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ABSTRACT

A significant method has recently been developed for solving the inverse
elastic surface scattering problem which arises from near-field imaging
applications. The method utilizes the transformed field expansion along
with the Fourier series expansion to deduce an analytic solution for the
direct problem. Implemented via the fast Fourier transform, an explicit
reconstruction formula is obtained to solve the linearized inverse problem.
Numerical examples show that the method is efficient and effective to
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reconstruct scattering surfaces with subwavelength resolution. This paper
is devoted to the mathematical analysis of the proposed method. The
well-posedness is established for the solution of the direct problem. The
convergence of the power series solution is examined. A local uniqueness AMS Subject
result is proved for the inverse problem where a single incident field Classification
with a fixed frequency is needed. The error estimate is derived for the 65N21
reconstruction formula. It provides a deep insight on the trade-off among

resolution, accuracy, and stability of the solution for the inverse problem.

1. Introduction

The elastic wave scattering problems have received considerable attention in both the engineering
and mathematical communities for their important applications in diverse scientific areas, such
as geophysics, seismology, and nondestructive testing.(1,2,3,4,5) There are two types of scattering
problems. Given an incident field, the direct problems are to determine the wave field for such a
known scatterer as a scattering surface, an impenetrable obstacle, or an inhomogeneous medium.
The inverse problem is to reconstruct the properties of the scatterer, such as its geometry or material,
from the measured wave field. This paper is concerned with the mathematical analysis of the direct
and inverse elastic wave scattering by a periodic rough surface in two dimensions. In the context of
the surface scattering, the direct problem is to determine the displacement for the given surface; the
inverse problem is to reconstruct the shape of the surface from the measured displacement.

Periodic structures, also known as diffraction gratings in optics and electromagnetics, are of great
importance in engineering and industrial applications. The direct problems have been investigated
in (6,7,8,9,10) and in the references cited therein. The direct problems for general infinite rough
surfaces have been studied mathematically in (11,12,13,14). The inverse problem has also been
studied theoretically for its uniqueness (15) and solved numerically using the factorization method
(16) and an optimization approach.(9)

Recently, we proposed a novel method for solving the inverse surface scattering problem in
(17). The problem arises from near-field imaging applications. The periodic surface was considered
to be a small and smooth perturbation of a planar surface. The half-space above the surface was
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filled with a linear, isotropic, and homogeneous elastic medium, while the half-space below the
surface was elastically rigid. Given a time-harmonic plane incident wave, the inverse problem was
to reconstruct the shape of the surface from the measurement of the displacement at a horizontal
line above the surface. Compared with the wavelength of the incident wave, the distance was small
between the measurement line and the surface. Thus, the near-field data could be obtained to achieve
super resolution for the reconstruction. Due to the coupling of the displacement vector field in the
governing equation, we used the Helmholtz decomposition and formulated the direct scattering as a
boundary value problem with a transparent boundary condition imposed on the measurement line.
Utilizing the transformed field expansion and the Fourier series expansion, we reduced the boundary
value problem into a successive sequence of one-dimensional two-point boundary value problems
which were solved in a closed form of a power series solution. By keeping only the leading and linear
terms in the power series, we linearized the inverse problem and obtained an explicit reconstruction
formula relating the Fourier coefficients of the data to the solution. It is shown numerically that
the method is effective and efficient at reconstructing the surface with super resolution. The work
extends the interesting findings to the area of elastic waves from solving a class of inverse surface
scattering problems for acoustic and electromagnetic waves.(18,19,20,21,22,23,24) We refer to (25,
26,27,28,29) for related inverse surface scattering problems in near-field imaging applications. It
may be found in (30,31,32,33,34) for the transformed field expansion method and the boundary
perturbation technique to solve some direct surface scattering problems.

Motivated by the significant numerical results, we intend to carry out the theoretical analysis
of the solutions for the direct and inverse problems in (17). Using the variational approach and
the Lax-Milgram lemma, we establish the well-posedness and a regularity estimate for the solution
of the direct problem. We prove the convergence of the power series by estimating the solutions
for the successive sequence of boundary value problems. Applying the Helmholtz decomposition
and a unique continuation argument, we present a local uniqueness result for the inverse problem
by showing a Poincaré-type inequality. Finally, we show an error estimate which comes from three
aspects: the measurement noise, the linearization, and the spectral cut-oft regularization. The estimate
confirms the numerical observations and provides a deep insight into the trade-off among resolution,
accuracy, and stability of the solution for the inverse problem. A related convergence analysis can
be found in (22) for near-field imaging of periodic surfaces with acoustic waves. The analysis in this
work is more involved since the Navier equation for elastic waves has a richer structure than the
Helmholtz equation for acoustic waves.

The rest of the paper is organized as follows. Section 2 is devoted to the well-posedness, regularity
estimates, and convergence of the solution for the direct problem. The inverse problem is studied in
Section 3 for its uniqueness. The reconstruction formula is briefly discussed and the error estimate is
derived. The paper is concluded in Section 4 with remarks and directions for future research.

2. Direct scattering

In this section, we present a mathematical model for elastic scattering by periodic rigid surfaces and
analyze the solution for the corresponding boundary value problem.

