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SURFACE WAVES IN RANDOMLY PERTURBED
DISCRETE MODELS*

JOSSELIN GARNIER' AND BASANT LAL SHARMAF

Abstract. We study the propagation of surface waves across structured surfaces with random,
localized inhomogeneities. A discrete analogue of the Gurtin—-Murdoch model is employed, and
surface elasticity, in contrast to bulk elasticity, is captured by distinct point masses and elastic
constants for nearest-neighbor interactions parallel to the surface. Expressions for the surface wave
reflectance and transmittance, as well as the radiative loss, are provided for every localized patch of
point mass perturbation on the surface. As the main result in the article, we provide the statistics
of surface wave reflectance and transmittance and the radiative loss for an ensemble of random mass
perturbations, independent and identically distributed with mean zero, on the surface. In the weakly
scattering regime, the mean radiative loss is found to be proportional to the size of the perturbed
patch, to the variance of the mass perturbations, and to an effective parameter that depends on
the continuous spectrum of the unperturbed system. In the strongly scattering regime, the mean
radiative loss is found to depend on another effective parameter that depends on the continuous
spectrum, but not on the variance of the mass perturbations. Numerical simulations are found in
quantitative agreement with the theoretical predictions for several illustrative values of the surface
structure parameters.
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1. Introduction. Surface waves play an important role at small length scales
in physical structures, in addition to their role in traditional engineering systems
[42, 23, 9, 2, 12]. However, surfaces and coatings are not perfect [26, 45], and this
leads to several challenges along with their diverse applications at nano-scale, though
sometimes defects are intentionally crafted for desired signal transmission. The high
frequency wave scattering, due to steps and serrations on crystal [22, 31], involves
the discreteness of structure, and the perturbations influence the dynamical and wave
phenomena [17, 11, 50]. Indeed, the physical understanding of surfaces and interfaces
has evolved over several decades [48, 29, 44, 47]. The nano-scale effects are becoming
increasingly relevant in current science such as the case of functional nanomaterials
and miniaturized structures [30, 28, 20] for their elastic, electronic, and thermal prop-
erties. On the other hand, the presence of randomness at small scales has led to an
impact on the fundamental physical principles [1, 8].

Restricting to the classical theories, within the continuum models of surface elas-
ticity, [18, 19] proposed an independent set of constitutive relations on the surface in
addition to the ones defined in the bulk; this modeling can be interpreted as an elastic
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membrane glued on the material surface and is referred as the Gurtin—-Murdoch model.
Recently, a discrete Gurtin-Murdoch model was introduced by [13], wherein a com-
parison of the surface waves between the continuous Gurtin-Murdoch model and the
discrete framework of lattice dynamics is also provided within the kinematic assump-
tion of antiplane shear deformation (out-of-plane motion). The problem of scattering
of such surface waves, due to specific surface inhomogeneities, has been tackled in
[41, 39, 40], where it is found that the energy flux of surface waves is “leaked” at the
defects in the form of bulk waves. In more general situations and complicated lat-
tices, indeed, it is quite common to find surface (phonon) bands in the crystal models
[7, 21, 48], though the calculations along the lines of [39, 40] are less convenient.
Specifically, in this article, a prototype of surface wave propagation in a semi-
infinite square lattice half plane representing the surface of a crystalline structure is
analyzed in the presence of random perturbations of the masses at the boundary. The
specific lattice model adopted, based on that introduced in [13], is shown schematically
in Figure 1. The techniques developed in the general problem of discrete scattering on
uniform square lattices [33, 34, 35, 24], without additional surface structure, do assist
in carrying forward the analysis to such structured half planes, while our recent work
on the one dimensional lattice model [16] paved way for the choice of the simplest form
of the half plane model. As a preliminary result, the exact solution of the problem of
scattering of surface waves due to a patch of size L of perturbed masses is provided
using the lattice Green’s function for the assumed structure; the latter corresponds
to the solution of the discrete Helmholtz equation in the semi-infinite lattice with a
point source at the surface [40]. The reflection and transmission coefficients for sur-
face wave propagation, from one side of the patch to another, can then be obtained
via the inversion of an L X L matrix. Together with a conservation of energy relation,
the expressions of the reflection and transmission coefficients give in turn a formula
for the radiative loss, namely the fraction of incident energy flux that is “leaked” at
the interface in the form of bulk waves. The main result concerns the question about
the dependence of the physically important effects of randomness in the surface ma-
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Fic. 1. Schematic of surface wave transmission in a randomly perturbed Gurtin—Murdoch lat-
tice model: A square lattice half plane endowed with a boundary with structure containing certain
random mass defects in a finite region of size L sites.
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terial parameters. This is answered for the surface wave transmission problem by an
application of stochastic and multiscale analysis [14]. Such an approach has already
been successfully applied to wave propagation in randomly perturbed systems such as
acoustic, elastic, or electromagnetic waves, including wave propagation in randomly
perturbed waveguides [15, 4, 5] and surface wave propagation in a randomly perturbed
continuous half-space [10, 6]. In the case of the randomly perturbed discrete Gurtin—
Murdoch model addressed in this paper, it is possible to study the regime where the
relative standard deviation of the mass perturbations is small and the size L of the
perturbed patch is large so that the cumulative effects of the mass perturbations onto
the propagation of an incident surface wave are of order one. A system of stochastic
differential equations for the reflection and transmission coefficients as functions of
the size of the perturbed patch can be obtained, which takes into account all relevant
phenomena, including the coupling with radiative and evanescent modes. This sys-
tem gives in turn the expressions of the moments of the reflection and transmission
coefficients and the radiative loss. An inspection of these expressions reveals that,
in the weakly scattering regime, the mean radiative loss is proportional to the size
of the randomly perturbed patch, to the variance of the mass perturbations, and to
an effective parameter that depends on the continuous spectrum of the unperturbed
system. In the strongly scattering regime, the mean radiative loss depends on another
effective parameter, but not on the variance of the mass perturbations. The numerical
calculations suggest that the dependence of transmittance and radiative loss on the
incident wave frequency is nonmonotone in surface wave band for each instance of
perturbation, while the mean values are monotone mostly. In general, the results
on transmittance and radiative loss are highly susceptible to the choice of values of
physical parameters associated with the unperturbed surface structure.

The present article is organized as follows. The discrete Gurtin—Murdoch lat-
tice model incorporating the surface structure is formulated in section 2 along with
a short description of the associated surface waves. Section 2 provides the complete
eigenbasis for the difference operator characterizing the unperturbed one dimensional
semi-infinite lattice model closely related to the lattice half plane. Section 2 also
contains details on the modal expansion of the solution of the unperturbed equation
of motion of the lattice half plane with surface structure. The exact solution of the
scattering problem of surface waves, due to a finite size of the patch, of possibly large,
mass perturbation on the boundary, appears in section 3 after solving the discrete
Lippmann—Schwinger equation. The expressions of reflection and transmission coef-
ficients are provided in section 3 using the Green’s function for point source on the
boundary of the half plane. Section 3 also contains the energy conservation theorem,
which provides the statement of distribution of the energy flux of the incident surface
wave into reflected and transmitted surface waves apart from the waves radiated into
the half plane. The main result of this article appears in section 4 concerning the
effects on scattering of surface waves due to randomness in small mass perturbation
on a finite sized patch on the boundary. Proof of the main result is provided in sec-
tion 5 using a multiscale analysis of the the modal expansion of the solution of the
perturbed equation of motion, dealing with the role of the evanescent and radiative
modes. After concluding remarks, a list of references and two appendices complete
the article.

