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Abstract

In this paper we consider the problem of reflexion and transmission of a high-frequency pulse at a rapidly
oscillating rough interface with general mixing properties. Using an asymptotic analysis based on a separation
of scale technique, corresponding to the paraxial (parabolic) scaling, the specular and speckle (diffusive)
components of the reflected and transmitted signals are precisely characterized. A critically scaled interface
is considered, in the sense that the amplitudes of the interface fluctuations and the central wavelength are
of the same order. If the correlation length of the interface fluctuations and the beam width are of the same
order, random specular components are observed for the reflected and transmitted wave, but no speckle
component. That is, the reflected and transmitted fields are to leading order confined essentially to the
specular cones and these fields exhibit relatively small random intensity fluctuations. The situation with a
correlation length smaller than the beam width leads to a specular homogenization situation so that the rough
interface can be approximated by an effective flat interface providing deterministic specular reflected and
transmitted paraxial wave cones. However, in this situation, there are now relatively broad cones (containing
the specular cones) where the wavefields form speckle patterns whose total energy is leading order and we
give the two-points correlation functions for these speckle patterns. We also present a central limit theorem
type result for the speckle patterns and show that they can be modeled as Gaussian random fields. These
descriptions allow the derivation of generalized Snell’s laws of refraction and transmission depending on an
effective scattering operator at the interface.

Keywords: wave propagation, random surface, wave scattering, generalized Snell’s laws, Gaussian speckle
pattern.

Introduction

Wave scattering by rough surfaces is at the heart of several branches of physics and engineering, and the
understanding of these phenomena is crucial for a wide array of disciplines including optics, solid state physics,
remote sensing, radar technology, environmental monitoring, communications, and non-destructive testing [4,
8, 19, 24, 26]. The interaction between waves and rough surfaces gives rise to a complex interplay of reflection,
transmission, and diffraction. When waves impinge upon a rough surface, they undergo scattering events due to
the irregularities in the surface profile. These scattering events lead to changes in the wave’s direction, amplitude,
and phase. Consequently, the study of wave scattering phenomena by rough surfaces involves unraveling the
intricate details of these interactions to predict and analyze the behavior of waves in practical scenarios. For
radar system for instance, electromagnetic wave scattering theory from rough surface is crucial to describe the
effects of the roughness of the land or the sea surface. In optics a similar theory can be deployed. For acoustic
waves, one can refer to applications in ocean acoustic tomography or thermometry, where the sea bed and sea
surface roughness play a critical role, but also in non-destructive testing using ultrasonic waves.

Despite the huge importance of this problem and the wide range of applications, there is a limited number
of rigorous results that characterize the wavefield either transmitted through or reflected from a rough interface
[1, 3, 18, 25]. A number of works in the physical literature consider a random interface problem in a perturbative
situation when the effect of small interface variations in the medium gives rise to relatively small corrections
in the transmitted and reflected wavefield. In this work we model the interface fluctuations as a random field,
enabling us to describe the transmitted and reflected field even though these are modified to leading order due



to the presence of the random interface. The case of beam propagation with reflection from or transmission
through a rough boundary requires specialized techniques somewhat different from those associated with bulk
propagation. From the analytic viewpoint we here approach the problem from the point of view of separation
of scales in complex media. The basic configuration we consider is illustrated in Figure 1: a beam like wavefield

Source Incident Reflected
wave wave

Specular
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Diffusive
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Transmitted
wave

Figure 1: Illustration of the basic physical setup. A source illuminates a rough surface producing a reflected (in
red) and transmitted waves (in green). Both of these waves exhibit in general specular and diffusive components.
The diffusive components, the speckle, correspond to scattering of the incident wave by the rough interface.

(under the paraxial/parabolic scaling) illuminates a rough surface with the medium parameters being constant,
but different above and below the interface. The incident wave is then in general decomposed into a reflected wave
and a transmitted wave. We decompose these wavefields into two main components: the specular component
and the speckle, also called incoherent or diffuse component, generated by scattering. Some central questions
are then: i) how is the specular component modified by the presence of the fluctuations in the interface, ii) how
can we describe the speckle component of the wavefield and what governs its relative magnitude and support. It
turns out the the central scaling ratio that distinguishes various canonical scattering situations is the correlation
range or characteristic scale of variations for the interface relative to the beam width. Indeed this is the situation
in the critical scaling scenario considered here with the amplitude of the interface fluctuations being of the order
of the wavelength. In this paper we show in particular that if the interface spatial fluctuations happen on the
scale of the width of the probing cone, then the reflected and transmitted specular cones exhibit random arrival
time properties, but their main wave energy are confined to the specular cones as the interface fluctuations
does not generate strong coupling in between modes with different lateral wave number magnitude (traveling
in relative oblique direction). On the other hand if the interface spatial fluctuations happen on a scale small
relative to the width of the probing cone then such a coupling takes place generating homogenized specular
reflected and transmitted cones with frequency-depend attenuations related the interface elevation statistics.
The missing energy from these effective specular cones have been converted into wide speckle cones that carries
energy of relative order one total magnitude. In our situation the roughness of the interface is not strong enough
to generate the enhanced backscattering effects [20], the scattering operator we obtained is similar as the one
obtained in [28] under the Born (single scattering) approximation.

There is a quite large literature on the important rough surface or interface scattering problem. Most of
the literature deal with physically motivated expansions such as perturbative approaches or a Kirchhoff type
approximations giving strong conditions on the scaling regime that can be considered [2, 8, 22, 14, 24, 11, 32].
There are also much work related to integral equations formulations [10, 23, 31] in particular to describe near
field scattering [27]. Sophisticated numerical methods have been developed [6, 29] to understand wave scattering
from complicated geometries, here we are interested in the case when we only describe such geometries in a
statistical way. Note that homogenization techniques have been used to derive effective interface conditions
[13, 25] for random interfaces, while here our focus is additionally on the statistical description of the diffuse
components of the scattered field with the energy carried by the diffusive or speckle component may be of the
order of the energy carried by the specular component.

In the high frequency situation we consider family of characteristic scaling regimes depending on the magni-
tude of the beam width relative to the correlation radius of the interface fluctuations. A main technical challenge
then is that the standard theory for studying stochastic partial differential equations (SPDEs) [7] may not be
used since we assume stationarity of the interface height fluctuations and then the noise cannot provide an
Hilbert-Schmidt covariance operator. From this point of view the situation is then similar to that considered
in [9] where well-posedness of the white-noise paraxial (Ito-Schrédinger) equation was considered. However, in
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Figure 2: Illustration of the generalized Snell’s laws of refraction and transmission.

our situation the randomness is carried by the interface fluctuations rather than being bulk fluctuations and
we start with a description with finite scales and then take a scaling limit rather than taking as starting point
a white noise type of model. A second technical challenge in our context is that we also want to describe the
reflected wave, in addition to the transmitted wavefield. This is accomplished via an embedding type descrip-
tion parameterizing the wavefield in terms of a family of up- and down-propagating wave components. A third
technical challenge here is that the random interface depends on the ‘lateral’ variable, but not the ‘propagation’
variable so that the classic framework of diffusion approximation does not apply [12].

Our main focus here is to develop a novel framework that allows us to characterize precisely the statistics of
the diffusively scattered wave from rough interfaces in term of a Gaussian random field, both in transmission and
(radar) backscattering. We remark that such analytic frameworks can be used in remote sensing type imaging
problems: (i) imaging of the parameters of the rough (random) interface, (ii) imaging of an object hidden behind
the interface based on computing the empirical spectrum of the reflected speckle [16, 17, 21, 30]. The analysis
can furthermore be generalized to Synthetic Aperture Radar (SAR) probing scenarios where the source cone is
moving and in the typical case mounted on an aircraft. In general imaging contexts one may aim to exploit the
memory effect which means that the speckle pattern illuminating a hidden object is not completely changed,
but rather shifted a specific amount when the source incoming angle is shifted. One may further exploit weak
localization effects which means that the speckle in the direction of the illuminating wave cone is relatively high.
We further remark that in the context of polarimetric imaging schemes it is important to capture the coupling of
different polarization modes at the interface and how this depends on the interface statistics. Generalization to
such imaging configuration, the case with general hyperbolic systems [15] and the strongly fluctuating case with
the spatial scale of the interface fluctuations being large relative to the wavelength will be considered elsewhere.

The proposed analytic frameworks allow to derive from first principle of physics generalized Snell’s laws of
refraction and transmission illustrated in Figure 2. For an impinging wave with frequency w, 2D slowness vector
ko and incident angle 0;,. > 0, the refraction angle 0,..¢ is given through the relation

‘m(ﬁrd(l))):\/(1+§l)'1<0>2+£2(p'ka_)27 with EZ%L) (1)

tan(finc) c0s2(Bine) 7sin?(0;nc)

k(J)- = (ko 2, ko,l)T, and where \ corresponds to the central wavelength of the source and I. to the characteristic
scale of variations for the interface. In this formula, the scattered slowness vector p is distributed according to
the effective scattering operator

, . 2 cos(0;
.A(v,w, p) — /E[emm(V(y)—V(O))]e—zwp'ydy7 with v — CO§(91nC)

Co

involving the stationary random interface elevation V' through the characteristic function of the relative elevation
V(y) — V(0). This effective scattering operator has already been derived in [28] to describe the mean intensity
of the diffusive reflected wavefield. Regrading the transmission angle, with 6;,. smaller than the critical angle,
the Snell’s law reads

sin(6y, sin(@;ne = . _ -k 2
( t (p)) _ ( ) with == (1 +€ p2 90 ) + 52(p . k(J)_)Q7 (2)
@ €o 1+ sin?(6y,.) (E - 1) cos?(0sr)




where 6;, corresponds to the specular transmission angle for a flat interface and given by the standard Snell’s law
sin(fy)/c1 = sin(0;ne)/co. The scattered slowness vector p is distributed according to the effective scattering
operator A(v,w,p) but this time for v = cos(0;nc)/co — cos(0y-)/c1. The key parameter in both relations (1)
and (2) is the ratio A/l. charactering how rough the surface is for the incident wave and the cone size of the
diffusive component. A surface is considered rough if A ~ I, and for a relatively smooth surface A/l < 1, the
Snell’s relations read

tan(0y,)
Ores(P) = Oinc + £ tan(fine)p - ko and Our(P)) = Orr + fm

providing small deviations from the specular refraction and transmission angles of order A/l.. Finally, for a null
incident angle 6;,. = 0, the above relations simply turn to

p'ko.

)\CO|P|)

)\01|P|>
7l '

and 0. (p) = arctan ( L

Oref(p) = arctan (

The outline of the paper is as follows. In Section 1 we describe the wave propagation scenario and the scaling
regime that we consider. In this section we moreover discuss mixing aspects in the statistical modeling of the
interface fluctuations. In Section 2 we discuss the basic wavefield decomposition in lateral Fourier (wave number)
modes and in up- and down- propagating components. We introduce this decomposition in the context of a flat
interface. This decomposition allow us moreover to identify refection and transmission conditions at the (flat)
interface which couple up- and down-propagating wave modes for each lateral wave number. In the next Section
3 we generalize this description to the case with a random interface. This then entails the identification of a
(random) scattering operator at the interface which captures the coupling of the up- and down-propagating wave
modes at the interface at different lateral wave numbers that is caused by the random interface fluctuations. In
Section 4 we dicuss the case when the interface fluctuations decorrelate at a scale corresponding to the width
of the probing cone, this is the regime when the specular cones carry essentially all energy. In Sections 5-7
we present the case when the interface fluctuations decorrelate on a scale small relative to the width of the
probing cone, but large relative to the wavelength. In this case the interface generates both specular cones and
additionally wide speckle cones. Finally, in Sections 8 and 9, as well as Appendices A and B, present detailed
proofs.

