted wave at x3 = —L consists of the superposition of two correlated wave
modes that emerge around time L/cy:

E _ L 4 2 o e—0 E1 E2
(H) (t = %+€ s, e, ,x3 = fL) = a(s,x,) <H1 +as(s,z,) H,) (8.15)
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For j = 1,2, the Fourier transform ¢&;(w, z, ) of the wave amplitude o (s, x, ) is given
by
1

dj(w,z, ) = T T(w, @, 2 23 =0)E] JO(w,2/)da/,

where the kernel T (w, z, , 2’ , z3) satisfies
iCO

. W
%Ami T(w,z & z3)des + —7T (w, 2,2 ,z3) o dB(x ,x3),

e /
dT(WamJ_an_axB): AR 200 IR

. <. 2 2 .
starting from 7 (w, z, ,x] ,23 = —L) = 6(x, —x] ). Here Ami = %,12 + %,22 and B is

a Brownian field with the covariance function:
E[B(mi ) $3)B(Zﬂi ) Z‘é)] = mll’l{(L + :L‘3)7 (L + xg)}’}/(mi - xL)’

o) = [ Bllmy +m)(0,0)(0my + my)(,  a2))ds
Note in particular that there is a unique Brownian motion driving the two electro-
magnetic modes, as shown originally in [28].

8.4. Electromagnetic Waves in Anisotropic Homogeneous Media. We
consider electromagnetic waves propagating in a three-dimensional anisotropic homo-
geneous medium. Maxwell’s equations for the electric field E(t, ) and the magnetic
field H(t,x) are

Vx E=—-0(uH), V- (e E) =p, (8.16)
VxH=J® (514’ %)5@3) +0i(exE),  V-(uoH)=0. (8.17)

Here J®) is the current source term, p is the charge density, po is the magnetic
permeability of the medium, and €, is the dielectric permittivity tensor of the medium.
We consider a uniaxial crystal whose permittivity tensor is:

€0 0 0
ex=10 ¢ 0],
0 0 €1

with €; # €y. This is a special situation in which the optical axis of the crystal
coincides with the propagation axis (x4). The general case can be addressed but
leads to additional phenomena such as angular walk-off that we will not address in
this paper. We refer the interested reader to [22] for instance.

We can write the electromagnetic problem in the hyperbolic form (3.1). The
six-dimensional electromagnetic field satisfies the hyperbolic system:

d (E\ ~~n 0 (E IO\t & O
g (1r) * X Peg; (1) = (72,) (5 B wimen= (5 0r),

and the matrices Dy are defined as in the previous subsection. The eigenvalues are
the same as in the isotropic case as well as the eigenvectors, except the third one

which is now given by
<E3> _ Ve <C063>
H; Ve \ €0 )
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Hypotheses H1-H2 are fulfilled, but not H3 because of the new form of the third eigen-
vector. As a consequence, by applying Proposition 5.1 we find that the transmitted
wave at 3 = —L consists of the superposition (8.15) of two wave modes that emerge
around time L/co, but now the Fourier transforms ¢;(w,x, ) of the wave amplitude
a;(s,x, ) are given by

dl(wval) _ _i ¥ o - E?j(s) (ugw’) ’
<d2(w,a&)> T ¢ Tz, —2,23=0) EQTJV(S)(w“'cf) dz,,

where the 2 x 2 matrix T(w, x,,3) satisfies

OT ico[(p 0\ O*T (1 0\ 0°T 0 1\ 0°T
- = - - —1 R
Ors 2w [ (0 1> 0x? o p) 0x3 =D 0 895183:2]’

starting from T(w,z, ,23 = —L) = §(z, ). Here I is the 2 x 2 identity matrix and
p = € /€1. This result can also be stated as follows: the transverse electric field

(Ej(w, 2, ,x3));j=1, satisfies the Schrédinger system

6E1 iCO 82E1 82E1 82E2

= g 1

Ox3 2w [ 0z? e 0x3 + )8x18x2}’

8E2 iCo 82E2 82E2 82E1
-7 -1

Oxs 2w [p ox? + 0x3 + )3:1718:@}’

for x3 € (—L,0), starting from Fj(w,z, ,x3 = 0) = —(\/C70/2)j;s)(w,al). We can
clearly see in these equations that diffractive terms are more complicated than the
standard transverse Laplacian. The Shrodinger equations for the two electromagnetic
modes are dynamically coupled through the complex form of the diffraction operator.
This example shows that the paraxial approximation can hold true in anisotropic
media but then the diffraction can be anisotropic as well.

Acknowledgements. This work is partly supported by AFOSR grant #
FA9550-11-1-0176, NSF ARRA grant DMS 0908274, and by ERC Advanced Grant
Project MULTIMOD-267184.

9. Conclusion. In this paper we have used invariant imbedding and limit theo-
rems to obtain the paraxial equations for general vector waves in random media in the
paraxial white-noise regime. We have shown that the paraxial systems for the wave
modes have the form of a system of Schrodinger equations that are driven by a set
of correlated Brownian fields. We have identified the structure of the correlations be-
tween the Brownian fields and between the wave fields and we have clarified the form
of the diffraction operators. These equations give a new and efficient way of modeling
wave propagation in a consistent manner via averaging and diffusion-approximation
results. The results presented here are for the transmitted field. However, the frame-
work can be used to analyze also the wave field reflected by a strong interface or the
relatively weak reflections generated by the medium heterogeneities. In the context
of acoustic waves this is discussed in [26, 29, 30].

Appendix A. An Invariant Imbedding Theorem. Let us consider the two-
point boundary value problem:

%(z) =A(x)X(2), X(2)€R™, (A1)
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with the boundary condition H-L X (—~L) + H°X (0) = V°, where A(z), H™% and
HO are m x m-matrices and V' is an m-dimensional vector. Assume that H=% 4+ H°
is invertible. In this linear framework the invariant imbedding approach leads to the
following proposition [6].

PropoSITION A.1. Let us define the m X m-matriz-valued functions
(R(¢))—r<c<o and (Q(z,¢))—r<z<c<o as the solutions of the initial value problems:

CTC(C) = A(OR(¢) ~R(OHA(QR(),  —L<(¢<0, (A.2)
starting from ( = —L: R(¢ = —L) = (H L + H") ™!, and
260 = —QEOWAQRE).  ~L<:sC<0, (A3

starting from ¢ = z: Q(z,¢ = z) = R(z). If the solution R(C) of the nonlinear initial
value problem (A.2) exists up to ¢ =0, then P(z) = Q(z,0) is the solution of:

%’(2) —A(2)P(x), —L<z<0,

H “P(-L)+HP(0) =1,

and consequently X (z) = P(2)V' is the solution of (A.1) with the boundary condition
H-LX(~L) + H°X(0) = V°.

Appendix B. An Averaging Theorem. The following proposition can be
found in [36].

ProrosSITION B.1. Let us consider the solution X¢ = (X;k)j,k:17,__,N of the
initial value problem

(@) 5

dz

Q
dxe 1 o
T EFOX)+ § (F@ (X°) exp( =

) + G (X) exp ( — Z,a“”z)) ,

starting from X%(zo) = Xin;. Here F@ . RV & RN gnd G@ . RY* &5 RN are
smooth functions with bounded derivatives and the a9 € (0,00) are distinct. Then
X¢ converges (uniformly for z over compact intervals) as € — 0 to X the solution of
the effective equation

Q .
dX

— )+Y S [FOX),GOX)],  X(20) = Xini,

dz ald
qg=1

where [-, -] stands for the Lie brackets defined by

N
F0.G0) = 3 (G260 - St mux)).
Gk=1 J J
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