2.1. Problem formulation

Consider a periodic scattering surface in two dimensions, as seen in Figure 1. The space above the
surface is filled with a linear, isotropic, and homogeneous elastic medium, which is characterized by
the Lamé constants A and p satisfying i > 0 and A+ > 0. Let the surface in one period be described
by

S={y) eR*:y=f(x), 0<x<A},

where f > 0 is a periodic function with period A. We assume that f takes the form

fx) =egx), geC®),
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Figure 1. Schematic of the problem geometry for the elastic surface scattering.

where k > 2 is an integer, ¢ > 0 is a small constant termed the deformation parameter, and g is a
normalized periodic function with period A. Denote an indicator of the surface smoothness:

m

—g(x)

8. @1

K = max sup
0=m=k ycRR

which plays an important role in the convergence analysis and the error estimate. Let
F={xy) eR>:y=h, 0<x< A}
be a planar surface, where i > max,¢(o,a) f () is the measurement distance. Denote by
Q={(xy) eR*: f(x) <y<h 0<x<A)

the bounded domain between Sand I'.
Let the scattering surface be illuminated from above by a time-harmonic incident wave

inc __ [ ikp (x sinf—y cos6)
- bl

u sinf, —cosf]e

where 0 € (— 7/2,7/2) is the incident angle, k, = w/(A + 21)1/2 is the pressure wavenumber,
and w is the angular frequency. For simplicity, we assume a normal incidence, i.e. the incident angle
0 = 0. The incident field reduces to

uinc — [0, —l]e_ipr.
The elastic wave field satisfies the Navier equation:
uAu+ A+ pw)VV -u+o’u=0 in€, (2.2)

where u = [u, uy] is the total displacement vector field. Since the substrate below S is elastically
rigid, we have the Dirichlet boundary condition

u=0 onS. (2.3)

Due to the periodicity of scattering surface and the normal incidence of the plane incident field, the
solution of (2.2) is periodic with period of A, i.e. u(x + A, y) = u(x, y), and admits the Fourier series
expansion:

i 1 (A A
u(x,y) = Z u™ (y)ewtnx) u™ ) = X / u(x’y)e—ux,,xdx,
0

nez
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where o, = 2rn/A.
The total field u can be split into its pressure and shear parts via the Helmholtz decomposition:

u=V¢+curly, (2.4)

where ¢ and ¢ are the scalar potentials, and the vector curl is curl v = [d, 1/, —0yV/]. Substituting
(2.4) into (2.2), we may obtain the Helmholtz equations:

(A+K2)g=0, (A+)w=0 inQ

where ks = w/u1/? is the shear wavenumber.
Denote
1/2
2 2
(K -« , ol < kp,
p n p
B = 12 (2.5)
1 (O{% - KS) > o] > Kp>
and
2 2\1/2
,3(”) _ (Ks - Oln) > lay| < K, (2.6)
s i(ozz—/cz)l/2 loty| > K '
n S > n N

We exclude the resonance by assuming that ,BI(,") # 0 and ,BS(”) # 0forn € Z, ie. |ay| # kp and
lay| # ks forn € Z.

Using the Rayleigh expansions for ¢ and v, we deduce the transparent boundary conditions for
the scalar potentials ¢ and ¢ on I

dyp =Y i Me  + p, dyyr =Y ipPy e, (2.7)
nez nez
where p = —2e o Tt is shown in (17) that a transparent boundary condition may be obtained for

the displacement u by using the Helmholtz decomposition (2.4) and the boundary condition (2.7):

poyu+ A+ w0, 11V-u= Tu+p, (2.8)
where
Tu= ZMnu(")eio‘”x, p = [0, 112ikp(h + 2p)e ", (2.9)
nez
and
wZﬂIE”) et (,()20ln
_ 9P PR
az + Ig(“)ﬂ(”) a2 + ﬂ(”)ﬁ(”)
M, =i mo TR R (2.10)
a)zozn wz,Bs(")

—_— — Man —_—
a2 + B " a2+ B g

Given the incident field '™, the direct problem is to determine the total field # from the known
surface function f; the inverse problem is to reconstruct the surface function f from the measured
displacement of w on I".
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We impose the following two hypotheses:
Hl/h<c; H2/Keh™' <o

where ¢y, c; are sufficiently small positive constants independent of K, ¢, h. The hypothesis (H1)
ensures the well-posedness of the solution for the direct problem and is a reasonable assumption in
near-field imaging applications. The hypothesis (H2) guarantees the convergence of the power series
solution for the direct problem, which makes it possible to derive the error estimate for the inverse
problem. It is clear to see that the hypothesis (H2) is satisfied if the surface deformation parameter
¢ is sufficiently small. Throughout the paper, the parameters K, ¢, w, A, i are fixed constants. If not
otherwise specified, the expression a < b means a < Cb for a constant C independent of n, K, ¢, h.

2.2. Variational problem

Let us introduce some functional spaces for the variational formulation. Define a periodic Sobolev
space
H; () = {ue H(Q) :u=00nS, u0,y) = u(A, )},

which is equipped with the usual H!-norm:
1/2

lulhe = | /Q ID*ute )| dxdy

[s|<1
Let H Sl)p(Q)2 =H Sl’p(Q) x H sl,p(Q) be a Cartesian product space which is equipped with the norm:

2 2 \1/2
lulve = (lullf g + luz2llig) -

Denote by H S I} (Q)? the dual space of H. Sl,p(Q)z, which consists of all bounded linear functionals on

H Sl’p(Q)2 and is equipped with the norm:

[(u,v)q|
lul-.e = sup ———,
UEHSIP(Q)Z ”v”l,Q

where (,-)q is the inner product in Q. Let H’(I"),s € R be the trace Sobolev space of periodic
functions on I" with the norm