1 The physical model

The wave equation. In this paper we consider three-dimensional linear wave propagation modeled by the
scalar wave equation:
1 2

A“_mattuzv'F(t>X,z) (t,x,z) € Rx R* x R, (3)

equipped with zero initial conditions
u(t=0,x,z2) = 0wu(t =0,%x,2) =0 (x,2) €ER? x R,

and continuity conditions at the interface that will be specified below. The coordinate z represents the main
propagation axis while x represents the transverse directions and F' is the source. Here, the Laplacian operator
A = A + 02, acts on all spatial variables x and z. The propagation medium consists of two homogeneous
subdomains delimited by a randomly perturbed interface around z = z;n;:

DY = {(x,2) ERZXR s.t. 2< zip +0V(x/le)} (4)

and
D= {(x,2) ER2XR st 2> zip +0V(x/l)}. (5)

We refer to Figure 3 for an illustration of the physical setup. The term V corresponds to a mean-zero random
field, with second order derivatives, modeling the variations of the interface and characterizing its roughness.
Away from the interface the velocity field is given by:

w={ 2§ < ©
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Figure 3: Illustration of the physical setup. The plan z = 0 contains the source location, while z = z;,,; is the
plan around which the rough interface between Dy and D; takes place. The reflected wave will be observed at
z = 0, while the transmitted wave will be observed at z = z;,.

The forcing term

t—kp-x x

F(t,x,2) == \1/( )5(z)ez, (7)

where e, denotes the unit vector pointing in the z-direction, models a source located in the plane z = 0
and emitting a quasi plan wave ¥ in the spatial direction (ko,/cy? — |ko|2) towards the random interface

(requirering |ko| < c5'). The divergence form of the source term in (3) is standard in linear acoustics where
u represents the pressure wave, see [12] for instance. This divergence form is considered here for mathematical
convenience, and other type of source term could be handled in a similar manner. Also, Ty represents the pulse
width and ry the spatial beam width of the source term.

The wave equation (3) is naturally equipped with the two following continuity relations across the randomly
perturbed interface:

Ty, o

w(z = 2 (X)) = u(z = 2ine(x)7) and Ou(z = 2i(x)1) = ,u(z = 2zini(x)7), (8)

where
Zint(X) 1= zint + oV (x/1.).

The derivation of these two relations is provided in Appendix A. Finally, no wave is assumed to come from
above the source location nor below the interface. The only waves propagating into the system are produced by
the source term.

The parameter scaling. The approach considered in this paper is based on a separation of scale technique
for which the scales of interest are the following: the central wavelength A (related to the pulse width through
the relation A\ = ¢¢Tp), the spatial radius o of the source, the correlation length I. and the amplitude o of the
fluctuations V', and finally the typical propagation distance that we denote L. We denote the distance from
the source to the interface by z;,; and the distance from the source to the plane where the transmitted wave is
recorded by z:. Let L be a typical propagation distance with z;,:/L and z:./L of order one and introduce the

dimensionless parameter

A C()TO
=== 1.
£ 7 T <

We will consider a high-frequency regime with ¢ < 1 and, moreover, a paraxial (or parabolic) scaling by enforcing

2
o

~ L
A )

which corresponds to a Rayleigh length of order the typical propagation distance. In the homogeneous case the
Rayleigh length Lr = 772 /) corresponds to the distance from the beam waist to the place where the area of its
cross-section is doubled. The interface fluctuations are critically scaled so that the magnitude of the interface
fluctuations and the central wavelength are of the same order

o~ A\



Finally, let [. be the correlation radius of the homogeneous and isotropic interface fluctuations, we consider then
situations where this radius ranges from the central wavelength to the beam width so that

)\glcfﬂ“o

We remark that if rq < I, the situation is trivial and corresponds essentially to a planar interface. The ratio \/I.
characterizes how rough the surface is for the incident wave, and will describe the cone radius for the reflected
and transmitted speckle components. A surface is considered rough if A ~ [, and for a relatively smooth surface
A/l < 1. The situation with I, < A gives a homogenization situation with an effective planar interface and
initial conditions, but no leading order random effects.

In what follows, for simplicity, we consider a dimensionless situation and set

L=Lg~1, Ty = ¢, r0 = VE, o=¢, and l.=¢", (9)

with
v € [1/2,1].

In the forthcoming analysis, a distinction will be made for v = 1/2 (that is I ~ 79) and 1/2 < v < 1
(corresponding to A < I, < rg). These two cases give different behaviors for the reflected and transmitted
signals. While the former produces only random specular components, the latter, due to fast oscillations of the
interface compared to the beam radius (I, < rg), produces a homogenization effect for the specularly reflected
and the transmitted wave components, as well as random speckles over cones larger than the ones covered by
the specular and transmitted components.

Random fluctuations. In (4) and (5), the random fluctuations of the interface delimiting the two subspaces
are defined by the mean-zero stationary random field V. These random fluctuations are assumed to satisfy
mixing properties describing the loss of statistical dependency for V' over the interface. In our context, the basic

idea of mizing is the following. For a given set of locations xi,...,x, € R2, the corresponding values of the
field V(x1), ...,V (x,) become independent as these locations are far enough from each other:
]P(V(Xl) € Ala RN V(Xn) € An) - ]P(V(Xl) € Al) T P(V(Xn) € An)v (10)

for any Borel set Ay,..., A4, CR, as
min _|x; — x| — 0o.
Jile{l,...,n}

This property is readily satisfied if V' is a Gaussian random field with correlation function
R(x) =E[V(x+y)V(y)],

that decays to 0 as x — oo. For more general random fields (non-necessarily Gaussian), the property (10) can
be formalized through the notion of a-mixing as follows. Introducing

a(r):= sup sup [P(AN B) — P(A)P(B)|,
S,8'CcR? A€o(V(x),x€S5)
d(S,S8")>r Bea(V(x),xeS’)

where
d(S,S") = inf |s—§'|

seS

s'es’
is the distance between two nonempty subsets S and S’, and o(V(x), x € S) is the o-field generated by the
family Vis := (V(x))xes. Roughly speaking, the value a(r) quantifies the degree of statistical dependence
for the random field V' over the pair of regions at distance at least r. The a-mixing situation corresponds to
assuming

a(r) =0 as r — 00, (11)

giving a vanishing of statistical dependency between Vig and V|g as the distance between S and S’ tends
to infinity. This notion of mixing is convenient to exhibit the homogenization phenomenon for the specular
components, the self-averaging property of two-point empirical correlation functions of the speckle components,
as well as the Gaussianity of the speckle patterns themselves.



To articulate quantitatively the effect of mixing for physical quantities and their covariation it will also be
convenient to introduce a related measure, p-mixing, capturing coherence, or lack thereof, and which is defined
through

p(r):= sup sup |Corr(V, W)] with p(r) =0 as T — 00, (12)
S,8'CR? VeL?(o(V(x),x€ES))
(8,8 )>r WeL?(a(V(x),x€8"))

Here, £2(A) stands for the set of .4-measurable random variables with a finite second-order moment, and Corr
denotes the correlation coefficient between V' and W:

Corr(V,W) = Cov(V, W) .
Var(V)Var(W)
According to [5, Theorem 1]!, it turns out that
a(r) < p(r) <27 a(r) r >0, (13)

so that the notions of a- and p-mixing are equivalent. From the p-mixing property, the following lemma translates
the idea of (10) in a way that will be used in the forthcoming asymptotic analysis.

Lemma 1.1 Letn > 1 and V be p-mizing, we then have:

1. For n bounded functions fi,..., f,: R = C, and distinct x1,--- ,X,, € R?
e T 6 (v ()] = iy TT e[ (v (2))] - ITE[s von)]
j=1 j=1 j=1
2. For n bounded functions gi,...,gn: R? = C, y1, -+ ,yn € R?, and distinct X1, , %, € R2,
%%E[jf{gj(V(’ff“;j)’V(’fj -%))] —iz%jliE[gj(V(’fﬁy;)’V(’fi -%))]
=jﬁlE[gj(V(y5)vV(— 7))

The detailed proof of this lemma is presented in Appendix B.

2 Reflection and transmission for an unperturbed interface

Before going into the analysis of the wave scattering at the random interface we describe in this section the
reflection and transmission mechanisms for an wunperturbed interface. This serves in particular to introduce
central wave quantities and associated terminology in a simple setting, and then we will see below how this
generalizes in the random setting. This section is split into four parts dealing respectively with the incident
wave at the interface, the transmission and reflection conditions at the unperturbed interface, and then the
descriptions of the reflected and transmitted wave cones.

For the study of the reflection and transmission of the incident wave, we introduce the following specific
Fourier transform,

~ . 1 ~ .
Folw, k) = // f(t7X)ew(t/e_k'x/\/g)dtdx7 and f(t,x) = W/ fs(w7k)e—zw(t/a—k-x/\/g)Wdedk’
m)3e
(14)
which is scaled according to the source profile (see (7) and (9)). In the Fourier domain, the wave equation (3),
with z € (—00, zint), turns into the following Helmholtz equation

ko

\/g)é(z), (15)

2
9245 (k, 2) + ;;’? (1 - acg|k|2)a§,(k, 2) = EQ\IJ(w,k
0

! The functions o and p in this present paper correspond to a* and p* in [5]



where
U(w, k) == //\I'(t,x)ei“(t_k'x)dtdx

corresponds to the unscaled Fourier transform of the source profile ¥. In what follows, k-modes satisfying
Vecolk| < 1 are referred to propagating modes, and those satisfying /e colk| > 1 are referred to evanescent
modes. To avoid unnecessary treatments of the evanescent modes during transmission at the interface, we
assume for convenience that

c <.

This assumption is only used for sake of simplicity of presentation. After some minor adaptations the results
presented in this paper hold true also for ¢y < ¢; and any ko satisfying |ko| < cl_1 to avoid the critical
transmission angle. Under proper assumptions on the source profile W (compactly supported in both variables
and bounded away from 0 with respect to w), the source term only generates propagating modes into the medium

for € small enough. In fact, setting
ko
k=q+ —, 16
a+ 7z (16)

so that q lies in the support of \il, we have

VE colk| < VE colal + colko| < 1, (17)

for € small enough and depending only on the support of U,
For z € (2int, 2t ), the wave equation (3) in the Fourier domain turns into the following Helmholtz equation
2

0205 (K, 2) + —

52?(1 - acf\k\‘l)a;(k,z) —0. (18)
1

Throughout this paper, we denote with a slight abuse of notation
1 .
A (k) = 51/1 — 5c?|k|2, for Veejlkl <1, j=0,1, (19)

the vertical lowness associated with (15) and (18). Note that the condition on k in (19) is readily satisfied
thanks to (17) and the assumption ¢; < ¢g. In the forthcoming analysis, the following expansion will be used

1 A ko-q T .
Nlatko/Ve) =2 - ot —gat 4a+ 0(Ve)  j=0.1, (20)
where q7 stands for the transposition of q, and
1 1—c?k2, ko k 1
A= 70,2 5RO1R027) - I — 2k (kH)7). 21
7T 2(1 - ko [?)3/2 (C?kO,lkO,Q 1—cikg 2c§/\;5.( 2~ ik (k)" (21)

Here, O holds uniformly with respect to q in the support of \i/, and

1- ko2
Noi=24— 1 =01 (22)

¢

Moreover, I stands for the 2 x 2 identity matrix, and kg := (ko 2,ko,1)7 .

2.1 The incident wavefield at the interface

Introducing the up- and down-going mode decomposition with respect to the z-direction, and remembering that
no wave is assumed to come from above the source location nor below the rough interface, the wavefield reads

~ Bsw(k) —iwAg (k)=
i, (k, 2) = 27(106 MUIEL g 0)(2)
0
) (Meimé(k)(z—zi"")/5+ we—mxé(k)u—zm)/a)1(0z. y(2)
e wAs (k) -
1870 nsaot-zmarer,, ()
wAj (k) o
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Figure 4: Illustration of the up- and down-going mode amplitudes.

where ng (k) corresponds to the amplitude of the up-going modes for z < 0, a3, to the amplitude of the down-

going incident modes toward the interface, lA)ffef (k) to the amplitude of the reflected modes at the interface,

and a&'" (k) to the amplitude to those transmitted at the interface (see Figure 4 for an illustration).

The amplitudes of the incident modes toward the interface are determined through the following jump
conditions across the plane z = 0. These conditions are produced by the source term in (15) and derived from

(82) in Appendix A:

@ (k, 2 = 0F) — a5 (k 2:0*):5%(@0 k—ﬁ)
w 7 w ) 3 \/g
0,15 (k,z =0") — 9,45 (k,z =07) =0,

yielding

kO) iwAS (K)zint /€
_ 20, 7
e

and
AO,W( ) 2 I (L"a li ) b J (k) @ ’/\O(k)zint/g
\/g

Therefore, the incident wavefield at the interface can be written as

57 k) = 20 2 (- K0 cianigzan e
: DAk) 2 NE

and as expected, the up-going modes Eg,w(k) are composed of a source component as well as the reflected part

of the wavefield at the interface.

