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Abstract

The concept of scattering coefficients has played a pivotal role in a broad range of inverse scat-
tering and imaging problems in acoustic and electromagnetic media. In view of their promising appli-
cations, we introduce the notion of scattering coefficients of an elastic inclusion in this article. First,
we define elastic scattering coefficients and substantiate that they naturally appear in the expansions
of elastic scattered field and far field scattering amplitudes corresponding to a plane wave incidence.
Then an algorithm is developed and analyzed for extracting the elastic scattering coefficients from
multi-static response measurements of the scattered field. Moreover, the estimate of the maximal
resolving order is provided in terms of the signal-to-noise ratio. The decay rate and symmetry of the
elastic scattering coefficients are also discussed. Finally, we design scattering-coefficients-vanishing
structures and elucidate their utility for enhancement of nearly elastic cloaking.

1 Introduction

The notion of scattering coefficients of acoustic and electromagnetic inclusions emerged in an effort to de-
sign enhanced near invisibility cloaks [9, 11, 12]. These frequency-dependent geometric objects contain
rich information about the contrast of material parameters, high order shape oscillations, frequency pro-
file, and the maximal resolving power of the imaging setup. They have been effectively used for inverse
medium scattering [7], echolocation and shape description [13], mathematical understanding of super-
resolution phenomena in imaging [6] and phase-less reconstruction of domains [5]. In electromagnetic or
acoustic media, scattering coefficients provide a natural extension to the concept of polarization tensors
[8] with respect to frequency dependence. They are defined in terms of Fourier-Bessel coefficients (in 2D)
or spherical harmonic coefficients (in 3D) of far-field scattering amplitude and can be retrieved with high
accuracy from the multi-static response (MSR) measurements of the scattered field by solving a least-
squares optimization problem. Multistatic imaging involves two steps. The first step consists of recording
the waves generated by point sources on an array of receivers. The second step consists of processing
the recorded matrix data in order to estimate some features of the medium [3, 8]. The interested readers
are referred to [11, 12, 13] for further details.

The invisibility cloaking, proved to be scientifically realizable in many investigations, for instance, by
Pendry et al. [37], Greenleaf, Lassas and Uhlmann [26, 27], Greenleaf et al. [24, 25], Leonhardt [29]
and Milton, Briane and Willis[31], is an exciting area of interest nowadays. Significant progress has been
made recently on the control of conductivity equations [10, 26, 27], acoustic [11, 16, 19], electromag-
netic [12, 17] and elastic waves [28, 21, 22, 23] using curvilinear transformations of coordinates. In fact,
a meta-material is perceived as an invisibility cloak that maps a concealment region into a surrounding
shell by virtue of transformation and thereby making the material parameters strongly heterogeneous and
anisotropic, however fulfilling impedance matching with the surrounding vacuum. The cloak, thus neither
does scatter waves nor does it induce a shadow in the transmitted field. Reduction in the backscattering
[10, 11, 12] and the anomalous localized resonances [4, 14, 20] are also used to design and enhance
cloaking devices.



The purpose of this article is to introduce the notion of elastic scattering coefficients (ESC) of an inclusion
embedded in a homogeneous medium. The impetus behind this study is the enhancement of nearly
elastic cloaking and the promising applications of ESC in mathematical imaging and inverse scattering.
We first define ESC of the inclusion using the eigen-functions of the Lamé equation and the integral
representation of scattered elastic field in terms of hyper-singular boundary integral operators. Then,
a least-squares optimization algorithm is designed for the reconstruction of significant ESC from the
full aperture MSR data collected using a circular acquisition system. The stability, truncation error and
maximal resolving order of the reconstruction procedure are analytically quantified. Finally, we design
mathematical structures with vanishing scattering coefficients (S-vanishing structures) and elaborate a
framework for the enhancement of nearly elastic cloaking. The results contained in this paper can cater
to many inverse scattering problems, especially for shape identification and classification in elastic media.
The interested readers are referred to [30] and articles cited therein for comprehensive details on shape
identification in elastic media.

The contents of this article are organized in the following manner. Some notation and a few preliminary
results on layer potential theory of elastic scattering are collected in Section 2. In Section 3, ESC are
defined and their important features are discussed. Section 4 is dedicated to the reconstruction framework
for ESC. The enhancement procedure for elastic cloaking is elaborated in Section 5. Finally, in Section 6,
we sum up the important contributions of this investigation and discuss about interesting applications of
ESC in mathematical imaging.

2 Elements of Layer Potential Theory

Since this article is concerned with elastic scattering and the integral formulation of the scattered field is
the key component to define ESC, we feel it best to pause and introduce some background material from
layer potential theory for elasticity. For details beyond those we provide in this section, please refer to the
monograph [2].