Mathematical preliminaries. Let Z denote the set of integers, let Z> denote
Z x Z, and let Z~ denote the set of negative integers. The definitions
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(1.1a) H:={(x,y) €Z*:y <0},

(1.1b) H:={(x,y)€Z?:yeZ }, OH:={(x,y)eZ*:y=0}

represent the square lattice half plane with boundary, without boundary, and the
boundary itself, respectively. Let R denote the set of real numbers, and let C denote
the set of complex numbers. For z € C, Re z € R denotes the real part, Im z € R
denotes the imaginary part, Z denotes the complex conjugate Re z — i Im z of z,
|z| denotes the modulus, and arg z denotes the principal argument. The square root
function has the usual branch cut in the complex plane running from —oo to 0. The
symbol T denotes the unit circle (as a counterclockwise contour) in the complex plane.
If f is a differentiable, real- or complex-valued, function, then f’ denotes the derivative
of f. The decoration " is used to represent the modal amplitudes in contrast to ~,
for the incident wave. The subscript 0 typically accompanies entities related to the
surface wave, while the subscript s appears with surface structure parameters. The
usage of x,y is restricted to emphasize the lattice coordinates; in particular, x,y € Z.
The symbol j is reserved for a complex variable.

2. Lattice model and completeness of eigenfunctions.

2.1. Discrete Gurtin—Murdoch lattice model. Consider the unperturbed
lattice model, ignoring the yellow patch in Figure 1, which provides a schematic
representation of the lattice model with surface structure and point mass perturbation.
Within the paradigm of the out-of-plane displacement field of a lattice structure, the
equation of motion on H, the portion of lattice half plane away from its boundary, is

Aux,y = ﬁx,yv (X7 Y) € [E]L

(2.1a)
where Auyy =uxq1y +Ux—1,y + Uyt + Uxy—1 — duxy,

while the equation of motion of the particles on the lattice half plane boundary OH,
as the counterpart of (2.1a), is

(2.1b) Os(Ugi1,y F g1,y — 2Uyy) FUgy1 — Ugy =Msllyy, XEZ,y=0,

where mg > 0 represents the possibly distinct mass of particles at OH and ag > 0
denotes the elastic constants for nearest-neighbor interactions parallel to the surface.
Equations (2.1a), (2.1b) are postulated as the discrete Gurtin—Murdoch lattice model,
following the naming convention used in [13, 40], analogous to the continuous model
[18], and the physical scaling described in section 3 of [13]. Note that [18] provided the
boundary conditions for the continuum model in case of statics, while their linearized
version for the scalar case of antiplane motion appears as equation (2) in [13].

We consider the time-harmonic problem, with w > 0 as the frequency of excitation
of the wave field as shown schematically in Figure 1, so that

(22&) Au-x,y + W2ux,y =0, (Xa y) € IF]I?
and
(22b) Qg (uerl,y + Uy 1,y — 2ux,y) + Uyxy—1 — Uxy + mswgux,y = 0, X € Zvy = 07

corresponding to (2.1a) and (2.1b), respectively.
The above equations, (2.2a) in H and (2.2b) in 9H, allow a surface wave band for
the values of oy and m such that a; < mg [13]; see [40] for an elementary justification
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of this condition, and, in particular, note that the case ms; = as = 1 does not permit
such a surface wave band. Indeed, it is easy to see, after the substitution of

(2.3) ey = eho o gy € (—m,m) \ {0,

in (2.2a), (2.2b), that the common description of surface waves is satisfied, provided
w=w(ky) and n=n(ky) > 0 are implicitly obtained from the two coupled equations

(2.4) w? =4sin?(ky/2) + 2 — 2coshn, mew?® =4a,sin?(ky/2) +1—e .

Thus, u in (2.3) represents a surface wave mode of dimensionless wavenumber kg €
(=m,m) \ {0} that decays exponentially into H with an attenuation coefficient n(kp).
Note that

(25) (.d(k’o) S (wamax) = ysa kO S (_ﬂ-aﬂ-) \ {0}7
where wpax 1S given by
(2.6) wmax =\ (=bs + /B — dasc,)/(205),

with as =mgs(ms — 1), bs=—8asms+4das+4ms+1,
cs = 1602 — 160, — 4.

Note that wmax < 2 according to the conditions (2.4) whenever the surface wave band
exists. For each given w € &, there exist two surface wave modes of the form (2.3),
which can be classified as a left-going and a right-going wave based on the sign of the
propagation of energy flux. The group velocity of the surface wave (2.3) with wave
number kg € (—m,7) \ {0} is [7]

sin kg o, + (e270ko) — 1)1
(ko) s & (@0 1)1

The surface wave (2.3) carries energy flux towards x — 400 (resp., —o0) when kg €
(0,7) (resp., —ko € (0,7)) as vs(ko) >0 (resp., vs(ko) <O0).

Before proceeding to the main results, for the randomly perturbed discrete Gurtin—
Murdoch model with localized mass perturbations on sites in OH, certain results re-
garding the spectral properties of the difference operator involved in (2.2a), (2.2b)
on H are needed. In retrospect, it is convenient to study a reduced one dimensional
lattice model on Z~ U {0} at first.

(2.7) vs (ko) := d%w('f)k:ko =

2.2. Completeness of eigenfunctions for a (reduced) one dimensional
semi-infinite lattice model. Suppose that w belongs to the regime when a surface
wave mode (2.3) exists on H and (2.2a), (2.2b) are satisfied, i.e., w € (0, wmax) C (0,2),
where wmax is given by (2.6). Following Appendix A of [10], the objective is to show
that the solution of the unperturbed system can be expanded on a complete system
of eigenfunctions, which represent both the propagative modes, that is, surface mode
and the radiative modes, and the evanescent modes.

We first introduce the unnormalized functions v, which appear in the expressions
of the eigenfunctions.

2.2.1. Unnormalized functions. For any v € R, we denote by ¢ : Z~ U{0} —
C the unique solution of the second-order difference equation

(2.8a) (A1 4+ W) (y) =704 (y), yEZ,
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(2.8b) Yy(y — 1) =y (y) + msw27/}7 (y) = sy (y), y=0,
(2.8¢) Uy(y)=1, y=0,

where A; is the one dimensional discrete Laplacian

(2.8d) Ag(y) =v(y+ 1) +9y—1) —2¢0(y), yeZy:Z—C

The function 1), has the following form.

If v # w?, then there exists a unique 8 # 0 such that Re 8 >0, Im 8 > 0,
and e +e7# —24+w? =v. Then ¢, = A, e + (1 - A,)e ™, where A, = (—a,y — 1+
mqw? +e?)/(e? —eP) (so that the two boundary conditions (2.8b), (2.8c) hold).

If v = w?, then ¢, = 1+ A,y, where A, = (ms — as)w? (so that (2.8b), (2.8¢)
hold).

(i) If vy € (w? —4,w?), we have 8= +i(,( € (—7/2,7/2) with 2cos( —2+w? =7.
For y <0, 1y = Aye™Y + A eV, with A, =1 + ﬁ'ng(—cosg +asy+1-—
msw?), which yields
(2.9) n(y) = e (mas? = @y = D)sinCy + sy + ).

Thus, v, is bounded on Z~.

(ii) If v <w? — 4 or v > w?, then 1), is exponentially growing on Z~ as y — —00
because A, # 1 except for one value 7o > w? (assuming o, < my) which is
such that A,, =1. This value v yields an eigenfunction ¥, (y) = ePoY where
Bo > 0 is such that

(2.10) w? =2+ vy — 2cosh S, msw? =gy +1—e P,

Thus, v, is square summable on Z™.

2.2.2. Orthonormal eigenfunctions. We consider the weighted [? space of
typical w:Z~ U{0} — C with the norm defined by

(2.11) ull3 = asluol® + D fuyl?,
yEL~

and the associated inner product defined by

(2.12) (u,v) := asugty + Z Uy Ty .
yELZ~

In this context, recall that as > 0 so that the above definitions are nondegenerate.
Inspired by the equations (2.8a), (2.8b), (2.8¢), consider the definition

Aquy + w?uy ifyeZ-,
2.13 L)y =< 1
( ) (Lu)y —(u_1 —ug + msw?up) if y=0.
Qg
By a direct calculation, it is found that the operator % defined by (2.13) is self-adjoint
in 12, i.e.,

(u, L) = (Lu,v)

for all u,v € [? with weighted inner product defined by (2.12).
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A sketch of the (standard) proof of spectral properties of .Zis as follows. Let us
fix some positive integer D. If one considers the domain [—D,0] N Z with Dirichlet
boundary condition at y = —D instead of (—o0,0] N Z, then the operator £ is self-
adjoint and compact (equivalent to a D x D matrix in this case). By the spectral
theorem for D x D symmetric matrices there exists an orthonormal basis consisting
of eigenfunctions of .Z. The eigenvalues are simple v; p and the eigenfunctions ¢, ,
(proportional to v, ,,) are orthogonal (the eigenvalues are simple because, for any -,
the solution of £ = ¢ with ¢(0) = 1 is unique). One can then proceed as in [10,
Appendix A]. By taking the limit D — +occ one gets that the operator .Z on I has a
discrete spectrum made of one isolated eigenvalue vy and a continuous spectrum on
(w? —4,w?).