2.2 Reflection and transmission at the interface

Denoting
peref (k .
ﬁi),ref(k’ Z) _ w ( )e—zwko(k)(z—zim)/a 0< 2 < Zints
g ()
the reflected wavefield at the interface and
ﬁe,tr(xvz) _ (k) zw)\ 1K) (z—zint)/e 2> Zints
N V M‘i(k)

the transmitted wavefield, the following continuity conditions across the interface z = z;,; are obtained from

(8) for V.=0:

A%, Zime) + 05" (%, 2ine) = 85" (X, 2ime),

s
azﬁi;inc (Xa Zint) + azﬁi;ref (Xa Zint) 8 T(Xa Zint)~



These two conditions yield the system

a5 (k)  bmel(k) _ agh(
VK VARV

A5(k)a5 . (k) — [ AS(R)BST (k) = /X5 (k)ag"™ (k)

with solutions

A, tr _ 1 g e.re o TE (k) ne
ay, (k) - Ti (k) ag,w (k) and b f(k) Ti (k) ag,w (k)a
where
cey L 5(k) Ai(k)
Ti(k) = 3 (\/ g(k) + \/)‘f)(k)> (24)

2.3 The reflected wave

From the above analysis, the reflected wave at the plane z = 0 can be expressed as

1 )
u(t,x,z2=07) = e // a5l (k, 2 = 0)e~ @ t/=xK/VE 2 gudk
7T
= 1 // e21wA§(K)zine /€ 7" (), (k) e w(t/e—xk/VE) 24 Kk
(2m)%e? (k) y/wA§(k)

; // 27/w>\g(q+ko/\[)21n1/5 <q + kO/f _7'W(t/5_x'k0/5_x'q/\/g)\il(w7 Q)w2dwdch
2(2m)3 ¢ (a +ko/VE)

where the last line is obtained after the change of variable k = q + ko/+/2, corresponding to the argument of Y
n (23). Considering the following position and time of observation

X = Xobs,ref + \/;?y and t= tibs,ref(y) = tobs,ref + \Eko 'y, (25)
where ok 9
0% 2
Xobs,ref ‘= )\70”% and tobs,’r'ef = C%Klg’ (26)

with Ag defined by (22), the asymptotic specular reflected wave is given by

ures (s,y) = ig% u’ (tibs,ref (y) +es, Xobs,ref 1 Vey.z= O)
= L/e*i‘*’(sfy'q)lflg(w a, 22int) ¥ (w, q)w?dwdq. (27)
2(27T)3 ) ) )
Here, U/ corresponds to the asymptotic wave front observed in the frame of the source term at position Xobs,ref
and time tibs,ref(y). This travel time is influenced by the offset y since the beam width /¢ is larger than the
pulse width € and with the wave front traveling obliquely relative to the vertical direction. Note that X,ps ey is
twice the lateral position

koZint
n = ) 28
Xint Xo ( )
where the incident pulse hit the interface. Therefore, the standard reflexion relation reads
ko
Oine = 00+ := arct ('—) 29
ref ‘= arctan " (29)

where the incident and reflected angle are equal. We refer to Figure 5 as an illustration of the geometrical
properties of the reflection.
Regarding the profile of the reflected wave, the reflection coefficient is given by

Y
S X+ A

(30)

and

A~

Uy (W, q, Z) = eiiwzchoAOqa (31)
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x=0 Xobs,ref
z=0 — > X
L)k
A Tef( 0
Z = Zint - >
Xint |*,
L
\| Dy
0"
0,
2= Ztp ® >
y Xobs,tr

Figure 5: Illustration of the reflection and transmission in the context of a flat interface at z = z;,,;. The source
is located at x = 0 in the plan z = 0, and the emitted wave hit the interface at x = X;n¢, in the plan z = z;4,
with an incident angle 6;,.. The reflected wave, with angle Gre Iz is observed in the plan z = 0 at X = Xops ref,

while the transmitted wave, with angle 69 , is observed in the plan z = z;, at x = Xobs, tr-

troy
where Ay is defined by (21). The term Uy leads to the following homogeneous semi-group

2
w

Z/vlo(w7y,z) = W

\/eiwy-qe—io.JZCOqTAoC{dC17 (32)
satisfying the Schrédinger type equation
« 1 N
10Uy (w,y, z) + k—Vy . (onyuo)(w,y, z2)=0 z >0,
0,w

where 5
Up(w,y,z=0)=0d(y) and kow = w/co,

which is characteristic of the paraxial approximation. Due to the initial lateral direction kg, we do not have the
standard Schrédinger equation with a Laplacian term. Nevertheless, the standard Laplacian can be recovered
by sending this direction to zero. In the time domain, the function

1 . ~ ~
Z/{O(S» Y, Z) = m /e—lw(s—yq)uo(w’ q, Z)\I/(OJ, q)w2deq7 (33)
corresponding to the pulse profile in (27), satisfies the following paraxial wave equation
1
Uy — coVy - (A0Vyty) =0, with  Us(s,z = 0,y) = S¥(s,¥). (34)

As a result, the reflecting wave by a flat (unperturbed) interface can be expressed as
U7'€f(s, y) = RMO (37 Yy, 227/1’7,15)

Under the paraxial wave model, this formulation corresponds to the travel of the emitted pulse from the source
location to the interface, and back from the interface to the source location (yielding the z = 2z;,¢). The factor
R accounts for the reflection at the interface.

2.4 The transmitted wave

Following the same strategy as for the reflected wave, the transmitted wave observed at z = 2, reads
u (t, X,z = z4) = )3 5 // A5 (K, 2 = 24 )e W/ EXKRIVE) 2y dk

13 // aO w ezwz\‘i(k)(Ztr—th)/Ee—i‘“(t/g_x'k/\ﬁ)dewdk
271') g2 75 (k OJ)\E VwAs (k)

! / / (NG (@0 /V/E) e (o /VE) (21— 2in0)) 2 VA (4 + ko/vE)
2(2m)? i (a+ko/vE)VAi(a +ko/VE)
efiw(t/sfx»ko/efx-q/\/g)\il(w’ q)dewdq.

11



Using the expansion (20), we obtain the following asymptotic specular transmitted wave

Utr(s y) - hm u (tobs tr(Y) + €8, Xobs,tr + f)@ z= Ztr) (35)

[A A
0 / —iwlsmy q)ul( y Ay Ztr — Zznt)u (UJ, q, Zint)\:[l(w7 Q)Wzd(«ddq,
27‘(’ /\1

with ko )
o\ Ztr — 24
Xobs,tr ‘= Xint T Xir 1= Xint + %7 (36)

where x;,,; is given by (28), the \;’s by (22), and
Zint Ztr T Zint

f)bs,tr (y) = tobs,tr + \/gy with tobs,tr = C%)\o + C%)\l . (37)

Here, U' corresponds to the wave front observed in the frame of the source term at position Xeps ¢, and time
tibs tr( ). The time tops ¢ for the pulse to reach the plan z = 2, is the sum of the time to reach the interface
and the time to go from the interface to the plan z = z;,.. Again, the term /ey in tobs, +(¥) is due to the offset of
the observation position, which is large compared to the pulse width and with the wave front traveling obliquely
relative to the vertical direction. The lateral position Xps ¢, Where the pulse hit the plan z = 2z, corresponds
to a sum of vectors, where the first one represents the lateral position where the pulse hit the interface, and
the second one the additional lateral displacement once the pulse goes through the interface and reaches the
plan z = z,.. We refer to Figure 5 as an illustration for the geometrical properties of transmission. From this
formulation, one has the Snell-Descartes law:
sin(fine)  sin(62))

)

Co C1
with 6;,,. defined by (29), and

kol
09 := arctan (T) (38)

Regarding the pulse profile, the transmission coefficient is defined as

PNAYSN

Ti=——,
Ao+ A1

so that we have the conservation relation R + T2 = 1, and U is defined by (31). The term I, is defined in the
same way:

U (w,q,z) = e_i“’zcquAlq, (39)
where A; is defined by (21). Considering Uy, defined as (33) with ¢; and A; instead of ¢y and Ag, and satisfying
the corresponding paraxial wave equation (34), the formulation (35) corresponds to the travel of the emitted
pulse from the source location to the interface, and from the interface to the plane z = z; under the paraxial
approximation. The factor T accounts for the transmission at the interface.

3 The reflected and transmitted waves for a random interface

In this section, in presence of a random interface, explicit formulations for the reflected and transmitted waves
are derived following the strategies described for a flat interface. Along the interface

x
z =25, (X) = zZint + EV(E),

the incident, reflected and transmitted waves, evolving in homogeneous spaces, can be written as

| 6 (k) .
us et x, Z e—zw(t/s—x-k/f) 0w 2"")‘0(k)(Z_Z"”"")/so\)Zdwdk O0<z<z
( 27T 362 // /wAe(k) znt( )

berel (k) .
ue,ref(t X, Z — //e—zw(t/s x-k/veE) Yw T \R) —zw)\o(k)(z—sz,)/sw2dwdk 0< 2 < Zznt( )
9

1

)

1
(@mpe VwAg (k)

1 tr(k) . . )
ust (¢ X, Z // —iw(t/e— xk/\f)762w)\1(k)(zfzmt)/ew2dwdk 2> Zyn x
(¢ 27‘(‘)352 /e (k) +(x),
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yielding from (8) the two continuity relations along the random interface z = z5,,(x):

B8, %, 25,0 (%)) A 4T (%, 25, (%) ) = 0 (%, 25, (%)), (40)

) “int

d,us mc(t X7zmt( ) )+8zus,ref(t x. 2 (X) ) o,u® t?”(t x, 25 (x)"").

s “int > “int

u

Now, we perform some algebra consisting in taking the Fourier transform w.r.t. time, making the change of
variable k — ko /+/€ + q (corresponding to the scaling of the source profile (23)) for all the terms of (40), then
considering the following approximation from (20),

Aj(qu%

and finally going back to the original variable q — k — ko/y/c. All these steps yield the continuity relations at
the leading order in €:

) =\ +O(WE)  forj=0,1, (41)

—iwAoV(x/eY) _ 1 vs,tr(
= —/=u X, Zint
VAL

e,re —iwAoV (x/e” vetr w1V (x/e”
f (X, zint)e oVe/eT) = VAU (X, zint )" e/ )a

1 U inc )eiw)\OV(x/s'Y)

\/7 UJ (Xa Zint
/) us znc X % t w})\oV(x/E'Y

5 (2 e AV,

aa

where

P
ﬁfjmc(x, Z) — w /eiwx.k/\/EGO,w(k) eiwAg(k)(z—ZMt)/sdk,

w

2 ,re
ﬁe,ref(x Z) — w /ezwx k/fba f( ) —iw)\é(k)(z—zmt)/edk
’ (2m)2e NG ’
2 ~e,tr
G5 (x, 2) = w /eiwx-k/\/gai) (k) i (K) (z—2int) /€ )¢
w % (2m)%e Ve

The expansion (41) is critical to identify the mode amplitudes a5 (k) and b5;7¢f (k). In fact, the latter system
can be solved to provide at the leading order

. i ¥
b )BZzwAgV(x/e )

ref (Xa va‘) == R ai’inc(xa Zint

£

w ;
ve,tr _ Ve ince iw(Xo—A1)V(x/e”
U (%, Zime) = TG (X, ziy )P0 AV AT,

yielding for the reflection and transmission amplitudes in the Fourier domain:

2
I;Z’Tef(k) _ ERw // e—z’wx’~(k—k/)/\/Eez‘w/\g(k/)z,-m/sezm,\OV(x//sW)

w)\g(k’)\i/(w, K — —2)dx'dK,

ko )
\@
As,tr(k) _ ET&) // —iwx’ - (k— k)/\/E iwAG (K )zint /€ zw()\o A1)V (x' /™)

Qg

ko
wAg(k’)\I/(w,k’ - %>dx’dk’.