1/2

N n 2

lullsr = [AZ(l +aj) ‘u( )(h)‘ } .
nez

Define the product space H¥(I")> = H*(I") x H*(I") with the norm

2 2 \1/2
lullsr = (lullsp + lu2llZr) -

It is easy to verify that H—$(I")? is the dual space of H*(I")? for any s with respect to the inner product

(uJ))r :/u-i)dx.
r

Multiply (2.2) by the complex conjugate of a test function v € H sl’p(Q)z, applying integration by
parts, and using the transparent boundary condition (2.9), we arrive at a variational problem: to find
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uec HSI)p(Q)2 such that
aq(u,v) = b(v) forallv e Hs{p(sz)z, (2.11)

where the sesquilinear form
ag(u,v) = / ao(u, v) dxdy — w*(u,v)q — (T u, v) (2.12)
Q
with

ao(u,v) = (A 4+ 20) (0xu10xV1 + 8},u28y172) + M(a},ula)ﬂ_/l + 0xup0x12)
+ R+ M)(axulay{’Z + 3yM23x171)>

and the linear functional
b(v) = (p,v)r .
Lemma 2.1: It holds the estimate
luloe < h | Vullog foranyu € Hy,(2)%.

Proof: Let
D:{(x,y)eR2:0<x<A,0<y<h}

be a rectangular domain containing . For any u € H} p(Q)z, consider its zero extension to D:

b b b Q)
i(ny) = | VO BN ER (2.13)
0, (x,y) € D\Q.
It follows from the Cauchy-Schwarz inequality that
y 2 h 5
Wz:‘/ dyady gh/ |9y @]~ dy.
0 0
Hence
h rA h pA rh )
fitgo = [ [ it asy<h [ [ [ gl gaxdy < iivals,
’ o Jo o Jo Jo ’
which completes the proof by noting that
lullo.e = llallop and [[Vuloq = [IValop.
O

The following two trace regularity results are useful in our analysis.
Lemma 2.2: It holds the estimate

1 2
lullizr < llull,e foranyu € Hg,(€2)".
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Proof: Foranyu € H Sl)p(Q)z, let & be its zero extension to the domain D defined in (2.13). By the
basic arithmetic-geometric mean inequality, we have

hq
|a<”>(h)|2=/ — @y d
o dy y y
h d
= [“2]a )| ‘d—ﬁ“”(y)‘ dy
0 y

h 2 B h d
5(1+aﬁ)1/2f0 ‘&(”)(y)‘ dy + (14 a?) 1/2f0 ‘d—yﬁ(“)(y)

2
dy,

which gives
2 h 2 hd 2
(1+a§)1/2‘&<”>(h)‘ 5(1+a§)/ ‘iﬁ”)(y)( dy+/ ’@ﬁ(”)(y)’ dy.
0 0

Using the Fourier series expansion of &, we can verify that

h 2 h| g 2
||a||%,D=AZ[<1+aﬁ>/ @) dy+f ‘d_,;w(y)‘ dy]
e 0 o 19y

Hence 12
lal e =AY (1+a) " l@™mP < lallip,
nez
which completes the proof by noting that

lullizr = ll@ly2r,  lullie = @l

Lemma 2.3: It holds the estimate
_ 2
a2y o0 < 07 M ulg g +n [dyulyg  foranyu e Hy (),

where 1 > 0 is a constant.

Proof: Foranyu € H SI)P(Q)Z, let & be its zero extension to the domain D defined in (2.13). It follows
from the basic arithmetic-geometric mean inequality that

"4 h d
20 )2 — 2 (2 d / 1™ 2 | g
@™ (h)| /Odylu MITdy < ; [ ()l 3" )| dy

h h 2
_ 1/2 - (n ~1/2 d_.,
<7 1(Hozﬁ)/f @™ )P dy + 1 (1+a?) // ‘—dyu()(y) dy,
0 0

which gives

Y o hld . 2
(1 +Oli) 1/2 |u(n)(h)|2 < n—l/ |u(")(y)|2dy + 77(1 _I_ai)—lf ‘@u(n)(y) dy
0 0

Using the Fourier series expansion of &, we can verify that

h
Ik g = AZ/O ‘;,m(y)‘z dy

nez
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and

2
dy.

ilie=a Y [ |ia
i) o = el
o8 nez 0 dy
Hence, we have

—-1/2

Nl o =AY (1+e)” 71" (m)?

nez

h
<AZ17 /|u(”)(y)| dy+n(l+ap) 1/(; —1

nez dy

<AY n” /Iu(”)(y)ldern ‘—u

nez

2
dy

dy

= Nalgg +n o,
which completes the proof by noting that
N1 = l@l_yors  Nulog = lilop, [yu]qq = |8y, p-
Lemma 2.4: The boundary operator .7 : HY2(I")? — H~Y2(I")? is continuous, i.e.
| 7ull—1/5r < llullijpr  forany w € HY*(I)2.

Proof: Using the definitions of ,3;") and B{", we have

1/2
0 =i(a2 = k) ~ilal A =i(e2— k)"~ iinl

and

2\ 2 2\ 12 1
2 mgm _ 211~ _-E _ s ~ = (2 2
o, + By B =y | 1 ( a2> (1 a2> 2(KP+KS) as [n| — oo.

It follows from (2.10) that

[Mpull2 ~ |n| as|n| — ooc.