PROPOSITION 2.1. Any function u € I? (with weighted inner product (2.12)) can
be expanded as

(214 ty =)+ [ i, ()i,
with the modal amplitudes given by

(2.15a) Uy = (U, Doy )

(2.15b) Uy = (u,0), 7€ (W? —4,w?),

and eigenmodes given by

(2.15¢) b0 (¥) = vV P(70) U (¥),
(2.15d) D2 (¥) =V p(My (), 7€ (W —4,w?),

where
1
(2.15¢) Plv0) =1 — (@ )T
(2.15f) o) = 2V )

Y(2as—1)4w?(1—2m,))? "’

L
T et

We also have the Parseval relation

UJ2

(210 Jully =g+ [P

w?—4

for all u € 1?.

Proposition 2.1 shows that, after suitable normalization of v, obtained in sec-
tion 2.2.1, a function in {2 can be expanded on the complete set of eigenfunctions 1.,
v € (w? —4,w?) U{v}. An alternative way to arrive at the normalization of 1. is
provided in Appendix A.

2.3. Modal expansion of the solution of the unperturbed equation of
motion. In view of Proposition 2.1, the solution u : H — C, which satisfies the
equation of motion (2.2a) with the surface condition (2.2b) on JH for all x € Z, can
be expanded as the superposition of orthonormal modes obtained in section 2.2.2:
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2
w

(217) by =g @0 )+ [ 80 @) () €HL
(2.18) with 0, (x) = (ux,., 9+,),
(2.19) Uy (%) = (Uy ., ), 7 E (W —4,07),

using the weighted inner product defined by (2.12). Note that {uyy}ycz- belongs to
[2 for each x € Z and, as mentioned before, we assume that w € %, = (0, wmax) (2.5).
The modal amplitudes in (2.17) satisfy the uncoupled difference equations

(2.20) i (x+1)+0y(x—1)+ (v —2)uy(x) =0, x€Z.
(i) If v € (0,4) then u,(x) has the form
1, (x) = ae®V* L pe=kx v e,
with

(2.21) k(v) = arccos (1 — %) €(0,m), ~€(0,4),

which shows that it is a propagative mode (the mode e?** is right-going on
OH, and e~ *** is left-going on OH).
(ii) If v <0 then @ (x) has the form

i, (x) = aeb* L pe k= x e 7,
with
1
(2.22)  k(y) = arcosh (1 - %) —In (1 - % +5V0 - 4)) >0, <0,

which shows that it is an evanescent mode.
To summarize, the discrete eigenvalue g > w? corresponds to a propagative mode,
addressed as a surface wave mode (2.3) in section 2; the continuous spectrum has a
propagative (radiative) part for v € (0,w?) and an evanescent part for v € (w? — 4,0).

Remark 2.2. For the discrete eigenvalue ~p, the attenuation coefficient 8y in (2.10)
corresponds to 7(kg), and the wave number k(7o) in (2.21) corresponds to kg in the
surface wave mode (2.3). For the continuous spectrum with a propagative (radiative)
part v € (0,w?), the wave numbers ¢ = ((7) in (2.9) and k= k() in (2.21) correspond
to the wave vectors (k,() € R? of bulk lattice waves, which have the form e?**+icy
[7, 33, 40] and satisfy the bulk dispersion relation w? = 4sin? %k + 4sin® % )

3. Exact solution on H for arbitrary localized mass perturbation on 9H.
Suppose L is a given positive integer representing the size of patch on OH containing
the mass defect. Let p, describe the relative perturbation in mass at the lattice site
(x,0) € OH. For x € {1,2,...,L—1,L} as there is a mass defect p,ms, the mass of
particle is mg(1 4 1) in place of ms in (2.2b). Note that the case of arbitrarily large
perturbation in point masses associated with surface structure is permitted as long
as the mass of individual particles remains positive.

We use uy y to represent the scattered field in response to an incident surface wave
mode Uy, for all (x,y) € H; naturally, the total field on H is given by uy y = uyy 4+ Uy y-
We assume that w € Z; = (0,wmax) (2.5), that is, w belongs to the regime when a
surface wave mode (2.3) can exist in the unperturbed lattice model, where wpax is
given by (2.6).
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We consider a propagative (surface) wave mode incident from the left side of the
surface patch on OH between x =1 and x =L (see yellow patch and wave schematic
in Figure 1):

(3.1) Ty y = aethoxtntho)y = gy e (0, 7),

where & € C is the amplitude; we assume that & # 0.

We consider the equation of motion (2.2a) with the surface condition (2.2b) on
OH satisfied by the total field uyy + Ux,y for all x <0 and x > L+1 and the surface
condition with perturbed masses, i.e., as(Ugsiy + Us—1,y — 2Uxy) + Ugy—1 — Usy +
Mg (14 po)w? ey + s (Tep 1,y + U1,y — 20 y) + U y—1 — Uy + 1 (14 po )Ty = 0 5
satisfied for x € [1,L]NZ and y =0. As the equation of motion (2.2a) on H with the
surface condition (2.2b) on JH is satisfied by the incident wave U, therefore we find
that the scattered wave field uy y needs to satisfy (2.2a) on H and at y =0,

L

(3.2)  or(Ux1y + U1y — 2Uny) + Uxgo1 — Ugy + MW Uy = Z6x7jfj Vx € Z,
j=1

where
(33) fj = 7msw2}/tj(’ll,j,() +ﬁj)0), jil,...,L.

By inspection of (2.2a) and (3.2), it is clear that the solution can be expressed in
terms of a Green’s function. In particular, we consider the Green’s function % , for
all (x,y) € H that satisfies (2.2a), (2.2b) with a point source dy,ody 0. The Kronecker
delta is defined by

(3.4) Ogn =0, if x#n, and dx,:=1, fx=n, x,neZ.
The Green’s function ¢ satisfies the following equations:

(3.5a) Gy +Ge1y) +Gegir + Gy — 4%,y + 0> %y =0, (x,y)€H,
(35b) Qg (gx+170 + gx—l,O — 2{4}(70) + %,—1 — gx70 + wzms%p = 6::,07 (X7 O) € OH.

The solution of the above system of equations (3.5) can be found in terms of a contour
integral as the function ¢¥: H — C given by

1 [ ATY(3)5 !

(3'6) - % T ﬁs(ﬁ)

dz, (x,y)€eH,

X,y

where T denotes the counterclockwise unit circle contour in the complex plane, and

_r(3) —h(3)
Ma)= 5 v ais)
h(3)=v0QG)—2, r(3)=vQG)+2, QG =4-3-3 "—(w+ic)?
and 33(3) :’rnsw2 -1+ O‘s(ﬁ +571 - 2);

with € > 0 representing a vanishingly small absorption [33]. To obtain (3.6) from (3.5),
we first replace w by w + i€ in (3.5) and seek the solution ¥=¥(¢) that exponentially
decays at infinity. The application of transform gyF (3) = D xer%y3 " facilitates
finding that (1) %f,y € Z~ U {0}, is analytic in an annulus & such as the one shown
schematically in Figure 2 containing the unit circle T, (2) by (3.5a), gyF =GN,
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where \ (3.7) is analytic and nonvanishing in the same annulus <7 (3) by (3.5b), %
satisfies 8,9 = 1, where &, (3.7) also does not vanish in <7, in particular on T. The
formula (3.6) follows using the analyticity of A7Y/RK, in the integrand of the contour
integral on T and Cauchy’s residue theorem. See section 8(a) in [40] for few more
details regarding the Green’s function; see also section 5(c) in [40] and section 2.2 in
[33] regarding the definitions that appear in (3.7).