To get ride of the source profile scaling, we make the change of variables

kO kO
k— —+ d k,—>7+ !
\/g d a \/g a-

so that at the leading order in €, using (20), the reflected and transmitted wave read

UE’Tef(t,X7Z — 0) ~ 2(27T)55 //// e—zw(t—2)\ozqym—x‘ko)/ee%w)\oV(x /e™)

» em}q.(x_x’_xim)/\/E(;/iwq'-(x'—x«;m)/\/g (42)

X LA{O (w7 q, Zint)ao (wa qla Zint)\ij(wv q/)w4deX/dq/dq7
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Figure 6: Illustration of the reflection and transmission in case of a random interface with v = 1/2. The travel
times of the reflected and transmitted waves are affected by the fluctuations V.

and

[ A ) , oy
ua’tr(t, X,z = Ztr) ~ 2(2,:)55 )\—(1) //// e~ W (E=20zint = A1 (2er —2int) ) =X-ko) /e yiw(Ao—M)V (x"/eT)

% eiWOl'(X—x/—xt,r)/\/geiwl/'(x/—xmt)/\/g (43)
X Z/?1 (w, q, Ztr — Zim:)zf?o(a), q’, th)‘i’(a% q’)w4dwdx'dq’dq.

Here, the L?j’s are defined by (31) and (39), and x;,,; (resp. Xy), representing the lateral position where the
incident pulse hit the interface (resp. the lateral displacement from x;,; to the location where the transmitted
wave is observed), by (28) (resp. by (36)).

Let us remark that the scattering operator, resulting from the random interface, is provided through the
following Fourier representation:

K*(w,q,q) = / e =) O —xin) [ VE iV (X /7 gt (44)

for a given frequency w, and centered around x;,; with radius corresponding to the beam width /. This
operator described how an incident plane wave with lateral direction q’, supported by the source term \f/, is
diffracted into a direction q. For both the reflected (42) and transmitted waves (43), the plane wave with
direction q’, propagate according to LA{O(q’ ) under the paraxial approximation. Once it has been diffracted by
the Asurface, the reflected wave still propagates according to L?o(q), but the transmitted one propagates according
to U1(q).

The remaining of the paper consists in describing the effective statistical behavior of this operator in the
high-frequency limit € — 0. The two cases,

v=1/2 and v >1/2,

are analyzed separately as they provide two different statistical behaviors for the reflected and transmitted
waves.

4 The case 7 =1/2

The case v = 1/2 corresponds to a correlation length (of the interface fluctuations) and a beam width of the
same order. Since the wavelength is also assumed to be of order the strength of the fluctuations, it is natural to
expect a random arrival time for the reflected and transmitted waves, but no homogenization effect (see Figure
6 for an illustration). To describe mathematically this phenomenon on the reflected wave, the change of variable

X' = Xint + VY
is applied to (42), so that at the leading order the observed reflected wave reads

w8, 2 = 0) ~ 2(;3)5 / / / / (=200 2ims ko) /2 ieo(@'~a) Y (2iAoV (Kime /VE+Y)
0

S eiwq.(X7XObSVTEf)/\/gLA{O (wv q, Zint)Z:lO ((U, qu Zz'nt)

X U(w, q')w*dwdy’dq'dq.
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Xobs,ref + \/>y
Xobs,r
z=0 Pty @ X

Z = Zint-t+af

Z = Zpp oo P S
Xobs,tr
o Xobs,tr + \[y

Figure 7: Illustration of the contributions to the reflected and transmitted waves observed at points Xps re f—i—\/gy
and Xops,¢r + /€Y respectively.

Here, the lateral position Xops,ref, at which the specular reflected wave is observed, is defined by (25), Ao by
(22), and Uy by (31). The fast oscillating components suggest to consider

e ref(s y) — s Tef( S s Tef(y) + €8, Xobs,ref + ﬁy, 2z = O) (s,y) cR x }RZ,

where t° (y) is defined by (26) and corresponds to the expected travel time to observe the reflected wave at

obs ref
the plan z = 0. The wave front US7¢f is observed at the same lateral position and time frame as the specular

reflected wave for a flat surface, and for which we have the following result.

Proposition 4.1 The family (U”“ef)a converges in distribution in L?(R x R?) to

U”f(s y) 27r //// —iw(s=2XoV(y")—ay) giw(a' —a)y

X uO (wv q, Zint)uo (wa q ) Zint)\ij(wa q/)w4dwdyldqldqv
where V is a random field with the same law as V.

The reflected wave front U/ consists in a superposition of contribution observed at point y. Each of
these contributions result in waves emitted with initial lateral direction q’, propagating according to Uy(q'),
and scattered into direction q at point y’ before propagating back according to Uy(q) (see Figure 7 for an
illustration). Note that the specular reflected component has still a beam width of order /¢, and the observation
point is still Xups,ref, meaning there is no significant perturbation of the specular reflected cone and angle Ore ¥

given by (29). Finally, at z = 0, a random time correction 2XoV(y’) is observed for contributions scattered at
point y’. In U™¢f, the scattering operator

Kresloo.d ) = [ etla a0 2 gy (45)

has the same law as e K¢ given by (44) (for 7 = 2)g) after proper centerings thanks to the stationarity of V:
for any ¢, 1) € S(R?), where S(R?) stands for the Schwartz class, the two random variables K, r(w,¢,) and
eK*(w, v, 1) have the same law.

Proof (of Proposition 4.1) The wave front U/ reads at the leading order in ¢ as

Ue ref(s y 2 //// —iw(s—q-y) uu(q —q)y’ szAoV(xlnt/f+y)
7T

Z/[( aqﬂzlnt)u( 7q Zint)\i/( ) 4dey dq/an

for which we have R
lim [|U=7T|| 2 mxre) = U7 || 2 @xcme) = @]l o mxre). (46)

From this relation, it is enough to prove the convergence in &’(R x R?) as a tempered distribution. Using (46),
the tightness is readily satisfied since for any ¢ € S(R x R?)

re R
hmsz)lpKUE T o) Le@urey| < 5||‘I’||L2(Rxm2)||<P||L2(RxR2)~
e—
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The convergence of the finite-dimensional distributions is obtained from the stationarity of V to remove the
argument X;¢/+/€, yielding for any n > 1 and ¢, ..., ¢, € S(R x R?):

g%E{H (U=, 0) L2 @xr) } = [H o) 2 @) |-
j=1 j=1
This concludes the proof. O

The transmitted wave, observed at the same lateral position and time frame as the specular transmitted
wave for a flat surface, reads

UE t?"(s y) = uE t?"( obs, tr( ) + ES’XObS’t’f + \ﬁyaz = ZtT)7 (87y) € R X R27

where Xps ¢ and t5, ;. (y) are respectively defined by (36) and (37), and u™'" by (43) at the leading order.
The asymptotic behavior of this transmitted wave front is provided by the following result, whose proof follows
similar lines as for the reflected wave and is therefore omitted.

Proposition 4.2 The family (US'"). converges in distribution in L*(R x R?) to

Ao
A

77,ws Ao=2A)V(')—ay) w)(q -q)y

Ut’r‘(s y

X Uy (w0, 2ir = 2int)Uo (W, @', 2int) ¥ (w, Q') dwdy’dq'dq,
where V is a random field with the same distribution as V.

The transmitted wave front U!" consists as well in a superposition of diffracted contributions observed at point
y. Each of these contribution results in waves emitted with initial lateral direction q’, propagating according
to L?O, scattered into direction q at point y’ when going through the interface, and then propagates according
to Uy until it reaches z = z, (see Figure 7 for an illustration). Again, the beam width of the transmitted wave
is still \/e, and the observation point is still X,ps 1, meaning there is no significant perturbation of the specular
transmitted cone and angle 6 glven by (38). Also, a random time correction (Mg — A1)V(y’) is observed for
contributions scattered at pomt y’. For the transmitted wave, the scattering operator reads

Kn,(w7q/’q) = /eiw(q/—ll)‘y/eiw()\a—M)V(y/)dy/’ (47)

which has the same law as K given by (44) (for 7 = Ag — A1) after proper centerings and thanks to the
stationarity of V.

5 The case v > 1/2: homogenized specular reflected and transmitted
components

The case v > 1/2 corresponds to a correlation length (of the interface fluctuations) smaller than the beam width.
The incident wave is therefore strongly scattered and homogenization phenomena take place.
In this section, the following reflected wave front is considered

UE’Tef(Sa Y, y) = uE,Tef( (E)bs,ref(y) +e€s, Xobs,ref + \@y =+ 57?7 z = 0) (S Y,y ) €eRx Rz X Rz

where u®"¢/ is given at the lead order by (42), t5, rer(¥) and Xops rep are defined respectively by (25) and (26).
The additional variable y accounts here for variations at the scale of the correlation length. The asymptotic
behavior to U"¢/ is described by the following result.

Proposition 5.1 The family (U"¢). converges in probability in S'(R x R? x R?), the set of tempered distri-
butions, to the deterministic pulse profile

R ) VA R
Ul (s,y) = 202n) //// e~ ANy (w, 1, 220 ) v (2wAo) ¥ (w, q)w?dwdg
RZJO(Sa Y, innt)-
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Here,
oy (u) = E[ewv(o)] (48)

is the characteristic function to V(0), Uy is defined by (31). The function Uy satisfies (34) with initial condition
~ 1
Z/IO(Svva = 0) = 5(1) *s \I/(S,y),

where x5 s the convolution operator acting on the s-variable, and

1

— / e % By (2w ) dw

d(s) = o

corresponds to a scaled version to the probability density function of V(0).

Let us make some comments on the homogenized specular reflected wave front. First, the asymptotic profile
does not depend on y, so that this homogenized limit does not depend on fluctuations at the scale of the interface
fluctuations. Second, through U, the impact of the interface fluctuations on the specular reflected wave can be
described as the reflection problem with a flat interface where the homogenized scattering property are captured
by the convolution in the initial condition ® %, ¥/2. Finally, compared to the case v = 1/2, the scattering
operator (45) is now homogenized:

Bl a)] = [ 00 B[00y’ = 5(u(a — @)ov (20M0).

This homogenized scattering operator acts as for a flat surface, it does not modify the incident direction q’,
and the effective contribution of the interface fluctuations produce only a low-pass filter in frequency through
the characteristic function ¢y . In this situation as well, the specular reflected component has a beam width of
order /e, and the observation point remains Xops, e . Therefore, there is still no significant perturbation of the
specular reflected cone and angle 69, s (29).

Proof (of Proposition 5.1) The proof is in two steps. The first step consists in evaluating the first order
moment of U/ to identify the homogenized limit, and then the second order moment to prove the convergence
in probability thanks to the Chebyshev inequality.

Before evaluating the moment, let us make the change of variable

X/ — Xint + \/gy/ + g’yy’

yielding at the leading order

Ue ref(S YY) 2 //// —iw(s—qy) g2iwAoV (Xine /7 +y' /€7 1/2435)
7T

x e =Y wd Y (0, 2 o (w0, s 2ine) B (w, ot dewody'dq'da.

First order moment. Taking the expectation to U7/ and using the stationarity of the fluctuations yield

R . . . ’ ’
e,ref _ —iw(s—q-y) 2iwAoV (0)] iw(q'—q)-y
gl_r%E[U (5,¥,5)] 72(271_)5 ////e E[e ]e

X Uo (W, Q, Zint )Uo (w, @', 2int) ¥ (w, q")w*dwdy’dq’dq

_ //// —iw(s— qy)E[ Zsz\oV(O)]
27r

u ( w,q, 2zznt)¢’( )dequ
= RZ/{O(S, Y, 2Zznt)
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Second order moment. At the leading order, the correlation function to U®"¢/ reads

[UE Tef(sl,YMYI)Ug ref(52»Y27Y2

e~ wi(s1—ai-y1) ,—iwa(s2—qz2-y2)
27T A(9-)10

x B [e2ir 0V Ceine /€741 /€77 1/2+§1)emzAUme/euy;/sW*1/2+§2)]
% ewr(@i—an) ¥ giwa(as—az)-y)
X 7;10 (w1, 4, th)ao (w1,4qy, Zint)ao (w2, q2, Zint)ao(wm Ay, Zint)
X W (wr, q)) W (we, gh)wiw) dws dwady) dyhda) dajda da.
Using the stationary of the fluctuations together with Lemma 1.1 yields

lim E [e21 30V Geine /734 /€7 72 450) 2oV (xine /749477 2432)]
e—0

_ Jip B2V (757674 ) 2iwndoV (9367 2450)]
e—0

= lim E[ein1A0V<yi/s”*1/2+§1>]E[ezz'w2AOV<y;/sH/2+§2>]
e—0

_ IE[eQiWIAOV(O)]E[eQiWZ’\Ov(O)]7

so that
hmE[<U€ Tef >S' S] :E[<Urefagp>s/,s}2a

e—0

which concludes the proof. |
The same strategy applies for the transmitted wave front
U= (5,y.¥) 1= u™"" (505,10 (¥) + €5, Xobsr + VEY +7¥,2=0)  (s,y) ERXR? xR?,

where u®'" is given at the leading order by (43), and Xps ¢ and Tobs, +(¥) are respectively defined by (36) and

(37). The asymptotic behavior for US'" is described by the following result.
Proposition 5.2 The family (US'"). converges in probability in S’'(R x R? x R?) to the deterministic pulse

profile
/A
Utr(s y 27'(' )\? //// 7“‘0 T y)ul( W, q, Ztr — Zznt)u (w7qa Zint)

% v (ho = Ao B (w, @) ddx' e,
where ¢y is defined by (48), the L?j 's by (31) and (39).