Hence, there exist an interger N and two positive constants C; and C, such that || M, ||2 < C for
[n| < N and |M,, ||2 < C|n|? for |n| > N. Here || - ||, denotes the matrix norm induced by the

2-norm for vectors. A simple calculation yields

171 o = (1 +0) ™ Mo o] < 3 (1) 03 w0
nez. ne?
<cC )12y 2 “12 |
<Gy, (1+e) ‘ ()’+sz(l+n)(l+a ‘ ()’
|n|<N |n|>=N
2
SO (1 +ad) | = fulyar,
nez

which completes the proof. O
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Let

—= (M, + M)

(1) 2
L. —ioyRe [1 - ——=
o2 24 ,3(”),3(”) az + ﬂ(”)ﬂ(”)

2 )
iayRe | 1 — KS() ) Im ﬁ(n) )
of + By Bs” ar+ By B

It is crucial to study the properties of the matrix M, in order the show the well-posedness of the
solution for the direct problem.

Lemma 2.5: It holds:

NI'—‘

(1) If |on| > ks, then M, isa positive definite matrix.
(2) If lan| < ks, then | My|l2 < c(u, X)w, where ¢(X, u) is a constant depending only on p and A.

1/2
2 2 2 211/2
)K - o S—a| .

5 and ys(") = |K

Proof: For any n € Z, we denote Vp(n) =

(1) If |ay| > ks, then ﬂén) = iyp( and /3 (n) . It follows that

o= M szé ) —ioty, (;n — KSZ)
n= "1, 2 (1) >
Cn | oty (Cn - Ks) K Vs

where ¢, = o2 yé") » " 1tis easy to verify 0 < ¢, < 2. Since M, is a Hermitian matrix and

szp(") > 0, it suffices to show det (M,,) > 0 according to Sylvester’s rule. Direct calculation

yields

det (W1,) = ey y ™ — o2 (60— 2)’?
= K4y(")ys(") o (§ - 2§n/c + K )
(Vp(”) y" - aﬁ) — Cnoty, (Cn — 267

—{n(ZaK —an{n—/c)>§n((x KZ—I(4)>0.

SN I

(2) If |au| < Kp < ks, then ﬂ(”) " and ,3(") (”) . It follows that
Mn = ian“ 0 2 KSZ R é‘ﬂ 5
Cn Tn — Ks 0

where ¢, = o2 + yp(”) Vs " It can be verified that /c; < &u < Kpks. Hence, we have

- lon| -1/2
My, = : e -] < & (Kf—xﬁ) = o (h+ ) (h+2u) 2 (2.14)
n kp
If ip < |ay| < ks, then /3(") 1)/;”) and ,3(") (") . It follows that
P o2 Zy}f") ot (Vs(n))

==
Cn —iotyk (ys(")) —k Vp(n) ()/s(n))
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where
tn = |at +i7/pys|2 =a; (K§ +K52) - KS 2
It is easy to verify that Kg < &n < ktand
Olﬁl(szj/én) < Kf (KSZ — Kﬁ)l/z ,
ot K; <ys(n))2 < KSKS (K52 _ IC;) < /(;l (ICS2 - K;)l/z )

2 1/2 1/2
Kszyp(”) (ys(”)) < KSZ (KSZ — KI?) (KSZ — Kg) < Kf (KSZ — K;) .

It follows that

A . _ 1/2 a2\
182 < 20 ¥ lmax < iy *kcd (k2 =) = w ) 04w 215
p p m

where || - [|max denotes the matrix max norm. The proof is completed combining (2.14) and
(2.15). O

Theorem 2.6: The variational problem (2.11) has a unique solution u € H SI’P(Q)Z, which satisfies

lullLe < lloll-1/2r-

Proof: It follows from the Cauchy-Schwarz inequality, Lemmas 2.2, and 2.4 that

lag(u, V)| < lulliellviie + |7 ull—12rlvll/2r0
Slullvellviine + llulliyzrlvii2r
S llulliellviine

which shows that the sesquilinear form is bounded.
Following (2.9) yields

“Re(Tuu)p =AY (Mnu(”) (h)) @™ ().

neZ

We have from Lemma 2.5 that

> (™ m) @m0

letn | >Kcs
and

> (™ m) @ m)| < cguie Y ‘u(")(h)]2

otn | <K Joen | <K

< clps Mo Z (1+ oz,%)_l/2 ’u(n)(h)

otn|<tcs

2 2
<cu,MollullZ, /-
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Combining the above estimates, we get

—Re (T u,u)r > —c(h, Wollull-1/2r,

which gives together with Lemmas 2.1, and 2.3 that

Relag (u, )] = pl|Vul§g + O+ wlldiv ullf o — o’ llul§ o — Re (T u, u)r
> [ Vullgg — o*lulf g — cu, Mollull® ), p
> 1| Valg g — o*lulgg — c(u, Mon " ull§ o — et waonlldyul§ g
> (1 — e, Do) [Vaul§ g — (@0 + c(u, ™) llulgq
> [ = c(u, o) — (0 + c(u, Vo™ ") K] [ Val§ g
> [(1 = el Wam) — (0 + cGu Non ) 1] (1 + 1)~ ull} g,

where 1 > 0 is an arbitrary constant. Taking n = /(2c(u, A)w) yields

2c(p, 1)?
"

"

Re[agq(u, u)] > [5 - <1 + >a)2h2} (1+ hz)‘1 lull} .