2.1 Preliminaries and Notation
To simplify matters, throughout this article, we confine ourselves to the two-dimensional case. However,

it is precisely that all the results and definitions in this section are valid in three-dimensions with obvious
modifications.

For any sufficiently smooth, open and bounded domain €2 C RR? with C2— boundary 052, we define

L?(€2) in the usual way with norm
1/2
|l 20y = (/ ]u|2dx> :
Q

H'(Q) = {ue L*(Q)|Vu e L*(Q)},

and the Hilbert space H' () by

with norm 12
el oy = (lulz@ + IVultam) -



We define H%((2) as the space of functions u € H'(Q) such that d;;u € L*(Q2) for all i,j = 1,2,
and H3/%(Q) as the interpolation space [H'(£2), H*(2)]; 2. Let t be the tangent vector to OS2 at point
x and let 0/0t denote the tangential derivative. Then, we say that u € H'(9Q) if u € L*(9N) and
Ou/ot € L*(0N). Refer to the monograph by Bergh and Léfstrdm [18] for further details.

Consider a homogeneous isotropic elastic material, occupying a bounded domain D C R? with con-
nected C2—boundary 9D, compressional and shear moduli \; € R, and ;1 € R respectively, and
density p; € R... Let the exterior domain R? \E be loaded with different elastic material having param-
eters po, Ao, fto € R, such that

(Ao — A1) (o — pa) > 0. (1)

To facilitate latter analysis, we introduce piecewise defined parameters

)\(X) = )\OX(RQ\D) (X) + )\1X(D) (X) (2)
w(x) = pox@2\p)(X) + p1x () (%) (3)
p(X) = poX(r2\p)(X) + p1x(p)(X), (4)

where xq, represents the characteristic function of a domain ). We also define the linear elasticity oper-
ator L5,,,,, and the surface traction operator (or conormal derivative) 0/0v, associated with parameters

(Ao, o) by

Lo o [W] := [0AW + (A + 110)VV - W] (5)
and 9
= = (V- w)n + 200 (V'w)n 6)

for all sufficiently smooth vector fields w : R? — R?, where n € R? represents the outward unit normal
to 0D, V*w = (Vw + (Vw)T)/2is the linear elastic strain and the superscript T reflects a transpose
operation.

Let w > 0 be the angular frequency of the mechanical oscillations. We denote the outgoing fundamental
solution of the time-harmonic elasticity equation in R? with parameters (Ao, to, po) by T', that is, for all
x € R?

(Lag o + pow*T)T¥(x) = —8p(x)Ia, Vx € R?, (7)

subject to the Kupradze’s outgoing radiation conditions where 4y, is the Dirac mass aty, 7 is the identity
operator and I, € R**? is the identity matrix. Let k,, := w/c, for « = P, S, where the constants cg =

v/ o / poand cp = /Ao + 2u0 / po refer to background shear and pressure wave speeds respectively.
It is well known, see, for instance, [32], that

1 1 1
I“(x) = % [(IQ + K—%VVT> g(x,kg) — H—QVVTg(X, kp)|, XE€ R? \ {0}. (8)
5

The function g(-, ) is the fundamental solution to the Helmholtz operator — (A + x*Z) in R? with wave-
number k € R, that is,
(A+ K T)g(x, k) = —do(x), x € R,

subject to the Sommerfeld’s outgoing radiation condition

0
lim |x|'/2 y —ikg(x,k)| =0, x€R?
n

|x|—00



where 0/0n represents the normal derivative. In two dimensions,
_ iy 2
g0 m) = (P (lx), v € B\ {0}, ©

where H((]l) is the Hankel function of first kind of order zero (see, for instance, [33]). Throughout this
article, we use the convention I'Y(x,y) = I'’(x — y) and reserve the notation v and /3 to represent
pressure (P) and shear (S) wave-modes, that is, «, 3 € {P, S'}.

2.2 Scattered Field and Integral Representation

Let us begin this subsection by introducing the elastic single layer potential

S8le)(x) = /8 T y)ely)do(y), x € R?\ 9D (10

for all densities ¢ € L2(8D)2. We also need the boundary integral operator

(K2)"[)(x) = p.v. / 2 rex,y)p(y)do(y), aec xe€oD

forall p € LQ(GD)Z, where p.v. stands for Cauchy principle value of the integral and the surface traction
of matrix I'“ is defined columnwise, that is, for all constant vectors p € R?

{arw] o[0“p]

ov T o

We recall that the traces S%)[¢] ‘i and 0(S% [c,o])/@u‘jE are well-defined and satisfy the jump conditions
(see, for instance, [1, Section 3.4.3])

Splell, = Splel|

A(Splel)
ov

(11)
’i(x) = <i%] + (K%)*) p(x), ae x€dD.