The proof of this result is omitted as it is similar to the one of Proposition 5.1. Note that the profile U is
similar to the one obtained for a flat surface (35) with a convolved initial condition traducing homogenization
effects of the highly oscillating rough interface. Similarly to the reflected wave the scattering operator (47)
becomes

B[ (v a)] = [ 9 DY B[00 iy’ — 5(ulq’ = @)y ((Aa ~ )

as a result of the homogenization. Thus, ¢y accounts for the homogenized diffraction effects for transmission
by playing the role of a low-pass filter in frequency, while the Dirac mass articulates that the incident direction
q’ is not affected. As for the reflected wave, the specular transmitted component observed at point X,ps ¢ has
still a beam width of order /e. Therefore, there is no significant perturbation of the specular transmitted cone
and angle 69 (38).

6 The case v > 1/2: incoherent wave fluctuations for the nonspecular
reflected contributions

From the homogenization phenomena described in the previous section, an effective frequency-dependent atten-
uation is observed on the specular components through ¢y . This section aims at describing how the scattering
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phenomena produce incoherent wave fluctuations accounting for the missing energy carried by the specular
components.
In this section, the following reflected wavefield, referred to as the speckle profile, is analyzed:

SET(5,5,y,8,5) 1= e POV (45, 1 (5,5,Y,Y) + €8, Xops s (5, ) + 75,2 =0), (49)
where
Xf)bs,ref (ya y) = Xobs,ref T+ Elivy + \/gya (50)
and
t(E)bs,ref(§7 }_’a Y, y) = tobs,ref + 51_71{0 . }_’ + \@ko 'y + E’YkO . y + 52(1—’7)5. (51)

The proof of Proposition (6.1) below is implemented in a way that justifies the scaling in (49-51). Tracking the
scales of interest throughout this derivation allows to provide physical interpretation of these scalings.

Recalling (9), the wavefield u®"ef is observed around the observation location Xobs,ref (the position to observe
the specular reflected component), but now on a neighborhood of order

2
g A
A

1—y

through the y-variable. The radius of the region over which the reflected speckle can be observed is of order the
roughness parameter A/l.. We will see below that this radius is additionally proportional to the distance from
the source plan to the interface. Note that this neighborhood is larger than the beam width (of order /) since
~v > 1/2, and can be of order one for v = 1. The variables y and y account for variations at the scale of the
beam width as well as fluctuations of order the correlation length respectively (see Figure 8 for an illustration).
The time scale under consideration is around the travel time t,ps ¢, With three corrections depending on the
observation offsets (y, y, and ¥), and lying in a time window larger than the pulse duration (of order €). This
time window, described through the variable s, is of order

oA (5)2 L 20-)
2L~ \7L ’

the square of the roughness parameter. The 5-variable in (49) accounts for fluctuations at the scale of the pulse
width. Finally, the amplitude of the speckle profile is of order

e, (Lc)Q o 2-1/2)
vV ALrg To

leading to the large amplitude factor e=2(=1/2) > 1 in (49). Note that the more we increase v the wider is
the area around X,ps . Where we can observe the speckle pattern, while its magnitude is reduced. The order
of magnitude of the speckle can be understood as spreading a beam of order ry over a two dimensional spatial
window of order 73/l.. Therefore, it is indeed expected that we observe a speckle of order

(&)2 ~ (7%)2 ~ 200-1/2)

This section aims at describing the asymptotic behavior of the two-point statistics and intensity of S="¢f and
the self-averaging properties that are exhibited by these quantities. The expectation of S%7¢f will be discussed
in Section 6.2, where the asymptotic of the speckle itself is characterized as a mean-zero Gaussian random field.

6.1 Correlation and intensity functions.

The above scalings in € of the speckle profile ¢/ can be naturally justified through a careful analysis of its
correlation function. This correlation function is defined as the product of 557/ at two nearby points:

CE’Tef(‘g) }_’? Y, gla 3;17;;2’ §2) = SE,TEf(g’ S’7 Yy, gla yl)SE,Tef(§7 S’? Yy, g27 92)7 (52)
with associated intensity given by
. _ o~ 2 e~
57 (5,y,y.5.5) = |S*" (5,7,y.5.5)| =" (5,5.y.5.¥.5.¥).

The following result characterizes the asymptotic mean correlation function.
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Figure 8: The left picture illustrates the zone where the speckle profile can be observed (in light gray) compared
to the specular reflection component (in gray). The right picture illustrates the spatial windows over which the
speckle profile is analyzed.

Proposition 6.1 We have

lim E[C="/(5,¥,y,51,¥1,52,¥2)| = C"/(5,3,51 — 5,51 — ¥2), (53)

e—0

in 8'(R x R? x R? x R x R? x R x R?), where

e R? —iw(s—p-y & = -
C’r’ﬁf(s,y’s’y) = m //6 ( py)A(Q)‘Oawap)‘qj'%(w)(s(s_ZintcOpTAop)(S(y_QZintCOAop)w4depa (54)

with
A(v,w,p) := /E[eiv(V(y')fV(O))]efiwr,.y’dy,’ (55)

and
B2 (w) = ﬁ / (w0, q)2da. (56)

The proof of Proposition (6.1) is postponed to Section 8.1. In this result C™f(5,¥, 5, — 82, y1 — ¥2) corresponds
to the mean correlation function at two nearby points in 3, y, and showing asymptotic stationarity w.r.t. these
variables. This correlation function does not depend on the variable y (corresponding to variation at the beam
width scale), meaning the two point statistics are identical over regions of order the beam width. In a similar
manner, the mean intensity carried by the speckle profile is given by

lim E[Z°"“/(3,3.,y,5,5)] = C"™/(5,5,0,0),

e—0
which does not depend on the variable y and the small scale fluctuations in 5 and ¥ (evolving at respectively
the scale of the pulse width and correlation length). The intensity is therefore uniform over these scales.

In (54), the spatial window is larger than the beam width, and the contribution of the source in (54) is
integrated over the supported lateral directions (see (56)). The term A(-,w, p) corresponds to the distribution
of scattered directions p produced by the random interface, for components at frequency w, and are related to
variations at the scale of the correlation length through y’. From the Dirac masses in (54), the resulting speckle
can be observed for a given direction p at position

Y =yp! = 2zintcoAop,

and corresponding time
5= sg‘f =p- y;ef/2 = Zintcop” Agp > 0.

This latter time is nonnegative recalling (21). These two quantities depend on the distance z;,; from the source
term to the interface location. This distance influence therefore the cone size of the reflected speckle and the
time widow to observe its evolution.
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Figure 9: Illustration of the incident angle 69 = (dash-dot line) and the reflected angle 6,.¢(p) € (0,7/2) for

wmc

v =1and p = ik + fokg with (81, B2) = r (cos(¢p), sin(p)).

Generalized Snell’s law of refraction After some algebra, one can generalize the standard reflection relation
between the incident and reflected angle (29) as follows. For a given frequency w and nonnull slowness vector
ko, (Bine > 0), we have

tan(frer(P))  [Xine + Slivygef‘

tan(0;ne) Xint|
p-ko 2 - <5
_ 1 g 2(p . ki)2 .= l-—y__ =0
\/( + 6 COS2 (Gmc) ) + gs (p 0 ) ) 5 € SiHQ(QinC) (57)

for p distributed according to the scattering operator A(2\g, w, -), which corresponds to (1). The casey € (1/2,1)
yields the perturbation formula

eref(p> = Hinc + 65 tan(einc)p : kO + 0(52(1_7)|p|2)-

We refer to Figure 9 for an illustration of 8,.7(p) when v = 1, that is in the context of a rough interface A ~ ..
For null slowness vector ko, (0ine = 0), the refraction formula is simply given by tan(6,.¢(p)) = €' 7¢o|p|, that
is

Oref(p) = arctan(e' 7 co|p|)-

The following result describes the statistical stabilization of C*7¢f as e — 0. In other words, when correlating
the speckle profile at two nearby points w.r.t. the variables s and y, its limit, in the high-frequency regime
¢ — 0, becomes deterministic and corresponds to the mean correlation function given in Proposition 6.2.

Proposition 6.2 We have

g%cs’mf(gayay,§1,§1,§27§2) = C™/(5,9,51 — 52,51 — ¥2)
in probability in S'(R x R? x R?2 x R x R? x R x R2), where the deterministic limit C™¢ is defined by (54).
The same result holds for the intensity function, which also converges in probability in S’'(R x R? x R? x R x R?):

lim 757/ (5,y,y,5,5) = C"/(5,,0,0).

e—0

The proof of Position 6.2 is provided in Section 8.2.

6.2 Statistics of the incoherent wave fluctuations

A precise analysis to the statistics of the reflected speckle profile is provided in the Fourier domain at the scale
of the pulse width and correlation length through

SE,TEf(g’y7y7w’p) = g—2(v-1/2) // eiw(sfp-y)us,rfif( stﬂlef(g’}—,?y,;,) + €5, X(s)bs,ref(y7Y) + E'Vy)dgdy_
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where x5, ., and 5, . are respectively given by (50) and (51). As described by (54), the position and time
where we observe the incoherent wave fluctuations away from the position of the specular component are given
in terms of the scattered directions p:

Yt =2zincodop  and  sp = zincop” Agp. (58)

Due to the singular nature of the correlation function, involving Dirac masses at yp! and sp/, we do not
directly study 5S¢/ but rather a smoothed version

Ss,ref < o st,ref o 1 1/2 ) g_sgef Qy_y;”ff 59
y (SaY7w7p) T (SaY7Yawap)m<p ( 52(7_1/2)7 62(7_1/2))7 ( )

where we have added the square root of a symmetric mollifier to smooth its correlation function around s = sg‘f

and y = ylrff. Here y is fixed, and S}E,’Tef is here localized in a small neighborhood of y;,ef +e20=1/2)y of order
the correlation length (recalling that y scales at €!~7). In this section, we focus on the speckle pattern seen
as a random field in the scattered direction p, and aim at describing its statistical behavior at the scale of the
correlation length.

At the leading order 85"/ reads

PN _ R L=y 2y—1 — 2y —1 - —1/2 ’ ~—1/2 , )
eref (s ~ —iws/e”"T " iwpy/eT T jiwp-y/e” iw(q'—p/e ) (x"—xint)/VE
Sy (s, ¥,w.p) T 2(2m)2e7(r=1/2)+1 //6 ery e Py et TP (60)

% ezionv(x’/e”)ao(w’ p/gv—l/{ th)lfio(w, q, th)‘i’(wa q’)
2 9l gl 1/2 5~ Sp Yy~ Yp )
X wodx'dq’¢ (252(7—1/2) ’ 252(7—1/2) '

Note that taking its expectation leads to

Ge,ref (= o R —iws/e?" " jwp-y /e iwp- y-1/2 W
]E[Sf, f(s,y7w,p)] :257@*1/2)6 (277 piwp /e T Jiwpry/e E[eQ AOV(O)]

N B N _ 5—5 y—-y
<l 2 N (2 e 2 T,

so that applying a test function ¢ € S(R x R? x R x R?) gives

. =1/2 , o~ . R -
E[<S§,’T€f,qb>8,ys} ~ % //// e_“’sqe_“”sewq'yE[62“”‘0‘/(0)]\I/(w,q)apl/z(Qg, 25)¢(0, 0, w, 0)w?dsdydwdq,
(61)

after the change of variable 5 — sp, +e2071/2)3 y — y, + 20712y and p — £7~/2q. In other words, we
have

 R[&eref (5 _

il_I}’(I)E[S; (S,y,w,p)] =0.

in S'(R x R? x R x R?).