Hence, the sesquilinear form aq(-,-) is coercive if the hypothesis (H1) is satisfied. The proof is
completed by using the Lax-Milgram lemma. O

The well-posedness of the direct problem has been proved under more general conditions in (6)
for smooth surfaces and in (8) for Lipschitz surfaces. We provide a simpler proof due to the special
feature of the problem: the scattering surface is a small perturbation of a planar surface and thus the
measurement distance can be chosen to be small. Moreover, the proof gives an energy estimate that is
necessary to the subsequent analysis of the convergence for the direct problem and the error estimate
for the inverse problem.

2.3. Transformed field expansion

Consider the change of variables

%=1 yzh(%>,

which maps the domain €2 to the rectangle D = (0, A) x (0, h).
Let #(X,y) = u(x,y). Under the change of variables, the Navier Equation (2.2), upon dropping
the tildes, reduces to the following equations in D:
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(c1,10xx + €120y + €130xy + €140y + €15) Uy
+ (cL60xy + €170y + 1,89y ) uz =0,

(2.16)
(2,10xx + €220y + 2,305y + €240y + C25) Uz
+ (Cz,éaxy + 62,73), + 62,83),},) u; =0,
where
cn =+ 2m)(h = f)2 o= (A2 (h = P + uh?,
a3z =G +2w[=2f'(h—=y)(h=H], cra=—G+2w) =" h—f)+2()%],
a5 =w*(h—f)? c6 = (A + whh —f),
c,y; =G+ wf'h, g =—A+wfhh—y),
c1 = ph—f)3 2 = ulf' (h— PP+ (O + 2wk,
23 = ul=2f'(h = y)(h = )], 4= —pth=pIf"(h =) +2(f)*
a5 =w(h—f)2% c26 = (A + wh(h — f),
07 =+ wf'h, g =—G+wf'hh—y).
The Dirichlet boundary condition (2.3) can be written as
u=0 ony=0. (2.17)
The transparent boundary condition (2.8) becomes
noyu + (A + w)[0, 1]V - u
=(1—-h'H)Tu+ O+ whf[0, dxu;] ony=h. (2.18)

Recalling the small perturbation assumption f = &g, we consider a formal expansion of u as a
power series of &:

u(x,y; e) = Z Wm(x,y)e™. (2.19)
m=0

Substituting (2.19) into (2.16)-(2.18) and f = eg into the coefficients c;, we obtain a successive
sequence of boundary value problems:

AUy + A+ VYV -ty + 0Py = I in D,
u, =0 ony =0, (2.20)
woytty + (A + [0, 11V - uyy = Tupm + p,, ony=h,

where

po = p = 2iky (A + 21)[0, 1]e~*»",
p1=—gh " (Tug+p)+ (n+wgh ' [0, deurol, (2.21)
Pm = _ghilgum—l + A+ M)ghil[(), axul,m—l]a m> 2,

and ry,, = [r1,m> T2,m] with

i = 1 [200 + 20) g0 + 2(A 4 200)g (h — ) dyy
+ O+ 2)g" (h — )3y + 2g0* | u1m—1
+ RO+ gDy — (4 108 8y + G+ g (h = »)dyy | uzm—
+ 172 =+ 2008%05 — G+ 20 () (h = )P0y — 200+ 2408 (h = )0y
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+ 02w [2() — | =3y - 0 i, (222)
ram = h™1 [20g0xx + 21g (h — y)dsy + pg” (h — )3y + 2g0* | tpm—1
+ RO+ gty — (4 108 0y + O+ g (h = )y | urm—
+h? {_,U«gzaxx — 1w (g)* (h =)0,y — 2ugg (h — y)dsy
+ n2 (g/)2 —g¢")(h—y)9, — a)zgz} U m—2. (2.23)
It is understood that u,, = 0 if m < 0 in the above recurrence relations. Note that the boundary
value problem for u,, depends only on the solutions of u,,— and u,,—>. The recursive boundary
value problem (2.20) is mainly used for the mathematical analysis of the direct and inverse problems.

The derivation of the reconstruction formula is based on the transformed field expansion of the scalar
potential functions ¢ and .

2.4. Convergence of power series expansion

In this section, we shall prove the well-posedness of the boundary value problem (2.20) and show the
convergence of the power series solution (2.19).
Define a periodic Sobolev space:

H,,,(D) = {u € H'(D) : u(x,0) = 0, u(0,y) = u(A, »)}.

Let Hé’p (D)? = H&p (D) x H&p(D). Denote by H,_ ; (D)? the dual space of H(})p (D)?. Similarly, we
can deduce the variational problem for (2.20): to find u,, € H(})p (D)? such that

ap(ty, v) = by(v)  forall v € Hy (D), (2.24)
where the sesquilinear form ap is defined by (2.12) with 2 replaced by D and the linear functional
bin () = (0> V) — (P> V).
Following the same proof of Theorem 2.6, we may show the well-posedness of the solution for the

variational problem (2.24).

Theorem 2.7: The variational problem (2.24) has a unique solution u,, € H(},p(D)z, which satisfies

lumllo S omll-1/20 + 17mll-1,p-
In order to show the convergence of the power series, it is necessary to estimate || 0,/ —1/2,r and
I7mll=1,p- The proof of the following lemma can be found in (17).
Lemma 2.8: It holds the estimate
lgvllijzr S Kllvllijzr  forany v € H/2(I)%.