Here and throughout this investigation subscripts 4- and — indicate the limiting values across the interface
0D from outside and from inside domain D respectively, that is, for any function 1)

(¥(x)) ’i = lim ¢(x+ten), x€D.

e—0t
Consider a time harmonic incident elastic field U satisfying
(Lag o + pow’T)U(x) =0, Vx € R (12)

Then the total displacement field in the presence of inclusion D, represented by u, satisfies the trans-
mission problem

(Lrp+ po*Tiu(x) =0, Vx € R?

(u — U)(x) satisfies Kupradze’s radiation condition when |x| — oo .



We recall from [2, Theorem 1.8] that the total field u admits the integral representation

ax.w) = U(x,w) + SY[)(x,w), x € R?\ D, 1
| Sleltw). x € D,

in terms of single layer potentials S}, and g“’, where unknown densities ¢, 1 € LZ(@D)2 satisfy the

system of integral equations
SP -S% o U
0 % 0 =1 oU

550 9,50 \¥ \g,

(15)

oD

Here a superposed ~ is used to distinguish the single layer potential and the surface traction defined
using interior Lamé parameters (A1, 111, p1). To simply matters the dependence of u, U, ¢ and 1) on
frequency w is suppressed, whenever no confusion may arise.

The following result from [2, Theorem 1.7] guarantees the unique solvability of the system (15) and con-
sequently that of problems (13) and (14).

Theorem 2.1. Let D be a Lipschitz bounded domain in R? with parameters 0 < i, ji1, p1 < 00
satisfying condition (1) and let w?p, be different from Dirichlet eigenvalues of the operator —L At ON
D. Then for any function U € H'(OD)? there exists a unique solution (p, 1)) € L?(0D)* x L*(0D)?
to the integral system (15). Moreover, there exists a constant C' > 0 such that

. 16
L2(aD)2> 1o

ou
Hmwwﬂwmm@c@wmmwk;

3 Elastic Scattering Coefficients

This section is dedicated to defining ESC in two dimensions. To facilitate the definition of ESC, we first
recall some background material on cylindrical eigen-functions of the Lamé equation and present the
multipolar expansions of the exterior scattered elastic field and the Kupradze fundamental solution I'“ in
the next subsection.

3.1 Cylindrical Elastic Waves and Multipolar Expansions

We define x := x/|x] for all x € R? \ {0} and write S := {x € R?|x - x = 1}. The position vector
x € R? can be equivalently expressed as x = (|x| cos ¢, |x|sin ) where ¢, € [0, 27) denotes the
polar angle of x. Denote by {&,, &y} the orthonormal basis vectors for the polar coordinate system in two
dimensions, that is,

&, = (CoS Py, SNy ), €9 = —(sin Py, cos Yy ).
Consider the surface vector harmonics in two-dimensions

P,.(X) = e™<¢, and S,,(X) =&, foral m € Z. (17)



It is known, see [32] for instance, that these cylindrical surface vector potentials enjoy the orthogonality
properties

/ P, (%) - PoR)do(X) = 210, (18)

S

/ S, (%) - Sp@)do (%) = 2w, (19)
S

/ P, (%) S, ®do(x) =0, (20)
S

for all n,m € Z, where 6,,, is the Kronecker’s delta function and do is the infinitesimal differential
element on S.

Let HY and J,», be cylindrical Hankel and Bessel functions of first kind of order m € Z, respectively.
Then, for each xk > 0, we construct the functions v,,,(+, k) and w,, (-, k) by

Um(x, k) = HV (k|x))e™* and  wp,(x, k) == Jp(k|x])e™x. (21)
It is easy to verify that v,,, are outgoing radiating solutions to the Helmholtz equation Av + x?v = 0 in
R?\ {0} and that w,, are entire functions to Av + x*v = 0 in R? respectively.

Using surface vector harmonics P,,,, S,,, and functions v,,,, w,,, we define

H? (x,kp) := Vo (X, kp)
— i (H (e [x1) ) Pon(X) + 2 H (/%) S0 (5, 22)
Hi(x, KJS) = v X (ézvm(x7 ’%S))
_ impg) N (1) 'Sz
= 2 HD (rs x| Py (%) — s (S (rslx]) ) Son(%), 3)
and
JP(x,kp) i= Vw,(x, kp)
= KRp (Jm<’€P’X|>>/Pm()A(> + %Jm(’fﬂXDSm(ﬁ)a (24)
J% (x, kg) = V X (6w (x, Ks))
2 (1 X| P (%) = s (o (15[X])) Spn(5), (25)

for all kK, > 0 and m € Z, where &, = (0,0, 1) is a unit normal vector to the (x1, z5)—plane and

d

() () = 5 [HDO] and (Ja) (1) = 5 (0], (26)

For simplicity, we suppress the dependence of J¢ and HY, on wave-numbers x, henceforth.