Remark 3.1. Note that %, ; (3.6) decays exponentially as |x|,|y| = co on H under
the assumption € > 0. As € — 0+, the scattering solution, which satisfies radiation
conditions [32] in the present two dimensional case, is recovered; see also [27], where
the choice of sign in the imaginary part of the spectral parameter in the resolvent of
the discrete Laplacian operator is clarified.

Let
(38) 30 = eiko’

where ky is the incident surface wave number in (3.1). Due to the presence of absorp-
tion € > 0, 3, lies inside the unit disk in complex plane C, i.e., |30] < 1. Moreover,
according to the definition in (3.7), A(30) = (39 ") = e~ "k0).

Remark 3.2. Note that §,(3) = F.(371) and A(3) = A(37!) so that £,(3) = R, (371).
Also note that Rs(39) = 0 and Uy = 435 according to (3.1), (3.8), and, in general,
Uy,y = 8352V (30) using the definition in (3.7).

Remark 3.3. In connection with the eigenfunctions stated earlier, especially
(2.15e), (2.15f), note that

(50—551) ~ 1 Im Ay

(3.9) P00 == 6o P TR RGE

where A\, = A(3,) using the following mappings:
(3.10) y=7(G)=2-3—3"" and 3, =3(7) such that [3. | < 1.
In addition to Remark 2.2, note that 3., = 3, defined in (3.8) while v(3) = 70. In this

context, see Appendix A as well.

Using the formula of the Green’s function, stated as (3.6), the solution of (2.2a)
and (3.2) can be expressed, in terms of the point sources {f;}5_; (3.3), as

L
(3.11) ey = Dxjiylis (%y) €H.
j=1

The solution (3.11) decays exponentially as |x|,|y| — oo on H under the assump-
tion € > 0. However, the definition (3.3) includes the scattered field {uyo}i_; on
the perturbed sites. Indeed, by substituting (3.3) into (3.11), we find that u,, =
—msw? E;:lﬁx,ﬂ,yuj(ujp +Uj0), (x,y) € H, so that by restricting the solution u
(3.11) to OH, we have the discrete Lippmann—Schwinger equation

L
(3.12) 0= —mew® Y G oby(uwi0 +8j0), x€Z,
j=1
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where according to (3.6)

(3.13) & L[,

| 0 i 8 5)
The above equation (3.12) for x € [1,L] N Z yields a closed system of linear algebraic
equations for {uy o} _; so that the problem is reduced to the inversion of an L x L

matrix.

Remark 3.4. Consider the following Fourier transforms:

(314)  f(3)= Z;Zl 5w @ =) s %)= %os

using (3.3) in the first expression and (3.13) in the third. Using (3.12) and the Fourier
transforms f, ul, 4¥ defined in (3.14), it follows that

(3.15) Rs(3)up (3) = 1(3),
as Rs(3)% (3) = 1. Further, by Remark 3.2, 4} satisfies the property
(3.16) Do ()= 7).

Using the expression (3.13) for the Green’s function evaluated on OH, and the def-
inition (3.3), the scattered field, as given by (3.12), on the perturbed sites can be
concisely, but formally, solved to obtain

(3.17) u= (I —TD(w) " 'TD(w)z,

where

(3.18&) T = Toeplitz(%ojo,%’o,%g,o, e 7gL—1,O) € (CLXL,

(3.18b) D(n) = —mw?diag(uy, o, ..., u) € CH*E,

(318C) u:(u1,07u2,07-"7uL,O)E(CL7 a:ézo(lvzoaéga"'aég_l)ECL?
(3.18d) and z =3(1,3,3%,...,5~ 1) e C-.

Note that T (3.18a) is a symmetric Toeplitz matrix due to the properties of Green’s
function as evident from (3.12) and (3.13). Using the above result (3.17) component-
wise in (3.3), the complete solution for the scattered field on H is given by (3.11).

3.1. Reflection and transmission coefficients for surface wave incidence.
For x € Z~, as € = 0+ and x — —o0, according to (3.12),

L

(319) Ux,0 = —msw2 Z },ngf}H,jyo(Uj}o + ﬁj’()) = Ré,jax
j=1

Hence, using the Cauchy residue theorem to evaluate (3.13) considering the fact that
30 <1 for € >0, the reflection coefficient is given by

mew? ( 1 ) - .
R=—— (== ) l=s0 > Wb (w0 +8j0)
a Zﬁg(ﬁ) ’ 30]‘:1 P !

1 1
= —— ) ls=s.30(1,30,32,-..,3- 1) - D u
A <3§/S(3)) |5—3030( 730a307 730 ) (u)(u+u)’

(3.20)
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where the second line uses (3.18¢c)s. The factor 1/4 in (3.20) appears due to our,
slightly general, choice of nonnormalized incident wave (3.1), but it eventually cancels
with the contribution from the amplitude of the incident field and scattered field (by
linearity) so that R is independent of a.

For x > L, as € — 04, X — 400, Uz g = —Mw? Z?:l Wi %—j.0(u;0+1j,0), which
in turn implies that the total field behaves as

L
(3.21) 0+ Ux,0 = U0 + (—msw?) D 1% j0(uj0 +8j0) = Ths.
j=1

Simplifying the expression in the same way as that of the reflection coefficient R
(3.20), we find that the transmission coefficient is, therefore, given by

(—msw?) ( 1 ) - —j ~
=1+ - - E 307 (uj 0+ 4y
4 3;{9(3) |3 30 HJZ’O ( 3,0 J;O)

1 1
=1+~ —— ) li=s.30 - (L,3o 2302530 =) - D +a).
3 (3.@2(5)) ls=3030 (1,30 30 3o ) - D(p)(u + u)
With @ = 430(1,30,32,---,35 ') as in (3.18¢c)z, using (3.17), the reflection coeffi-
cient R (3.20) can be succinctly expressed as

j=1

(3.22)

1 1
3.23 R=—(——)|i=y D(Wu- (I —-TD(w) ‘a,
(3.9 3 (S )l PO (T~ TDG)
while the transmission coefficient T' (3.22) is given by
1 1 =
(3.24) T=1+4 = <> l,—;, D(Wa- (I —TD(n) 'a.
4> \38,() ) °°

The expressions (3.23), (3.24) are utilized later in the article for numerical evaluations
and graphical illustrations. At this point it is clear that, using the coefficients (3.20),
(3.22), one can determine the energy flux in the surface waves reflected by the patch
of size L of perturbed masses and transmitted across it. More importantly, what
remains to be proven is the fact that all propagative waves, including waves excited
in the bulk lattice, carry energy flux that equals that of the incident wave. This task
is carried out next.

3.2. Energy conservation. The energy flux in the surface wave (2.3) is [7]

8 (ko) = 0% oo (ko) (Fo).