Lemma 2.9: It holds the estimate

~1
lomll—12r S Kh™ lum—1ll1,p, m > 2.
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Proof: It follows from (2.2), Lemmas 2.4 and 2.8 that we have

[(om: 2)r IS e T vl + BTG+ 0 (910, deana) vl |
! |

T um-— 1,gv> “f‘h 1()\+,U«)‘<0 Oxt1,m—11, gv)r

—

r)

(”um 1||1/2r ||v||1/2r + - 1||1/2r ||v||1/2r)
Kb~ a1l p 0l jor  forany v € HY2(I)?,

which completes the proof. g
Lemma 2.10: It holds the estimate

Hrmll—1p < (KB o + (KB ltmallp.

Proof: Itis easy to verify that

=Klvlhp, j=012,
1D

—V

d g
dx/

< K|vllo,p H EV

0,D

foranyv € H'(D) and g € CK(R), k > 2. It also holds that
l(h=ywvllop S Ivllop,  Ih=pvilip S IIvl,ps

for any v € H' (D).
Combining the above estimates, Lemmas 2.8, and 2.2, we have from the integration by parts for
any u € HOI,p (D),v € H&p (D) that

|(9xtts gv) | = [ (Bx11, 0 (gv)) p| = Kllull1,pllvlI1,ps
| Byt (h = )7) | = (81, (h = »)3:(g')) |

S Kllullupliviiyps

< lig"8yullo,pllvllo,p < Kliull,pllviiL,p,

<

|(gBxsttsv) | =
(&' (h = p)dyuv) |

|(&" (h=»dyu,v),,

}
(g v) | < Kllull1plIvl1.0,
|(gosyu,v) | = | By 0x(gv)) | < KllullplIVll1.05
|(g'dyuv) | < Kllulh,pllvih,p,
(g (h = )dyyu,v) | < |(3yu.g'dy [(h—y)v]),

+ |(@y.g'(h = y)v)p |
<

| |
= (8w g'dy [(h — y)v]) | < Kllul1plvI1p.

Using the integration by parts, we have for any u € Hé)p (D),v € H(}’p (D) that

|(%0xxuv) | < KPlull oVl
(@) G- yracay) | K
|(gg'(h = )dsyu,v) | < K2llulliplIvll,ps
<K
|SK

)([2 (&) - gg”] (h = y)dyu,v )
)b

|(&%u,

lull1pllvIl1Ds

lullLpllvIl1Ds

lull1,pllvIl1,D-
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Combining the above estimates yields
(1) p| S [ (KB) Nt o+ (KB a2l ] 11100

foranyv e H&’p (D).
Similarly, we can show that

[(am V)l < (KB a1l o+ (K Nl | V10

foranyv e H(},p (D). Hence, we obtain

[ 0) | S [ (57 Nty + (KB Nty p | D0l

forany v € H(}’p (D)?, which completes the proof. O
Theorem 2.11:  Let u,, be the solution of the variational problem (2.20). It satisfies

lumllp < (cKh )™, m=o0,

where ¢ > 0 is a constant independent of K, m, ¢, h.

Proof: Combining Theorem 2.7, Lemmas 2.9, and 2.10 yields

Nl S [ (KB) Nt o + (K57 atm—2l0]

Hence there exists a constant ¢ which is independent of K, m, &, h such that

o < €[ (MI) 10 + (MI) tm—2ll1p ]
Consider the following recurrence inequality:
X < C (axm,1 + azxmfz) ,
where ¢, a, x9, x1 are nonnegative. The goal is to show that there exists a constant ¢ > 0 such that
Xm < (ca)™, m>0.
It suffices to prove that
¢[atca)™™! + a*(ca)"?] < ()",

which leads to an inequality:
1 +c) <
The proof is completed by taking ¢ > 1 [E + (@ + 45)1/ 2]. O
The following convergence result follows immediately.
Theorem 2.12: The power series solution (2.19) converges strongly.

Proof: It follows from Theorem 2.11 that we have

e, = (eKen™)".
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It follows from the dominated convergence theorem that the power series solution (2.19) converges
if the hypothesis (H2) is satisfied. O

3. Inverse Scattering

In this section, we give a local uniqueness result and establish an error estimate for the inverse
problem.

3.1. Uniqueness
Let G C R? be a bounded domain with Lipschitz boundary dG. Define the depth of G with respect
to the y variable:

dep(G) = sup{ly1 — yal : (x1,1), (x2,32) € G}.

Lemma 3.1: The boundary value problem

uAu+ A+ VY- -u+o*u=0 inG,
u=20 on G
has only the trivial solution if @ dep(G) < w2,

Proof: Let u # 0 be a solution to the boundary value problem. It is easy to verify that the solution
u satisfies

pIVulgp + O+ wlldivalg p = o’ llullgp.
Following the proof of Lemma 2.1, we have
lullog < dep(G)[IValog-

Combining the above estimates yields wdep(G) > 1!/2, which contradicts with the assumption. [J
Theorem 3.2: Let fj = ¢gj, g € CK(R),j = 1,2 be periodic functions with period A. Define
Qi ={xy) € R2:0<x< A, fj < y < h}. Let u; be the unique weak solution of (2.11) in ;. If ¢ is
sufficiently small and u; = u; on I, then f; = f>.

Proof: Define S; = {(x,y) € R2 1y =fi(x),0 < x < A}. Let Q = Q N Q. Suppose f; # f,, then
©1\Q or 25\ is a nonempty set. Without loss of generality, let G = Q;\2 be a nonempty bounded
set. Let 0G = C1 U C; with C; C §;. It is easy to see that

dep(G) = & max{||gilloo, Ig21lo0}>

which gives wdep(G) < /2 for sufficiently small .