Theorem 6.1 For any fized y € R, the family (S57). converges in distribution in S'(R x R2 x R x R2,C) to
a complex mean-zero Gaussian random field 8™, which does not depend on 'y, and with covariance functions
given by

]E[Sref(qﬁ)gref(w)] - / . '/’eref(§15§27yl7y2awla _w27p17p2)
X (51,51, w1, P1)Y (52, Y2, w2, P2)d51d52dy 1 dysdw dwadpidps,  (62)
E[Smf(@gmf(?ﬁ)] = /"'/kref(gl,52,}_’17}_’2,w1,w27plap2)

X (51,51, w1, P1)Y (52, Y2, wa, P2)d51d52dy 1 dysdwi dwadpidps,  (63)

for ¢, € S(R x R? x R x R?,C). The kernel K is given by

- (27)3R?

Kref(51,52,¥1,¥2, w1, w2, P1,P2) = A(2X0, w1, 1) ¥ |2 (w1)p(wi, p1)

X 8wy — w2)8(p1 — P2)6(51 — 53 )(52 — sy )o(y1 — v/ )o(y2 — vl ).
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The proof of Theorem 6.1 is provided in Section 9.

The difference with the correlation function (52), exhibiting a self-averaging property, with the speckle (59)
in the Fourier domain is the following. For the correlation function, the speckle profile is correlated around
given s and y. Hence, looking at the second order moment of the correlation function in S’ corresponds to look
at the fourth order moment of the speckle, but with two elements around some s;,¥y; and two others around
some So,¥y2. These two observation points being far apart from each other the correlated speckles around each
of these points become statistically independent:

E[C=") (51,51)C*" (52, 92)] = E[CT"/ (51, 51)|E[CT" (52, 32)]-

In this section, the speckle itself is studied as a random field in the scattered direction p, with, for each p, the
corresponding time sp/ and position yp of observation. Theorem 6.1 described the statistical interactions
between the diffracted directions p through a Gaussian random field. Nevertheless, Theorem 6.1 holds for a
fixed y. For two differents y, the following result holds as we can prove that

lim E |:<S€ Tef’ ¢1>8/75<‘§;72ref7 ¢2>S/,3:| = 07

e—0
for any y1, y2 and any test function ¢;, ¢2 in S'(R x R? x R x R?, C).

Corollary 6.1 Forn > 1 and any fized y1,...,¥n, € R?, the family (Sf,’Tef, S’E’Tef)g converges in distribu-
tion in 8!, (which is n times the Cartesian product of 8'(R x R2 x R x R2,C)) to a limit (S7°7,...,87¢F) made
of n independent copies of the Gaussian random field S™f defined in Theorem 7.1.

The real valued random field
1 o~ o~
5"E ref (s8,y,8,y) == 27T>3 //eﬂw(s*p'y)S;’ref(E, ¥, w, p)dwdp,

corresponds to the speckle signal around time 5 = sgef and position y = y{ff , for which we have the following
result.

Corollary 6.2 For n > 1 and any fixed y1,...,yn € R?, the family (S_f,’lref, e ,Sf,;,ref)g converges in distri-
bution in S), to (Sfef, ..., S made of n independent copies of a real-valued mean-zero stationary Gaussian
random field S™F with covariance function given by

E[S"¢f ()8 ()] = / . '/Kref(§1,§27}_’1,}_’2,§1 —52,¥1 — ¥2)
X (51,51, 51,¥1)¥(52,¥2, 52, ¥2)ds1d52dy 1 dy2ds1dsady 1 dys  (64)
for ¢, € S(R x R? x R x R?). The kernel K is given by

ICref(Slas%ylayQaS y 271_ // 7“08 py (2>‘03 7p)|\IJ| ( ) ( )

x 8(51 — sp)6(52 — sy )o(y1 =y )o(y2 — yipd Jw dwdp.

7 The case v > 1/2: incoherent wave fluctuations for the nonspecular
transmitted contributions

The transmitted speckle profile is given by

—2(7—1/2)ue,tr(

SE,t?"<§7 }_’a Y, §7 y) =€ ibs,tr(g’ S’? Y, S;) + Eg? Xibs,tr (}_’a }’) + E’Y§7 = Ztr), (65)

e,tr

where u®*" is given by (43) at the leading order,

Xobs,tr (¥, ¥) = Xobs,tr + ey + ey,

and
tibs,tr(gv ya Y, y) = tobs,tr + El_’ka : 5’ + \/gkO 'y + E':’YkO : S; + 82(1_7)5'

As for the reflected wavefield, the transmitted wavefield u®!" is therefore observed in a neighborhood, of order
the roughness parameter A/, which is larger than the beam width (since v > 1/2), around the location X,ps,tr
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Figure 10: Tllustration to the zone where the transmitted speckle profile can be observed (in light gray) compared
to the specular reflection component (in gray).

to observe the specular transmitted component. We also look for variations at the beam width scale as well as
fluctuations of order the correlation length through respectively y and y (see the right picture of Figure 8 for
an illustration). The speckle profile S is observed in a time scale around the travel time tobs,ref With three
corrections depending on the observation locations (y, y, and ). The overall time window is larger than the pulse
width (given by 52(1_7)5), of order the square of the roughness parameter, and we also look for fluctuations at
the scale of the pulse width through the variable 5. Finally, the factor e2(7=1/2) >> 1 characterizes the amplitude
of the speckle component. Recall that as the parameter ~ increases (that is the roughness increases) the area
where the speckle pattern is observed around X,y increases, as does the speckle signal duration, however the
magnitude of the speckle decreases.

As for the reflected speckle, the first order moment of S goes to zero in the high-frequency limit and we
only focus on its two-point statistics and on the intensity.

7.1 Correlation function and intensity.
This correlation function at two nearby points to S is defined as:
Co(5,5,¥,51, 51,52, ¥2) 1= 87V (5,5,y,51,¥1)577 (5,5, ¥, 52, ¥2),
and the associated intensity is given by
I (5,5,y,5,) = |57 (5,9,y,5,5)| =" (5,9,y,5.5.5,7).
The following result characterizes the asymptotic mean correlation function.
Proposition 7.1 We have
Eh_%ce’tr(g,y,%515’1,52,?2) =C"(5,y,51 — 52,¥1 — ¥2),

in probability in S'(R x R? x R? x R x R? x R x R?), where
triz o S 7"2)\0 7zw(s p: y) 4
C (87 Y, Y,s, y) =N o3 4)\1 27'(' A(AO - >‘la 7p)‘\Ij| ( ) (S - S )6(}/ y ) dep (66)

with A defined by (55), |¥|2 by (56), and

tr

Sp = (Ztr - th)ClpTAlp Z 07 and yf)r = Q(Ztr - Zint)clA1p~

The stationarity property is also observed for C*” w.r.t. its variables 5 and y, and does not depend on the
variable y corresponding to variation at the scale of the beam width. In the same way, the mean intensity
carried by the speckle profile is given by

lim 7% (5,y,y,5,y) = C"(5,y,0,0),

e—0

in probability, which does not depend on the variable y and the small scale fluctuations in s and y. The intensity
is therefore uniform over these scales.
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Figure 11: Illustration of the specular transmission angle 62 (dash-dot line) and the transmission angle 6,..¢(p) €
(0,7/2) for y =1, cg = 1.5, ¢; = 1, and p = B1kg + kg with (81, B2) = 7(cos(¢), sin(p)).

As already mentioned, in (54), the spatial window is now larger than the beam width. For a given direction
P, the resulting speckle at position

is observed at the corresponding time

which is nonnegative recalling (21) and that |ko| < 1/co < 1/c¢1. Note that for v = 1, corresponding to a
correlation length of order the wavelength, the speckle can be observed at distance of order one from Xps ¢r-

Generalized Snell’s law of transmission In term of reflection angle, for a given frequency w and nonnull
slowness vector kg (0;,. > 0), we have, after some algebra, the following relation between the transmission angle
and the specular transmission angle 69,

tan(@tr(p)) - |X0bs,tr — Xint + 5177)’::

tan(egr) N |Xobs,tr - Xint|

2

_ P-ko V2 o _ 1 %
N \/(1 +€COSQ(0t'r)> + &Pk ), be=¢ sin?(0ine)’

for p distributed according to the scattering operator A(Ag — A1, w, ). From this relation, the standard Snell’s
relation of transmission can be generalized as follow

sin (0 (p sin(6; . g = p-k ?
(0ir(p)) _ sin(Binc) : ::<1+§2790) +&(p ki),
c Co 1+ SiHZ(G?T) (E _ 1) COs ( tr)

corresponding to (2), and leading for v € (1/2,1) to the perturbed relation

sin(0y(p)) _ Sin(finc) (1 . p-ko n 0(52(1—7)|p|2)).

1 o cos2(69,)

This latter relation provides the approximation

0 tan(6y,)
Our(P) = b1 + & cos?(0y)

Finally, for a null slowness vector kg = 0 (6, = 0), the transmission angle satisfies tan(;,.(p)) = ¢'~7c1|p|, so
that

p - ko + 027 |p?).

0:r(p) = arctan(e! V¢ |p)).
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7.2 Statistics of the incoherent wave fluctuations

The transmitted speckle in the Fourier domain is given by

S«a,tr<§7y’y’w7p) — 5—2(7—1/2) // zw(s py) str( s, tr(s V.Y, y) +58 Xobs tr(y y) + 7y )dsdy

As described by (66), the position and time where we observe the incoherent wave fluctuations away from the
position of the specular component are given in terms of the scattered directions p:

Yo = 2zintcoAop and Sp=p-yn/2= Zinte1p” A1p. (67)
As for the reflected speckle profile, due to the singular nature of the correlation function, involving Dirac masses
at the observation time and position, we rather study a smoothed version of S&*":
tr

N N 1 5—s y-yy
e,tr . Qe,tr 1/2 P P
Sy (Say7w7p) =S (Sayay7w7p)€3(7_1/2)@ (282(7_1/2) 72&\2(’}/_1/2))

for a ﬁxed y, and Where a square root of a symmetric mollifier is added to smooth its correlation function around
s = s Tand y = y

Theorem 7.1 Forn > 1 and any fized y1,...,y, € R?, the family (S5}, ...,S5"). converges in distribution
in S), to (S“ff1 yens ,S;,Z)E made of n independent copies of a complex mean-zero Gaussian random field 8™ with
covariance functions similar to (62) and (63) but with kernel

C (51 55 V1T 27m)3 T2\
’Ctr(sl,82,}’1,)’2,0&)1,002,[)1’1)2):(ifo
1

x 6(w1 — w2)d(p1 — P2)d(51 — Sp, )0(52 — 8p, )3(¥1 — ¥p, )0(¥2 — ¥pi)-

A(AO_)‘lawlapl)|\P| (wl) (whpl)

The real valued random field
1 L~ o~
e o T ) — —iw(s—p- A o
S, (5,5,5,5) == W//e iw(s Py)S; (5,¥,w, p)dwdp,

corresponds to the speckle signal around time § = sg” and position y = y;’", for which we have the following
result. The proof of Theorem 7.1 is omitted as it follows the same lines as the one of Theorem 6.1 provided in
Section 9 together with

. Se,t Ge,t _

iL{%E (&5 ¢1>s/,s<8§2 g ¢2>s/,s] =0,

for any y1, y2 and any test function ¢1, ¢2 in S'(R x R? x R x R?,C), to obtain the convergence of the vector.

Corollary 7.1 Forn > 1 and any fized y1,...,y, € R?, the family (Sf,’lw7 . ,S;;fr)s converges in distribution
in 8! to (SI,...,S) made of n independent copies of a real valued mean-zero Gaussian random field S™¢f
with a covariance function similar to (64), but with kernel

T2Xo

K:tr(sla827y17y278 y) 4)\1 271_

// TPV AN — At w, p) [T (w)p(w, p)

X 6(51 — 5p)8(52 — 5p)3(¥1 — ¥p)d(¥2 — yp)w' dwdp.