(3.25)
with pg (ko) :=(ms— 1)+ (1 — 6*271(160))*1’

where v, is defined as in (2.7). The effective mass p satisfies ps(ko) = ps(—ko) as
n(ko) = n(—ko) while vs(ko) = —vs(—ko). Using the expression (3.25), the incident
surface wave carries the energy flux [40]

(3.26) &= &(ko),

with Uy o = & replacing ug 0. The expression of energy flux is obtained, as in Appendix
1 of [40], from the standard definition [7]

> o1 o =
(3.27) &:=_lim 3 Re Z £y Uy,
yeZ~U{0}
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where ’f\x7y denotes the force on particle at (x,y) from the interaction with (x —1,y)
while ﬁx7y denotes the velocity of the particle at (x,y); indeed, ﬁ&y = —iwlyy. In
view of Remark 3.1 and the statements regarding the recovery of scattered field via
the absorption principle, it is noted that the limits x — —oo and € — 0%, in (3.27),
do not commute, and, in particular, the former is carried out after the latter. The
expression (3.25), (3.26) can be simplified for the incident surface wave, as in (3.1)
with amplitude &, to the form

~ 1 sin ko
3.28 E==|alPw—=2,
(3.28) 21 p(70)

where, using (3.8) and Remark 3.3,

1 30«%(30) _ |ﬁ;(30)|

(3.29) p(0)  (Go—30') 2sinky’

Under the assumption of point mass perturbation of finite size, we observe that the
transmitted surface wave u” has the same form as the incident wave U and the same
wave number kg. Therefore, analogous to (3.27), the energy flux carried by the trans-
mitted surface wave, with amplitude T, is

sin kg
p(0)”

We also observe that the reflected surface wave u® has the same form as the incident
wave U but wave number —kp; in the complex plane the corresponding point is 3, !
and uff) = &R3y* (recall the discussion in the context of (3.20)). Thus, the energy
flux in the reflected surface wave, with amplitude R, is given by

1
(3.30) &r :§\é|2|T\2w

1 sin ko
3.31 &p = = |a]}|R*w :
(3:31) 2 p(70)
The energy leaked into the half space is
.1 —
(3.32) Gg=—,lm 5 Re %fx,yux,y,
xe

where £y, denotes the force on particle at (x,y) from the interaction with (x,y — 1)
while taking into account the scattered wave field v on H. With € — 0+, using the
Parseval theorem with the Fourier transforms (3.14), and the property (3.16), we find
that the definition (3.32) leads to the expression

1 1

F G50 6P + 6P s,

Cp

since |A\| =1 on Cp and |A| < 1 outside Cpg, where Cp is a counterclockwise contour
almost coinciding with the branch cut for A inside the unit circle. Note that the
branch cut for A coincides with the continuous spectrum (propagating and evanescent
bulk waves) in the 3 plane. To obtain formula (3.33) from (3.32), assuming & > 0, the
contour T in the associated contour integral similar to (3.13) is deformed into Cp tak-
ing into account the zeros of K in (3.7) (recall Remark 3.2 in this calculation). After
this the limit € — 0% is taken and then the limit y — —oo in (3.32) is considered using
the statement immediately preceding Remark 3.2. See Figure 2 for an exaggerated
schematic of C'g assuming ¢ > 0.
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T

F1G. 2. Schematic of the counterclockwise contour Cp in the complex plane C. Cp is related
to Cp by the mapping 3 — 1/3. The thickness of gray annular region < containing the unit circle
depends on € and shrinks as € — 04.

PROPOSITION 3.5. We have the conservation of energy relation
(3.34) Er+Ep+Ey =6,
where & is given by (3.27), &g is given by (3.31), &7 is given by (3.30), and & is
given by (3.33).

Proof. Recall Remark 3.4. Using (3.15), (3.14), (3.28), (3.30), (3.31), and (3.33),
and (3.7), the statement of energy balance (3.34) becomes

11 Im Ay 5(1F Q)+ 176G~

2“7 Jo, T Bt NGt A1)
L fGo PP+ 1fGo)* 1

+ 5w 203 (30) +gw Im (f(30)) =0.

3 'ds
(3.35)

The first two terms in (3.35) can be combined by an application of Cauchy’s residue
theorem to rewrite (3.34) as

Im M\ L 2 —1)|2
o R o o

Consider the expression W::—% Re Z§:1 fxi0 using (3.3). By an application of
the Plancherel theorem

1 1 1 1 1
3.37 W=——w— 2T (- )37
(3.37) zwzmﬁlf(z)l 5 Im <§(3)+ﬁ(51)>3 3,
which upon using the definitions (3.7) leads to

I A 1 2 —1\|2
272w Jp Fs +NEFs+271)
On the other hand, using (3.3) and by the direct substitution of expression of the
incident wave, it is found that

(3.36)

3 tds.

(3.39) W=-— %w Im (f(30))-

The equations (3.38), (3.39) lead to (3.36). |
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Remark 3.6. The statement of Proposition 3.5 can be equivalently expressed as
(3.40) IR+ |T)*+2=1,

where = & /g > 0 is the energy flux radiated into the lattice half plane H per unit
incident wave energy flux while |R|? and |T'|? represent the surface wave reflectance
and transmittance, respectively.

4. Multiscale analysis for small, random mass perturbations. We assume
again that w belongs to the regime when a surface wave mode (2.3) can exist in the
unperturbed lattice model, i.e., w € (0, wmax ), Where wimax i given by (2.6). We assume
that there is a unit-amplitude forward-going (normalized) surface mode incoming
from the left region x <0 and radiation condition into the right region x > L+1 (the
radiation condition expresses the fact that no left-going surface wave is incoming from
the right region).

The total wave field u is solution of (2.2a) for y #0,

(41)  as(Werry T 01y = 2uey) F Uy 1 — Uiy F MW’y =0, y=0,
for x¢[1,L]NZ, and
(4.2)  ag(ugyry Fug—1,y —2uyy) Fugy_1 —Ugy +ms(1+ px)wzuxﬁy =0, y=0,

for x € [1,L]| N Z.
We denote by 1u the propagative surface wave mode that is incident from the left
side:

(4.3) Ty =€ 0%0, (),

where k(7o) is actually ky as previously stated in Remark 2.2; however we use the
former to bring out the role of the function &k (2.22). Note that the expression (4.3)
coincides with that stated in (3.1) provided the amplitude is chosen such that & =
vV r(70)-
We denote by v = u — 1, as in section 3, the scattered field that satisfies the
following radiating conditions:
(i) for v € (0,w?) U {0}, (ux,., ) exp(ik(7)x) does not depend on x for x < 0
and (uy, ., o) exp(—ik(y)x) does not depend on x for x > L+1;
(ii) for v € (w? —4,0), (ux,.,d~) exp(—k(y)x) does not depend on x for x <0 and
(ux,., ) exp(k(y)x) does not depend on x for x > L+1.
We define by R the amplitude of the left-going surface mode in the left region
x < 0 and by T the amplitude of the right-going surface mode in the right region
x>L+1:

(4.4) R = (uy,., b~,) exp(ik(0)x) for x <0,
(4.5) T = (ux,., P~y ) exp(—ik(y0)x) for x >L+1.

We refer to R, respectively, T', as the reflection, respectively, transmission, coefficient,
as in section 3.

The total wave field u can be expanded as (2.17). The modal amplitudes 1. (x) =
(ug,., ) satisfy the coupled difference equations

iy (x+1) + 1, (x = 1) + (7 = 2)i, (x) = —ms e’ V/p(7)

(4.6) < | Voo, )+ [ \/p<v>av<x>dv], xe (1,1,

w?2—4
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4.1. Moments of the reflectance, transmittance, and radiative loss. We
assume that the (i )xe[1,1jnz are independent and identically distributed random vari-
ables with mean zero and variance o2. We address the regime where the fluctuations
of the lattice parameters within the perturbed region are small but the perturbed re-
gion is large, so that the effect of the perturbations will be of order one. Accordingly,
we here carry out a multiscale analysis in the asymptotic framework ¢ < 1 and L > 1
such that Lo? = O(1). We prove, in section 5, the following proposition, which is the
main result of the paper.

PROPOSITION 4.1. Let us denote

w2
L_otmdutpn ) otmdtatn) [ _p0)
0

(4.7) Lioc  4sin®(k(y)) ~ 2sink(yo) sin k()

We denote by %g(f/) = E[|R(L = [LLioc])|?], p > 0, the moments of the reflection
coefficient for L= [I~/L10C] (which is of the order of =2 when L is of order one).