Let u = u; — uy, and let ¢1, Y1, 2, Y2, and ¢, ¥ be the scalar potential function for u;, u;, and
u, respectively, where ¢ = ¢ — ¢ and = ¥} — V2. It follows from the Helmholtz decomposition
(2.4) and the transparent boundary conditions (2.7) that

(n) (n)
(n) _ .| Yn s 0] (h)i|
' (h)_l[ﬂé”) —aj o)

Sinceu = 0atT" and 2 + ﬂl()”) B £ 0foralln € Z, wehave ¢ = v = 0at I'. Using the transparent
boundary conditions (2.7) again implies dy¢ = 9,3 = 0 onI".It follows from the Rayleigh expansion
or the Holmgren uniqueness theorem that ¢ = = 0 above I". By unique continuation, we have
¢ = ¥ = 0in Q. It follows from the Helmholtz decomposition again that # = 0 in €, and in
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particular # = 0 on C,. It follows from u, = 0 on C, that we have #; = 0 on C, and the following
boundary value problem:

wAuy + + VY - uy + 0*u; =0 inG,
u =0 on 0G.

According to Lemma 3.1, the above boundary value problem only has a trivial solution #; = 0 in
G. An application of the Helmholtz decomposition and the unique continuation gives u; = 0in ;.
But this contradicts the nonhomogeneous transparent boundary condition (2.8). O

3.2. Thereconstruction formula

Let us briefly present the explicit reconstruction formula for the inverse problem. We refer to (17)
for the details. In Section 2.3, we studied the power series expansion of u and derived a successive
sequence of boundary value problems for u,,. However, it is inconvenient to use the expansion of u
for the inverse problem due to the coupling in the equations. Instead, we study the scalar potential
functions ¢, ¥ via the Helmholtz decomposition (2.4).

Consider the power series expansion:

POy e) =Y dmley)e™, Yy &) =) Ymlxy)e".
m=0 m=0

Applying the transformed field expansion and the Fourier series expansion, we may obtain a succes-
sive sequence of coupled two-point boundary value problems:

2
dyoy” + (") 8 =v", 0<y<h
oy = py” + iy, y=0,
v~ =n" y=h,

and

2
8yyw]£n) + (ﬂs(n) w,ﬁn) = Wl(cn)’ 0< y < ]’l,

" = q" — i, y=0,
oy — iy = 5", y=h,

where the inhomogeneous terms vl({"), p,(:'), ]((n) and W,(C”) , q,E”), s,in) can be computed from ¢x_1, x>

and Yy_1, Yk, respectively.
Using variation of parameters, we can solve the above recursive system and obtain its solution
analytically. In particular, the leading terms are given by

Po(x,y) = 2(ikp) " cos (kpy),  Yo(x,y) =0.
Using the Helmholtz decomposition, we may obtain the leading term

o = [M1,0, ”2,0] = [0, elkpy e*i/cpy] .
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The Fourier coeflicients of the linear terms are given by

(n) _ZKP:BS(H) iBh (n) (n) 2KpQln iBPh (n)
W=\ m e e Y = e e
an+:3p ,BS an+,8p ,35

where g™ is the Fourier coefficients of the surface profile function g. The following key identity is
also derived:

-1 . (1)
o () Y + ) () = ik g,
where u; = [uy,1, uz,1] is the linear term in the power series expansion of u. Substituting the above

equations into the power series expansion for u yields the representation of the Fourier coefficients
of the scattering surface function f:

-1
f = = Qi)™ [“” (B™) w4+ w5 ) — sy
n n _igm
—ay (™) 1e! )<h)—e§)<h)]e A, (3.1)

where the remainder e = [ej, ;] has the expansion:

oo
e(x,y) = Z U (x,y)e™.
m=2
Dropping the remainder in (3.1) yields the reconstruction of the Fourier coefficients
-1 g
fg(") = —(Zi/cp)*1 [ot,, ( S(”)> u%n) (h) + u;”) (h) — ugg (h)] e

The above formula assumes a noise-free data. In practice, the data contains a certain amount of noise.
Let u? be the noisy data such that

I’ — ullor <, (3.2)

where § > 0 represents the noise level. After incorporating the data noise, the Fourier coefficients
take the form

Lo -1 _ig®
) = —(iky) ! [a,, (55’”) () + ud ™ () — (h)] e ik, (3.3)
The reconstructed surface profile function is finally obtained by

fos) = Y flPeo, (3.4)

lotn|<Ke
where k. > 0 is the cut-off wavenumber and plays the role of the regularization parameter.

3.3. Errorestimate

In this section, we derive an error estimate for the explicit reconstruction formula (3.4). We need the
following standard result about the decaying rate of the Fourier coeflicients of a smooth function.
The proof may be found in (22).
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Lemma 3.3: Ifg € CK(R) is periodic with period A, then

K
(n)
o=
ot |*
Lemma 3.4: It holds the estimate
ay (ﬂs(”)>_ ‘ <1, neZ (3.5)
Proof: It follows from (2.6) that
-1 2 Ol2
Oy (,Bs(n)) = T2 2 a o1
|Ks - an’
Consider the function ,
z(t) = —, t>0.
(t) 1] >

It is easy to verify that z(t) is increasing for ¢ < «2 and decreasing for t > 2. Let n_ be the greatest
integer such that &, < ks and n4. be the smallest integer such that «,, > 5. We have