8 Proof of Propositions 6.1 and 6.2

This section is dedicated to the proof of the convergence of the expected correlation function, as well as its
statistical stability. The following proof is presented in a way that naturally justifies the scaling considered in
(49,50, 51)
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8.1 Proof of Proposition 6.1

Recalling (42), the expected correlation function for the reflected wavefield reads at the leading order
C. :=E[u®"% (t1,%x1, 2 = 0)u" (ty, %2, 2 = 0)]

2
~ R L. 677;‘*)1 (t172)\gzmt7x1~k0)/£€iw2(t272)\07xz-ko)/e
4(2m)10¢2

« E [e2iw1 /\OV(x'l/a”)e—ing)\OV(x;/aw)}
« eiw10h~(x1 —x} —th)/\/geiwlqll (x| —Xint)/VE

w e~ iwad2 (X2 —X) —Xint) /VE —iwady (X5 —Xint) /V/E

X ao (wh q1, Zint)ao(wla q/1, Zint)aO(MQa q2, th)Z/AfO (WQ, q’2, Zz'nt)

X U (w1, q)) ¥ (ws, 4 )wiwidw dwydx’ dxbdq) dabda, das
R2

= 12n)2 / ' '/Ll X Ly x Ly x Ly x Ly x Lgwjwjdwdwodx)dxydq;dqhdq;dqs,

where each L; corresponds to one line in C,. In order to obtain a nontrivial limit for Lo, we consider the changes
of variables
X] = X+ +e7y' /2 and  xh, = X+ —€7y'/2, (68)

so that by stationarity
L2 _ 52’YE einl/\OV((xim-i-r')/E"’-i-y'/?)e—2iw2/\oV((xz‘m+r')/5"’ _y//2):| _ EQ’Y]E |:62’iw1)\0V(y//Q)e—QiWQ)\OV(—y’/Q)} , (69)
where the term 27 comes from the changes of variables. With this changes of variables, L3 x L4 now reads
Ly x Ly = ¢ (@i(@i—a)—w2(ay—az2))/VE

~ eiﬁﬁ’flﬂy"(wl(qllffh)erz(Q'z*%))/?

« eiwlql-(mfxi'm)/\/Eefiwlq’l-th/ﬁefinqQ-(mfxim)/\/Eeiwq’g-xlm/ﬁ

The term e (@1 (a1—a1)~w2(02-92))/V heing the only one involving the variable r' in C., provides a Dirac mass
once integrated in r':

(27)%ed(wi(a) — a1) — w2 (gh — q2)).

To keep the y’-variable that integrates Lo, we make the changes of variables
Qi — q; — p;/e7 /2 j=1,2, (70)
yielding
/L3 X Lydr' = (2m)2e 27725 (w1p1 — wops) Y (@iP1Hw2p2)/2g—i(wWip1 X1 —w2pax2) /€7
« eiwlq/l‘(xl_xobs,ref)/\/Ee_i‘*)?qlz'(x2_xob3,7~ef)/\/g7

where we have used the presence of the Dirac mass to write

e~ WiP1 (X1 —Xint) /€7 piwaP2- (X2 —Xint) /€7 _ ,—iwip1-X1/e” jiwrpa-x2 /e’
Hence, making the changes of variables w;p; — p;, turning wiwj in C. into wiw3, gives

/ Ly x Lydr' = (2m)%~2725(py — po) ¥ PremiPr(ximxa)/e7

« eiw1q’1-(xl fxobsmef)/ﬁefiwzq'z'(X27xobs,rcf)/\/5

The rapid phase e~"P1"(x1=%2)/¢" vie]ds the choice

x; =x+¢7y; and then ti=t+¢c"ko y; +e€5; i=1,2 (71)
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to compensate in L. Here, t and x will be specified later on. With this choice,

. ’ . ~ -~
/L3 x Lydr' = (2m)%e 7% 26(p1 — pa) Y e P v1y2)
et (X Xobs,res) (W16] —w2a3)/ VE gie” M2 (wrd)y1 —w2a ¥2)
)

and L; becomes
L, = e~ Hwi—w2)(t=2X0zint —x-ko)/e , —i(wis1 —was2)

Regarding Ls, after all the changes of variables, we have

A~ pl ~
Ls = Uy (wlaqll - m7zint)uo(w1,q/1,zmt)
1

~ P1 ) ~ ,
X Uy wa, qh — ———=, Zint |Up(w Zi
0( 27q2 WQEW_l/Q’ wnt 0( 27q27 lnt)

v—1/2 A~

i . T _ 2y—1 . N ’ Al T A
izintcoPy Aop1(1/w1—1/w2)/e e2izintco(dy /w1 —ay/w2)" Aop1/e Uo(wl,q/pQZint)UO(OJQ,q'27QZ¢nt)-

=e
The two rapid phases in the last line suggests the changes of variables
wi =w+ e h/2, wo =w — e 1h/2, (72)

and
q; :q+57_1/2r/2, ah :q—e”‘l/Qr/Q, (73)

so that at the leading order in ¢:
Ls x Lg ~ €4y—26ihz1-nt00p1TAop1/w262i2int60rTAoP1/w|\ij(w q)|2w4
Ly~ 52V]E[621'0»\0(V(y’)*V(O))]7

_ . ~ i ."’ 7"’ . _ ) 1—v . 2.\{_3/2 _ .
/L3 x Ly dr’ ~ (27r)25 27+25(p1 _ p2) eP1Y o= iP1(y1-Y2) iw(X—Xobs ref) T/ jihe (X—Xobs,ref) a

Ly ~ e—ih(t—zxozm—x.ko)/s"‘“*we—iw(§1—§2)7
using the stationarity of V in (69) for Lo. The two latter relations naturally lead to the choice
X = Xppsref + 6 Y+ VEY and t=topsres + ko ¥+ Veky -y + 2075, (74)
so that gathering all this term yields
cA(—1/2)R2

~ . e—z‘w@—Zg—p@—?memye—z’hge—wpy’]E[ezwxo(vw/)—vw))}
) 4(2m)® / /

= 2iwzintcor” Aop gihzinicop” Aop | \il(w, q)|? w8dhdwdqdy’ drdp,

after the change of variable p — —wp. As a result, the limit does not depend on the y-variable, and for any
test function ¢, 1, ¢, we obtain

e—0

lim / / E[(577f (5,5,5). ¢} g s (57" (5.5.%), ¥) g, ] (5.7, ¥)dsd5dy
= [ [ 635 = 51— 200051900050 72)0(5. 3.y )iy dy 5 dad
where C"¢/ is defined by (54). This concludes the proof of Proposition 6.1.

8.2 Proof of Proposition 6.2

This section consists in proving
lim E [Ca,ref (d)’ ©, ¢)2} — Cref ((b’ 0, ¢)2’
e—0
with C™/(5,3,y,51,¥1,52,¥2) = C"/(5,¥,51 — 52,51 — ¥2), yielding for any 1 > 0

lim P(|C=/ (¢, 0,0) = €7 (6, 0,9)| > n) =0,
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that is the convergence in probability, thanks to the Chebyshev inequality. The proof of the convergence of the
second order moment follows closely the one of Proposition 6.1, so that only the key arguments are discussed.
At the leading order in ¢, the speckle profile reads

o — R s e2y—1 s o /er—1/2 . s y—1/2 >
SE’Tef(S,y,y,S,y) :2(27r)5€2’y ////6 iws/e“” e~ iws giwq y/e tway pie wq-y (75)

> 6iw(q' —q)- (x'7xim)/\/562iw)\oV(x'/sw)

~

X Z/?O (wv q, Zint)u() (wa q/a Zint)\i/(w7 q,)w4deX/dq,dq7

so that
eref R2 —i(wl—w2)§/82w71 —i(wlzl—wg,;z)
e (¢’¢"”)::W S e
X ei(wlql_W2q2)'y/5771/26i(wlq1 —w2q2)-yeisw’1/2(w1q1<;1 —w2qz2-y2)
« etwi(ay—d1) (X} —Xint)/VE g —iw2 (A —a2) (X3 —Xint )/ VE

% e2i)\0(w1V(x'1/E'Y)fsz(x;/Eﬂ’))

X Zj{o (wh q1, th)zf?o(wl, q/1, th)z;fo (w2, q2, th)ao (w27 q’2, th)

X \i/(wla qll)lil(w% q/2)¢(§7 y7 y)(p(gl, yl)w(g% yQ)
X offw%dwl dWngdgl dggdxll dq’ldql dxédqédquydydyl dyg

Taking the expectation of C=7¢f (¢, ¢, 1)? yields the term

. 2
Eg — E[621)\0 ijl wlyjV(x'lyj/e'y)fwgﬁjV(x;)j/E“’) )

Making the changes of variables
x| j = Xint + 15 + 7y} /2 and Xy j = Xipt + 15 — €7Y}/2, ji=12,
the term E. can be recast as
E.—E {621')\0 > gV ((Kine+r) /74y /2)—wa V((ximr;)/e”—yg/m}

-E [emo(wl,lvu;/e”+y1/2>fwz.1v<r1/e”fy;/2))emo<w1,2v<r;/a”+y;/2>fon,2v<r;/a~fy'z/2>>]

~ E {ezmo(wuvua/swya/z)w,lwr;/ewfy;/2>>} E {emo(wl,zvu;/swy;/z)fwz,zvu;/styg/zn}
e—0

using the stationarity of V' as well as Lemma 1.1. With the latter relation, using the same changes of variable
as in the proof of Proposition 6.1, for each j, yields

lim [0/ (9, 0,0)2] = C"/ (6,0, )7,

which concludes the proof of Proposition 6.2.

9 Proof of Theorem 6.1

The proof we propose follows the ideas of [12, Sect. 9.3.4]. Applying a test function ¢ € S(R x R? x R x R%, C)
to (60) gives

JE(¢> = <‘§§77"6f7¢>51’5

R o5 /e27—1 = y-1 y— : ’ - ’ ; ry
= 2@m)2eT0-1/2) / / ¢S/ grupy [T giepry [T (a1 TR (X i) [V iAoV (<! /7)

— ref o _ wref
) v=1/2 . y [ J N pl/2 S~ %p Y yp )f
X Z/{O(w7p/€ azznt)z’{O(waq 7Zznt)\p(w7q )4)0 (282(7_1/2) a252(,y_1/2) ¢(s7yawap)

x w?dwdsdx'dq' dydp.
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Using the stationarity of V', without loss of generality, one can assume for simplicity
Xint = 0.

The following proof is based on evaluating the limit of moments of J¢(¢). This approach allows to characterize
the limiting distribution with a bounded second order moment providing the tightness. The key point, when
evaluating the moment is to pair two different x’’s to cancel the rapid phase in x’, and use the mixing property
of Lemma 1.1. In what follows, the x"’s are paired after ordering their associated w’s. To this end, we denote

JL ::/ J(fw)dw
0

with

R - 1 - 2y—1 y— . ’ _ , . ’
T (w) (22T 1/ /"'/e_w/gzw L iwp /e iwpry /&1 iw(d —p/ T2 [ VE 2iwdoV (X /€7)
— ref S _ wref
~ v=1/2 . N7 N N, 1/2(o S~ Sp Y=Y )
X Z/IO((")7I:)/6 azznt)u()(waq azznt)\:[/(w7q )90 <2€2(771/2) ’282(771/2)

x ¢(3,¥,w, p)wdsdx'dq dpdy. (76)

Even moments. Considering the even moments in a first time, and decomposing the integral w.r.t. w in
Je(¢) over (0,00) and (—o0,0) yields

2n
E[J8(¢)2n} = Z (2ln> Ms(lv 2n — l)7
=0

where

M.(1,2n — 1) := E[(JS)(J2)> 1], (77)

after making the change of variable w — —w for the part corresponding to the integral over (—o0,0) in w.