In the limit 0 — 0, the moments of the reflection coefficient (% )p>0 converge to
the solution (%,)p>0 of the system

(4.8) 0; Ry = D> (RBps1 + By — 2%,) — 2Ap Ry,

starting from %,(L = 0) = 1¢(p), where

(4.9) A=ALpe =2

sin k(7o) /“2 p(v) dy.
0

p(70) sink(7)
Similarly, we find that (E[|R|*"|T|?]),>0 converges to the solution (.7,),>0 of the
system

(4.10) 0.7 = (0 + 1) (Fpi1 = B) +0*(Tp-1 = F)) = M2p + 1) T,

starting from J,(L = 0) = 1o(p), and (E[|R|*"|T|*])p>0 converges to the solution
(%) p>0 of the system

(4.11) 0; Uy = ((p + 2)*(Up1 — Up) + P*(Up—1 — %)) + (2 — A(2p + 2)) %,

starting from %,(L = 0) = 1¢(p),

Following [14, section 9.2.2], the solutions of these systems have probabilistic
representations (see Appendix B for a brief introduction to jump Markov processes).
In particular,

(4.12) Z,(L)=E , p=0,

L
1yr_gexp (—2/\/ Nfdm) INE=p
L
0

where (N1),>o is a jump Markov process with state space N and with generator
Lf(n) = n*(f(n+1) + f(n — 1) — 2f(n)). This expression for p = 1 gives the
expectation of |R|?, and the expressions for p=1 and p =2 give the variance of |R|?

in the limit ¢ — 0. Similarly,

(4.13) I(L)=E

L
1yr_gexp (—A/ 2N$+1dw> |Ng:p] , p=>0,
L
0
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where (N1),>0 is a jump Markov process with state space N and with generator

Zfn)=m+1D)2(f(n+1)— f(n)) +n2(f(n — 1) — f(n)). This expression for p =0
gives the expectation of |T|? in the limit o — 0. We also have

(4.14) % (L) =exp (2L)E

L
1yu_gexp (—A/ 2N5+2dm> |N5f:p1 , p>0,
L 0

where (NY),>¢ is a jump Markov process with state space N and with generator
A fn)=n+2)>2(f(n+1)— f(n)) +n*(f(n — 1) — f(n)). This expression for p =0
gives the second moment of |T|?, which in turn gives the variance of |T'|? in the limit
o — 0. These results can also be exploited to determine the moments of the radiative
loss. Indeed, using the energy conservation relation (3.40) 2+ |R|? + |T|? = 1, the

mean radiative loss is
(4.15) E[Z]=1-E[|R]*] - E[T|?],

and its variance is

(4.16)
Var(9) = E[|R|"] + 2E[|R*|T|*] + E[|T|"] - E[|R[*)* — 2E[|RI’|E[|T|*] - E[|T|*]*.

4.2. Closed form expressions for two regimes. It seems that it is not possi-
ble to find closed form expressions for % (L) and 7 (L), which means that we cannot
give closed form expressions for E[|R|?] and E[|T|?] when L = [LLy] in the limit
o — 0. However, we can find closed form expressions for the Taylor series expansions
of (L) and .7 (L) when L < 1. This means that we can give approximate expres-
sions for E[|R[?] and E[|T[?] when L = [LLjo] in the limit & — 0 that are valid up to a
relative error equal to L (or even L? if one takes the second-order series expansions).
The regime L < 1 is called the weakly scattering regime, because E[T|?] ~ 1 as we
will see below. A similar statement is true when L >> 1 and this regime is called the
strongly scattering regime, because E[T'|?] ~ 0.

(1) When L < 1, we can expand (4.12) and (4.13) to get (in the limit o — 0)

(4.17) E[|R* =L — (1+A)L*+O(L?),

(4.18) E[|T]*)=1-(1+A)L+ <1+A+;A2> L? +O(L?),
(4.19) E[|R|*)=2L" + O(L?),

(4.20) E[|T[*)=1—2(1+A)L + (4 +4A +2A%) L + O(L?),
(4.21) E[|R*T)=L - (3+2A)L +O(L?%),

and hence

(4.22) E[Z] = AL — %AW +O(L*) =AL+ O(L?),
(4.23) Var(2) = L? + O(L*) = O(L?).

In particular, we observe that the mean radiative loss is proportional to A to leading
order:

(4.24) E[Z] ~AL=AL,
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FiG. 3. (a) Mean (4.29) and (b) variance (4.30) of the radiative loss 9 as functions of A in the
strongly scattering regime L > 1.

and the relative variance of radiative loss is constant:
(4.25) Var(2)/E[Z]? ~1/A%.

(2) When L > 1, proceeding as in [14, section 9.2.3], we find E[|T|?] =0 and

(4.26) E[|R|?] =1 - 2Aexp(2A)E; (2A),
where
(4.27) Ei(z) = /100 e}{p(ti_xt)dt

and we remark that A does not depend on o. More generally, when L>>1, we have
E[|T|*?|R|??] =0 if ¢ > 1 and

(4.28) E[|R|?"] :A/OOO (Q%S)pexp(—As)ds

for any integer p. In particular, we observe that the mean radiative loss is a mono-
tonically increasing function of A:

(4.29) E[Z] = 2 exp(2A) E; (24),

where F is defined as in (4.27), and the variance of the radiative loss is a function of
A as well (see Figure 3):

(4.30) Var(2) = [1 — 2Aexp(2A) E1 (2A)] [1 + 2A + 2A exp(2A) By (2A)] — 1.

4.3. Comparison of ensemble of exact solutions versus asymptotics. In
the right of Figure 4(a), we compare the empirical averages of numerical simulations
(for many different realizations of the random mass perturbations) in the left part
of Figure 4(a) with the theoretical predictions for the expectation E[|T|?] and the
standard deviation Std(|T|?) = Var(|T|?)!/2. The numerical simulations are based on
the exact solution (3.24) and the theoretical predictions are based on (4.13) and (4.14).
In a similar manner, in Figures 4(b) and 4(c), we compare the empirical averages of
numerical simulations with the theoretical predictions for the expectation E[|R|?],
E[R* + |T)?], and the standard deviation Std(|R|?). We again obtain an excellent
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ms=2., as=1.3, L=40, 0=0.05, Nx=80, Nens=121
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IT|? EqT|208
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0.2

0.0
0.0 0.5 1.0 1.5

w

ms=2., as=1.3, L=40, 0=0.05, Nx=80, N¢gns=121
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w

mgs=2., as=1.3, L=40, 0=0.05, N\=80, Nens=121

1.0
; 1.0
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2 206
IR|“+T| [ EIR|?4[T|%] 0.6
0.4 04
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0.0 0.0
LY R 0.0 05 1.0 15
(c) ¢ w

FIic. 4. Left: Realizations of (a) |T|2, (b) |R|?, (c) |R|>+|T|? using Green’s function based exact
solution (3.24) and independent and identically distributed mass perturbations. Right: Ezpectations
and standard deviations of (a) |T|2, (b) |R|?, (c) |R|? 4+ |T|?. Blue curves are asymptotic formulas
(4.12), (4.13). Red curves are empirical averages using (3.24). Green curves represent the theoretical
results (4.31) when A = 0 (no coupling with radiative modes). The surface structure parameters
ms,as are assumed to be constant outside the perturbed patch [1,L]. Here ms =2, as =1.3, L =40,
0 =0.05. (Color available online.)

agreement. We can observe that the behavior of the transmittance close to the right
endpoint wpax (given by (2.6)) of the propagative band exhibits large deviations from
the perfect transmission. The transmittance goes to one as w — 0 and to zero as
W — Wmax- The numerical calculations of the exact solution for R and T for w very
close to wpax suffer from small errors associated with the evaluation of contour integral
and vanishing of group velocity of the surface wave; this can be rectified by employing
refined techniques, but we did not pursue that as it is a very narrow regime, and our
focus remains on asymptotic results. Finally, the green curves in Figure 4 are the—
wrong——predictions obtained by a theoretical analysis that would neglect the radiative
modes. In such a case we have |R|? + |T|?> =1 and [14, section 7.1.5]

L *° L \ 2wssinh(7s)
4.31 E[|T|?] [s—o=exp ( — — / exp( —s?— ) ———~""ds.
(4.31) [T la=o p( Lloc> 0 p( Lloc) cosh?(ms)