2 2 2
-1 o o
(n) n- ny
oy (,35 < max | — 5 3 5]
Kkl —«o o, —K

n— S

which completes the proof. O

Theorem 3.5: Let f be the exact surface function and f; 5 be the reconstructed surface function
using (3.4). It holds the error estimate

eh(/(cz—/(}f)l/z

Ifos = fllor S [8 + (Keh*l)z] + Kek G072, (3.6)

Proof: It follows from (3.1), (3.3), and (3.4) that
Ifes = fllg.r S Ex+ E2 + Es, (3.7)

where

a(my |2 -1 2
E = Z ‘ el h‘ o, (ﬁs(n)) (u‘f’(”) _ugm) T (u‘;’(”) _ ugm)

>

lotn| <kc
2
B — Z i n)? m) ! () 4 o
2 = € Oy IBS el ez >
[on | <kc
2
E; = Z ‘f(") .
Jotn | >tcc
A simple calculation yields
1/2
. p(n) h 2_ .2
el h‘ <le <KC K") for oy | < Ko,
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which, combined with (3.5) implies

1/2 12
Ei/z < eh(/(cz—/cé) “ u — u”o)r < eh<K°2_K1§) 5.

~

By Theorem 2.11, we have

o
> llmllor ™ <
m=2

o0

¢

IA

o0
lellor = { Y ume™ ltm 2 ™
m=2

o0
Dl
m=2

2

3
||

o,r

IA

IA

1,D g™

m=2
which gives

2

12
E;/z < eh(KCLKP) (Ksh_l)z.

Using Lemma 3.3 and the integral test for series, we deduce that

2
Es = 2 Z ‘g(”)} < (Ke)> Z ol 2 < (Ke) 2,

lotn [ >ke ot | >Kc
The proof is completed combining (3.7)-(3.10).
The parameters in the error estimate (3.6) can be divided into two groups:

(1) the intrinsic parameters K ¢, 6, Kps which are associated with the problem;
(2) the user-specified parameters h, k., which can be chosen in practice.

37 (Keh™)" < (Keh™)* < (Ken™)?,

(3.8)

(3.10)

The implicit constant in the estimate is independent on all the parameters except the pressure and
shear wavenumbers «}, and «;. The estimate shows that the error arises from three parts: the data
noise, the linearization, and the regularization. Specifically, we have the following observations:

(1) all the three types of error decrease as functions of the intrinsic parameters K, ¢, §, which are

consistent with the physical intuition;

(2) as the measurement distance h decreases, the error due to the data noise stays at a constant

level if k. < kp and decreases if k¢ > kp;
(3) if k¢ < kp, then the linearization error increases as  decreases;

(4) if k¢ > «p, then the linearization error decreases at the beginning but increases later if &

becomes too small;

(5) as k¢ increases from 0 to i, the error due to the data noise and linearization stays at a constant
level and the regularization error decreases. Thus, it is stable to reconstruct the Fourier modes

of the surface function within the diffraction limit;

(6) as k. increases from ky, to 00, the error due to the data noise and linearization increase at an
exponential rate and the regularization error decreases. Thus it is increasingly more unstable

to reconstruct the higher Fourier modes of the surface beyond the diffraction limit.

In view of the above observations, one should choose appropriate values for the tunable parameters
h and k. in order to obtain a stable reconstructions with super resolution. For example, if we take
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h = €1/2, then the estimate (3.6) reduces to

2.2 1/2 1/2
e(”c %) e (8 + K%e) 4+ Kex7k=D/2, (3.11)

||f85 _fHO,I‘ <

It is clear to note that the error estimate in (3.11) is completely characterized by the intrinsic
parameters. Moreover, we have

Ife.s _f”o,r — 0 ass, 8 — 0,

while the other parameters are held fixed.
To find an appropriate value for the cut-off wavenumber ., we note from (3.11) that

“fM _f”o,r S

e ‘ (8 + K2¢) + Kex [ k=12, (3.12)
We may take «. such that
¢’ = min {e7F,671},

where 0 < p,q < 1 are user-specified constants. Then, we have

(1) If e7? < 879, then e<ct'’? — =P and ke ~ |Ing|/e'/2. Substituting into (3.12) and noting
that § < gP/4 yields a reduced error estimate:

Voo = Fllop S P07/ 4 K261 4 Ke@ /4 1ng|=2-D/2 1, 0 a5 — 0.

(2) If 571 < ¢7P, then ekt — 5=4 and ke ~ |In8|/el/2. Substituting it into (3.12) and noting
that & < 89/ yields a reduced error estimate:

[fes = fllop < 879 + K2610-P/P 4 Ks@RE99/9 | 1n 5| =CK=D — 0 as§ — 0.

These error estimates are completely characterized by the intrinsic parameters ¢ or §.

4, Conclusion

We studied mathematically a significant numerical method for solving the inverse elastic surface
scattering problem. A simple proof was presented for the well-posedness of the solution for the
direct problem using the Lax-Milgram lemma. The condition was established for the convergence
of the power series solution. The inverse problem was shown to have a unique solution for a single
illumination. An error estimate was derived, which clearly displays the dependence of the error on
various parameters of the model problem and provides a deep insight into the trade-off among
accuracy, resolution, and stability of the solution for the inverse problem.

As for future works, we would like to extend the analysis to the three-dimensional surface scattering
problems. A challenging and interesting problem is to study the convergence of the inverse obstacle
or cavity scattering problems for elastic waves. We hope to report the progress on these problems
elsewhere in the near future.
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