The case [ =n. The moment M, (n,n), representing the only nontrivial contribution at the limit € — 0, can
be expressed as

n n / / H js wl’j —W2 j)} dejdwgJ

n

2
=nl / / |:H wl,j wzj) dw17jdw27j7
{0<wi 1< <win} J{0<wz 1< <wz,n } j

where the second line is obtained by symmetry w.r.t. the w-variables. The w’s are then paired through the
ordering by making the change of variables

wi,j = wj +e77 h; /2 and  wa; — w; —e> 7 h;/2,

which yields

M. (n,n) = ">~ Vp12 /{ } / [H (w; + e, /2) T (— wj+52%1hj/2)}dwjdhj
O<w1 < <wnp j=1

n!2R2n
- 4n(27r)4n5n(12(771/2)+2)

/ // / H HHdwjdhjdgl,jdx;,jdq;,jdpl,jdyu. (78)
{0<wi < <wn} e j=1 1=1,2

j=1
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Here, we have

M = e—iws(51,=52,5)/e*77" j—ih;(51,5+52,5)/2
E
w i@+ T hy /2P (31,487 Py) = (w; =¥ T Ry /2)pa - (Fa i+ T Py) /3!
w (@i hy /2)ay (31,47 TV 2y) —(w; =¥ T hy [ 2)ay (2,47 T Py) T2

% e—i((wj +52771hj/2)p1‘j~x'1yj—(wj—ezw*lhj/Z)pz,fx’z‘j)/s“’

¢ 2o (w5 +e My 20V (x5 /e7) — (ws =T Ry /2)V () 5 /7))

X Z/A{()(Wj + 62'\/_1]1]‘/27 pl’j/E’Y_l/Q + q'l’j, zmt)lflo(wj — 82'7_1hj/2, pg,j/E"f—l/Q + q’21j, Zint)

x Up(w; + ¥ hy /2, qai Zint)Uo(wj — €271 /2, dj ;s Zint)

X \il(wj +627*1hj/2,q’17j)@(w]’ — e 1h;/2,q ;)

= ref - ref = . ref = . ref
w ol/2 (951 T 5P oY1 T YPri 1729525 T P2y 5¥2.5 T Ypa,
14 2(-1/2) ' 20612 )¥ e2(v=1/2) 77 g2(v-1/2)

X 3(51,5, 51,4, ¥, wj + €27 h; /2, p1j + 771 2q) )
X $(82,5,¥2,5,¥, —wj + 2771 /2, pa j +771/2q) ;)
X (w]‘ + 827_1hj/2)2(wj' — EQ’Y_lhj/Q)Q

after the change of variables
p1; =2}, +p1y and  p2; — ' %d); + pay,

and where the integration domain for the h;’s is given by

W) — Wj Wi — Wi_ .
Hy = {(h, o ha) s by € (22Tj“+hj+1,zaslel+hj_l), jefl....n}}.

In HZ, the convention wy,4+1 = 00, hpy1 = wo = hg = 0 has been used. Note that in the limit ¢ — 0, the domain
H: becomes R™. Making the changes of variables

’ / Yot ’ ’ Vet
xy,; =1 +ey}/2 and xy; =1 —y}/2,

and taking the expectation to M provides the term

]E[ ezz‘xo«wﬁsmmvm/ewy;/2>—<wj—s”hj/zw(rj/ﬂ—y;/m)}:

J

—-

E [e2ii 0 (V (53 /€7 43 /2) =V (e, /<7 =5 /2)]

n

1

-
Il
-

E [GQiUJj)\O(V(y;-/Q)—V(_Y;/2))]

-
I
-

12

E [2is20(V () =V (0))]

<
I
-

12

as € — 0, where the stationarity of V is used at the second and last relations, as well as Lemma 1.1 to obtain
the first relation. One can observe that the latter relation does not depend on the r;’s, so that the resulting
terms ei((@ite® " hy/2)p1;—(w;—e*7 " h;/2)pa ;) r) /e provide

(2m)? e [ 0w+ hy/2)p1; — (wj — €277 h;/2)pa ),
j=1
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and leading to variables p; for simplification. At the leading order, we then have
n
{HMJ:| ~ H —iw; (51,5 —52,4) /227 Tihs ((51,5452.0)/2=555) iy Py (91,5—92,3)/2 giwi Py (91,5 —52,4) /=2

. AT _ (e . _yTef y—1/2 .
X ele(ql,j (¥1,5 ypj ) qz,j (¥2, Yp; ))/e ezwj(qll’ij;,)j)-y

x E[¢2iho(V (7)) =V (O)] =i P,

X Z)O(wja qll,jv 2Zint)Z:{0(wj7 q/2,ja 2Zint)\il(wj5 qll,j)\i/(wﬁ ql2])
51— se) v —ye! 25— sp V25— e
X pl/2 (2 J ~ 5py . p; ) 1/2 (2 4~ Spy . p; )

c2v—1 7 2(v—1/2) e2v—1 7 2(v=1/2)
S — 2
X ¢(51,j7y1,ja Wi, p])¢(52,]7 Y2,5, —wj, pj)wj
Making now the changes of variables
§1’j — ngf + §j + 82’\/_13}/2 §27j — S;i_f + §j — 827_1§j/2,

ihi(5,—sTet
the resulting term e thy (85 =5p37) yields

2m0(55),
and with the changes of variables
yij = y;jf +y,+070y, )2, Y2, — y;if +y;—e2072y,)/2
together with
qi,; —a;+&7r; /2, qy,; —aq; — ' 7r; /2,

the resulting term ™% ¥i yields
(2m)*8(3;) /w}

As a result, we obtain

12722 n ~ ~
lim ]\45 (TL, n) — M / / c. / He—iszj eiwjpj‘yj
e—0 4 {0<wy < <wn } i1

x E [ezi“’jko(v(y;)*v(o))] e~ Wi Py

x | W(wj, a) 0" (55, 79> (=55, —¥)
X d)(sgjfaYP]fawjapj)qs(S;ifayaif7 wj7pj)

X dw;ds;dy jdq;dy’;dp;,

and by symmetry of the w;’s
. nl (R2 [, n
lim Me(n,m) = o2 (5 /0 T

Finally, using the stationarity of V', but also that ¢ is an odd function, we have

R2 00 R2 2 3R2 R
= /0 s =2 [ 4w = CD [ e A p)Be)

x ¢(spt vt w0, p)o(sp, yp !, —w, p)dwdp,
(79)

where |¥|2 is given by (56), and A by (55).

The case [ # n. In this situation, we necessarily have
lim M. ([,2n —1) =
e—0

for any [ # n, where M.(l,2n — 1) is defined by (77) and

2n—1

l
=(1,2n —1) / / H WLJ dwld H JE( LUQ,j/)dWQJ/]
j=1 j'=
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i eref 2y—1
The reason lies in the unbalanced number of J§ and .J¢, from which not all the rapid phases e wispi /€7 can

be canceled as for [ = n. In fact, these remaining terms that have not been paired correspond have all positive
frequency w; which cannot compensate with each other. These remaining rapid phases lead to null limits, and
we finally obtain

. n! A

lim E[J%(6)"] = 202, = E[(S} 67, o) (80)

e—0 S oon

Odd moments. For any odd moments there is necessarily an unbalance number of J§ and J¢ in M.(I,2n +
1—1) for any [ € {0,...,2n 4+ 1}. As for the case of even moment with [ # n, not all the rapid phases can be
compensated leading to

lim E[J(¢)*" '] = 0.

e—=0

The case of the expectation (moment of order 1) is given by (61).

Tightness. The tightness is obtain from the ones of the real and imaginary part of 85" applied to a test
function ¢ € S(R x R? x R xR?) that takes real values. These tightness properties are obtain from the converging
second order moment of J¢ with test functions

6r(5,¥,0,0) = 5(6(5,,0,0) + 6(s,y,~w,p)  and  Gi(s,y,0,D) = (005, ,,B) — 9(s, ¥, —,D))

In fact, for these two test functions we have

T (0) = (Re(857),0) 5 s and  J*(d) = (Im(857), 8) g, 5

Covariance formulas (62) and (63). These formulas follows from (79) and (80) for n = 2, together with the
standard polarization formulas

7@ W) = 3 (602 — (56— v)?),

and

1 — .
T = (76 + W) - (76— iB0)?),
where ¢_(w) = )(—w). This concludes the proof of Theorem 6.1.

A Proof of the jump conditions and continuity relations
This section is devoted to the justification of the jump condition across the plan z = 0 produced by the source

term, and the continuity relation of the wave field across the randomly perturbed interface.
To exhibit these relations the solution u to the wave equation (3) is decomposed as

U(t, X, Z) =u (tv X, Z)]-(—oo,O) (Z) + u+(t7 X, Z)]-(O,oo)(z)v (81)
where ut satisfies )
A'U,+ — magtu-’_ = O (t, X,Z) S R X R2 X R,

and v~ satisfies 1
Au” — S9ju” =0  (t,x,z) e RxR*xR.
€o

A.1 Jump conditions across the plan z = 0 of the source location
Injecting the decomposition (81) into (3) gives
t—ky-x x 1 _
W(T, E)é'(z) =Au-— maftu = (0.ut(t,x,2=0) — d.u” (t,x,2 =0))d(z)
+ (ut(t,x,2=0) —u" (t,x,2=0))d(2).
Hence, we obtain the jump conditions

t—kg-x i)

u(t,x,z2=0") —u(t,x,z=0") = \IJ( (82)

TO ’ To
du(t,x,z=0") - d.u(t,x,z=0") =0.
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A.2 Continuity relation across the randomly perturbed interface

The continuity relation at the randomly perturbed interface is obtained for u™, and then for u, in a similar
fashion as in the previous section. The term uT is decomposed as

ut(t,x,2) = ug (t,x, 2)1(Z00,0) (2 = Zint(X)) + uf (t,x, 2)1(0,00) (2 = 2int (X)), (83)
where
Zint (X) = Zint + O'V(X/lc),

and 1
Auf — —0juf =0 (t,x) ERXR®  for 2 < ziny(x),
€o

and uj satisfies

1
2
“

Auf — S03uf =0 (t,x) € R x R? for z > Zint(X).

The shifted solution
Ut,x,Z) =ut(t,x, Z + zins(x))

satisfies
A U+(1+0—2|V V(x/l )|2)a2 U-— L 20— T (AL V(x/1.)07U— 2V V(x/1.)V 1 0,U =0
1 lg N c Z7 CQ(X,Z—FZint(X)) tt lg 1 c Z lc iR c 107 — U
(84)
The shifted decomposition (83) then reads
U(t,X, Z) = UO(ta X, Z)l(—ooo)(Z) + Ul(tvx7 Z)l(O,OO) (Z)7 (85)

with Uy and U; satisfying
o? 2\ A2 1 o o
ALUj + (1 + 17|VLV(X/ZC)| )8ZZUj - ?attUj — ﬁ(ALV(X/lC))azUj — TVLV(X/Zc) . VLazUj =0,
c g c c
for j =0, 1. Injecting the decomposition (85) into (84) provides

0= 5(2)((1 + j—jww(x/zc)ﬁ) (8ZU1(Z = 0) — 9,Uo(Z = o))

_ %(Alv(x/zc))(m(z =0) —Up(Z =0))

c
g

— ZVLV(x/L) - (Voli(Z = 0) = V.LUN(Z = 0)))
2
o
+6(2) (1 + F|VLV(X/ZC)|2) (Ul(Z —0)—Up(Z = 0))
The term in ¢’ provides U1(Z = 0) = Up(Z = 0) and then V_ U1 (Z = 0) = V_ Up(Z = 0), so that the term in §
provide only 97U, (Z = 0) = 07Uy(Z = 0). Going back to the original variables, we obtain the relations

ug (2 = zint (%)) = u (2 = 2ine(x)) and Oud (2 = zint (%)) = O.uf (2 = 2ine(x)),
leading to the continuity relations for u

w(z = 2 (x)T) = ulz = 25 (x)7) and Ou(z = 2ip(x)T) = Du(z = zine(x) 7).

B Proof of Lemma 1.1

The proof of this lemma is obtained by induction on n, but we only focus on the second point. The first one can
be obtained following the same lines by considering the functions g; with only one argument and set y; = 0.
Writing

E[X7X5] = BIX{X;] — E[XY|E[X]] + E[X{]E[X]

= Corr(X{, X3)\/Var(X})Var(X}) + E[X{IE[X]],
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with

e e LA I U A

and assuming the desired property holds true for X involving n terms, we only have to prove that

: noyny
%13}) Corr(X{,XJ) =0,

since Var(X{)Var(Xy) < supj,, ., 19;(v1,v2)|*" 1) < co. Now, using (12), we have

Corr(X{,X]) < p( min |2 Xy, Yol VQ&D,
j=1,..,n n 2 2
v1,V2=%
with
min Xntl 7 X + 1 Ynt1 +l/2&’ > min [Xnt1 7Xj| — [Yni1] — max M — 00,
j=1,...,n n 2 2 j=1,...,n n 2 j=1,...,n 2 1—0
Vl,llzzi
as all the x;’s are distinct. Finally, using (11) and (13), we obtain
%ig}) Corr(X7, XJ) =0,
so that
i . e AT = JJ - . i AT =2
i I (VG +3) V(5 = 2) = im Bl (V5 +5) V(5 - 5)]
n+1

Tl (v(5) 7 (%))

where the last line is obtained through the stationarity of V.
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