As seen in Figures 4(a)—(b) both the reflectance and transmittance are significantly
overestimated by this wrong approach. It is, therefore, of utmost importance to take
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(a) " (b)

F1G. 5. Mean radiative loss E[Z] =1 — E[|R|? + |T|?] at frequency (a) w = 0.5wmax and (b) w=
0.9wmax, as a function of surface structure parameters ms and as. For these plots, o = 0.05,L = 40,
0.5¢ : "

and we use (4.12) and (4.13).
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(a) g (b) :

FIG. 6. Mean radiative loss E[2] = 1 — E[|R|? + |T|?] at frequency (a) w = 0.5wmax and (b)
w = 0.9wmax, as a function of surface structure parameters ms and as. For these plots, o =

0.05,L = 5000, and we use (4.12) and (4.13).
1 3 1
08 £3 08
0.6 0.6
s"15
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FIG. 7. Mean radiative loss E[Z] = 1 — E[|R|? + |T|?] at frequency (a) w = 0.5wmax and (b)
w = 0.9wmax, as a function of surface structure parameters ms and as. For these plots, L — oo, and
we use (4.29).

into account the coupling between surface and radiative modes, which can result in a
significant amount of radiative loss.

4.4. Radiative loss: Dependence on surface structure. In Figures 5-7 we
plot the mean radiative loss evaluated at w = 0.5wmax (left) and w = 0.9wmax (right)
as functions of the surface structure parameters ms and g (recall that wpax is given
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by (2.6)). We can observe that the radiative loss becomes close to one in the strongly
scattering regime and when mg and «g are close to each other. Indeed, when mg
and a, are close to each other, the discrete eigenvalue of the operator (2.13) is close
to the continuous spectrum, or equivalently, the wavenumber of the surface mode is
close to the wavenumber interval of the radiative modes. Under such circumstances,
the coupling between the surface mode and the radiative modes induced by the mass
perturbations is strong, which explains the value close to one of the radiative loss.

5. Proof (multiscale analysis).

5.1. Modal expansion of the solution of the perturbed equation of mo-
tion. We introduce the generalized forward-going (right-going) and backward-going
(left-going) mode amplitudes,

(5.1) {00 (), by (®)} and {a, (x), by (x), 7 € (* — 4,07)},

which are defined by

efik('y)x )
5.2 _ T (o (x4 1) — e a(x)),
(52) 00 = g (W o 1) = 0, )

etk(1)x )
5.3 by(x)= ——— ((—u (x4 1) +e*Ma (x)),
(53) () = g (et ) ()
and which are such that

1 ) .
(5.4) T (av(x)ezk(’y)x + bv(x)e_m(ﬂx) =1,(x),
sink(v)

(5.5) (a (%) = ay (x = 1)) e 4 (by (x) = by (x = 1))~ O =0,

and

Uy (x+ 1) + 0y (x — 1) + (v — 2)1, (x) = —2iy/sink(7)e* D (a) (x — 1) — a4 (x))
(5.6) = 2i\/sink(y)e”F* (b, (x — 1) — by (x)).

From (4.6) we obtain the coupled system of random difference equations satisfied by
the mode amplitudes in (5.1) for v € (w? — 4,w?) U {y0},

@y (x = 1) = ay(x)
; 2
__imsw p()p(0) [a% (x)eitk(0) =k )= 4 b%(x)ei(—k(%)—km)x}

24/sink(y )sink(’yo) *

zméw \/ P /
2 smk; 0 \/smk

1 (%) EQ)=ROx ()i =R()=k(1)x }dv

(5.7)

; 2 / 0
_ msw p(’Y) i \/7 72k de,

2/sink(y)  Juz_a
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by (x—1) — by ()
_ imgw?

p(7)p(70) i(k(70)+k(7)) (—k(70)+k(7))
< la~ (x)e 4 by, (x)et TR0 TR X
24/sin k() sin k(o) [ () () ]

X 2
%msw2\/p(7)px v p(v) {av(x)ei(k(v)-i-k(’v))w+bv(x)ei(—k(v)+k(7))x]dv
2/sin k() 0 /sink(v)
(5.8)
imsw®\/p(y) - [° i
+ =Y’ V)i, (x)eF .
2ok w2_4\/p( )iy (x)
This system is supplemented with boundary conditions corresponding to a unit-

amplitude forward-going surface mode incoming from the left region x <0 and radi-
ation conditions into the right region x > L41:

(5.9) by(L+1) =0, a(0) =14, (7).

5.1.1. Role of the evanescent modes. The coupling with the evanescent
modes can be captured by substituting the expression of the evanescent modes into
the last terms of (5.7) and (5.8): for v € (w? —4,0),

w

Vo) (y)dv| G (x = ),

w?2—4

iy (x) = — > ymaw’y/p(7) [\/ p(70)iy, (¥) +

where G (x) is the radiating solution of
G (x4 1) + Gy (x— 1) + (7 )G (x) = Lo(x),
that is to say,

G (%) = g, 10(x) + h,e FOH (1 — 14(x)),

B 14 e (y —2)

oy =24 (72 — 4y + 2)ek)’
e2k(7)

Ty =24 (72 — 4y + 2)ek)

(5.10) 9

hey =

for v € (w? —4,0). The coupling with evanescent modes gives rise to an effective
dispersion (i.e., a frequency-dependent phase modulation) as we will see below.

5.1.2. Diffusion approximation. It is not possible to directly apply diffusion
approximation theory to the system (5.7)-(5.8) with boundary conditions (because
the solution is not adapted to the filtration of the driving process p, in the sense that
the solution depends on (ly)xe1,1)). The strategy is to apply diffusion approximation
theory to the system (5.7)—(5.8) with initial conditions and to use the linearity of the
system to deduce the behavior of the solution of the system with boundary conditions.

We first study the system (5.7)—(5.8) supplemented with initial conditions at
x = 0 instead of (5.9), and we denote such a solution by (agl) (x),bsf) (x)). We apply
the diffusion approximation theory set forth in [14], as in [10, Appendix B]. If L =
[L/0?] and 02 — 0, then (al) ([z/02]),b5) ([#/0%]))zcio.0) converges to the solution
(a,%) (), b%) (7))zefo,z) of the diffusion equation
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(1) . (4) (1)
ay, () 1 (z ) ay) () 1 (O 1) ay) ()
df 7 = — 70 dW, - 70 dW-
(b%?(m)) FLM{ 0 =i) o)) 0B o) (el )M
) (7)
)

1 /0 —i o Atik (=1 0 v;)x
oo ) ()i b () (o)

with the prescribed initial conditions and with

65,12 S A
' Lioc  0%Lioe  4sin?(k(vo))’
m2w4p(’Yo) /0
5.13 R=—— v)gudv,
(5.13) sin k(o) w2_4,0( )9
A m2iply) [
14 =—-=——" :
(5.14) A= Smk(%)/o p(v)gudv

Here Wy, Wy, W5 are independent standard Brownian motions and g, is defined by

14 e * M (y - 2)

v—=2+ (72 — 4y +2)e" k()
1 1

gy =1

which is real, positive valued. We can see that the coupling with the evanescent
modes induces an effective dispersion term proportional to x and the coupling with
the radiative modes induces an effective diffusion term proportional to A. We also
remark that o2 does not appear in the expression of L., k, and A, but remember
that L =[L/0?] and (a{/) (z), %) (2)) is the limit of (a'" ([x/0?]), bgg([x/a 1)) as o —0
so that (a) (1),6% (1)) = (a§) (o), b (0%x)) for x € [1,1], L= [L/o7.

5.1.3. Propagator, reflection, and transmission. We denote the solution of
(5.11) with the initial condition a})(z = 0) =1, b\ (z = 0) = 0 by (a'})(2),6')(2)).
Also, we denote the solution of (5.11) with the initial condition agf} (x =0) =0,
b5 (2= 0) =1 by (af)(2), 653 (2)).

By linearity of the system (5.7)—(5.8), if L = [L/0?] and 0% — 0, then the mode
amplitudes (a., ([/02]), by, ([£/0%]))zeo,r) (With (ay,by) solution of (5.7)—(5.8) with
the boundary conditions (5.9)) converge to (a.,(x),b.,())ze[0,), Which satisfies

1 2
(5.16) (av(](x:L) =T> ol (@=1L) ol (z=1L) <a%<m=0> = 1)
by (z=L)=0 bV (z=L) 6P (x=L)) \by(z=0=R)"

where T and R are the limits of the transmission and reflection coefficients of the
surface mode for the randomly perturbed region corresponding to a unit-amplitude
right-going surface wave coming from —oc (i.e., boundary conditions (5.9)).

We can also define the transmission and reflection coefficients corresponding to
a unit-amplitude left-going surface wave coming from +oo (i.e., boundary conditions
by(L+1) = 1,, (7). a, (0) = 0):

w@=L)=R\ _(a)(z=0) off(@=L)) (a),(@=0)=0
(5.17) (cfl’vo(w:L) = 1) - (Z(”(x_L) :(2)(35:@ <b%(3::0) :T) :

Yo Yo
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The pairs (R,T) and (R,T) have the same distribution because (py)_, has the same
distribution as (M y1-x)=_;. From (5.17) the reflection and transmission coefficients
(R,T) are given in terms of (a%)(x =1I), b%) (x=1L)) as

R )
R= a(”;)(”“ L), T ! .
by, (x=1L) by, (z=1L)

We then find from (5.11) and Itd’s formula that, as a function of L, the pair (R, T) is
a diffusion process which is a solution of the stochastic differential equation

> 1 D 1 H2 i 2
dR=——— (22RdWO(L) — ﬁ(l — RY)dw, (L) — E(1 +R )sz(L)>

3 RdL - (A +ir)RdL,

loc

loc

N 1 5 1 - i
dl =——(1TdWy(L) + —=RTdW{ (L) — —
— (iTawo(L) > (-
1

Lloc

RTdWQ(L))

. 1 .
TdL — (A +ir)TdL,

starting from R(L =0)=0 and T(L=0)=1. The application of It6’s formula then
gives that the moments of the reflection coefficient %, = E[|R|*"] satisfy the system

2

(5.18) L%, = % (Rpi1 + Byr — 2,) — 20D,

starting from %,(L = 0) = 1o(p). This gives the desired result stated in Proposi-
tion 4.1.

6. Conclusion. Surface wave propagation across randomly perturbed surfaces
of lattices is analyzed in this article. The perturbed constitution of surface associ-
ated with the discrete Gurtin—-Murdoch model, in contrast to uniform bulk elasticity,
is captured by uniform mass and elastic constant for nearest-neighbor interactions
parallel to the surface with a finite patch of point mass inhomogeneities. The exact
expression for surface wave reflectance and transmittance is provided for every such
finite patch of mass perturbation on the surface. The exact semianalytical expres-
sions, as a result of stochastic, multiscale analysis for an ensemble of random mass
perturbations, independent and identically distributed with mean zero, form the main
result of this article. In the exposition, the cases of weakly and strongly scattering
regimes are included, which permit closed form expression for the moments of the
radiative loss Z. It is found that the mean value of 2 shows distinct types of depen-
dence of its behavior on the assumed structure parameters. In particular, the mean
value of 2 in the weakly scattering regime is found to be proportional to an effective
parameter that depends on the continuous spectrum of the unperturbed system, while
in the strongly scattering regime, it is found to depend on another effective parameter
but not on the variance of the mass perturbations. The theoretical predictions are
supported by illustrations of their excellent agreement with numerical simulations for
several choices of surface structure parameters.

Regarding the potential applications of the mathematical analysis of the assumed
prototype model, the considerations of this article also apply to electronic transport
via edge states in graphene-like structures [49, 25, 46, 3] (see schematic in Figure 8).
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Fic. 8. Schematic of zigzag graphene edge with localized perturbations.

The tight-binding approximation in such a situation, in the presence of surface per-
turbations, leads to equations similar to the ones analyzed in this article. A detailed
and realistic model may not permit an exact theory as developed here, but the quali-
tative nature of the results is anticipated to be the same; see, for example, [36, 37, 38]
for some recent results involving the simplified tight binding models that utilize tech-
niques similar to ones employed in the first part of the article.

Appendix A. Alternative derivation of the normalized eigenbasis. The
following is an alternative derivation, using Green’s function [43], to obtain the nor-
malized eigenbasis described in section 2.2 for the semi-infinite (reduced) one dimen-
sional lattice model.

Based on (2.8a) and (2.8b), consider

(A1) (AL +w)Y(y) =20(y), yeZ,

(A2) ¢(Y - 1) - ’(/}(Y) + msw2¢(Y) = aszw(Y) - 17 y= 0.
Let

(A.3) Fy = (mew? —azy —1).

Thus, ¢¥(y) = (0)¢7Y, with (£ + Fs(2))¥(0) = —1, where

1
(Ad) (40" —24+w? =2, so that Ez§(z+2—w2i\/(z+4—w2)(z—w2)),

and the sign is chosen such that [¢| < 1 when w is replaced by w + ic and € > 0.
With the point source at y =0, in terms of the symbolic use of Green’s function, let
¥(y) =G(y,0; 2). Thus,

-1

(A.5) G(y,0;2) = mﬂ”, y <0.

Also, in terms of the eigenfunctions of & [43],

(A8 G5.0:2) = o) =ty (), (O [ | dypl) 0 (970, 0,

ie., as ¥,(0) =1,

© 1
(D) 602 = plan) =t 0+ [ )= (),
At z =1y, i.e., at the discrete eigenvalue, the residue
-1
A8 Res,—,G(y,0;2) = ————0(2) 77|20, <0,
( ) €s Yo (y Z) (f(z)+FS(Z))/ (Z> | Yo y
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can be simplified to get

1

- - — Y
Cks-f—]./(gaQ—].)’ 7/’70(3’)*60 .

(A.9) p(v0) =

For 7 € (w® — 4,w?), i.e., on the continuous band, G(y,0;v + i0) — G(y,0;y — i0) =

f[mﬁfy]mfig, which can be simplified to get 5-(G(y,0;v+i0) —G(y,0;y—i0)) =
A .
ﬁﬁwv(y), leading to
i by =0t
A.10 L

Appendix B. Kolmogorov equations for jump Markov processes. A
jump Markov process (Ng)z>o with state space N is a stepwise constant Markov
process which takes values in N [14, Chapter 6]. Its distribution is characterized by
its generator .Z, which is of the form

(B.1) Zf(n)=A(n)Y_ Qn,k)(f(k) - f(n))

keN
for any test function f, where for any integer n A(n) > 0 and k — Q(n,k) is a
probability distribution on N (i.e., Q(n,k) >0 and >, Q(n, k) =1).
The generator makes it possible to compute any moment of the jump Markov
process. Indeed, if we denote u(x,n) = E[f(N,)|No = n], then wu satisfies the Kol-
mogorov equation

(B.2) Oyu=Zu, x>0,

starting from u(z =0,n) = f(n).
It is also possible to get a probabilistic representation for the solution of an
equation of the form

(B.3) Opu=Lu—Vu, x>0,
starting from u(x = 0,n) = f(n), where V : N — [0,400). Using the Feynman-Kac
representation formula, we have

(B.4) (@, n) :E{f(Nx)exp(—/OIV(Ny)dy)|No=n].

The random dynamics of the jump Markov process (N;),>0 starting from Ny =n
is as follows:
e Sample a random variable 7; with exponential distribution with parameter
A(n), sample a random variable Z; with the distribution Q(n,-), and set
Tl =T and

(B.5) N, =n for x €[0,T1).

e For k > 2, recursively, sample a random variable 7, with exponential dis-
tribution with parameter A\(Zj_1), sample a random variable Zj, with the
distribution Q(Zx—1,-), and set Ty, = T—1 + 71 and

(B6) N,=Z)_q forz e [Tk—laTk)~
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