The functions J© and J* are the interior longitudinal and transverse eigen-vectors of the Lamé system in
R2. Similarly, HY and H? are the exterior eigen-vectors of the Lamé system in R? \ {0} [15]. Following
result on the completeness and linear independence of the interior eigen-vectors (Jﬁ, Ji) and exterior
eigen-vectors (Hﬁ, H,Sn) with respect to L?(9D)?—norm holds. The interested readers are referred to
[38, Lemmas 1-3] for further details.



Lemma 3.1. Let D C R? be a bounded simply connected domain containing origin and 0D be a
closed Lyapunov curve. Then the set {HP HS : m € Z} is complete and linearly independent
in L*(OD)?. Moreover, if pyw? is not a Dirichlet eigenvalue of the Lamé equation on D, then the set
{IP IS . m € Z} is also complete and linearly independent in L*(0D)?.

As a direct consequence of Lemma 3.1, corresponding to every incident field U satisfying (12), there
exist constants a’, , a2, € C for all m € Z such that

Ux) =Y (a5 d5(x) +ahIh(x), xeR” (27)
me7Z

In particular, a general plane incident wave of the form

U(X) — polcs emsx d dJ_ polc% 6mpx-d d
_ A m x-d ikpx-d
=~ (¥ > [owems=] 4t [Vee=)) @9
can be written in the form (27) with
af = al (U) = ————em20 3¢ (p S}, (29)

pOC%Iig

where d = (cos 6, sin f) € S is the direction of incidence and d- is a vector perpendicular to d. In fact,
this decomposition is a simple consequence of Jacobi-Anger decomposition of the scalar plane wave

elrxd — Z eim(”/27‘p")Jm(fi|x|)eime".

meZ

Moreover, for all x, y € R? such that |x| > |y| and for any vector p € R? independent of x

ey = F L0 [0 9] - o SR [0 0] o

4POCS

4p cP

Refer, for instance, to [39], for the derivation of this expansion.

3.2 Scattering Coefficients of Elastic Inclusions

Note that the multipolar expansion (30) of the fundamental solution I'*” enables us to derive the expansion
SHIEIX) = — iz Do HE(X) [y [0 - 9(y)] doly)
iz Yaer B [ [T - ()] do(y) @)

of the single layer potential S%)[t)] for all x € RQ\ﬁ sufficiently far from the boundary 9.D. Consequently,
by virtue of expansion (31) and the integral representation (14), the scattered field can be expanded as

u(x) - U(x) = ——— {b"H% >+§Hp<x>} @2)
4p0 nez Cs C%D ! 7
where
b= fyp [T2) 9] dofy). ae{s, P}, Vnez 33)



Definition 3.2. Let ( B 1/)51) m € 7, be the solution of (15) corresponding to U = J . Then the
elastic scattering coefficients W,?,‘L:ﬁ of D € R? are defined by

Wr?’ifl = W?%,g[Da >\07 >\17 Mo, K1, Po, pbw] = / [J%<y) : ’lpfn(y) dO’(y), m,n € Z? (34)
oD
where o and [3 indicate wave-modes P or S.

Following result on the decay rate of the ESC holds.

Lemma 3.3. There exist constants C, g > 0 for each wave-mode o, 3 = P, S such that

Clnl+ml=2

W [D, do, M, o, 1, pos pr, ] | < ——ch - (35)
’ ([Pl =1

forallm,n € Z and m,n — oo.

Proof. The proof of the estimate (35) is very similar to [11, Lemma 2.1] for the acoustic scattering coef-
ficients. For the sake of completeness, we fix the ideas of the proof in the sequel. Recall the asymptotic

behavior
|m|
1 et
() =y | =—— ([ =— 36
(1) 27 |m)| (2|m|> (36)

of Bessel functions of first kind with respect to the order |m| — oo and for a fixed argument ¢ [35,
Formula 10.19.1]. Then, by using the recurrence formulae [35, Formula 10.6.2],

T (1) = —Jpir (1) + ?Jm@) and J'(t) = Jp1(1) — ?Jm(t) (37)
one obtains
|m|+1 |m|
1 et |m| 1 et
J ()] < +—— (—) ) 38
O S\ Sl 7D (2(ym| n 1)) ¢\ 27m] \2m] (38)
Consequently, by the definition (24)-(25) of J%(x), and Theorem 2.1, we have
N Ca [n|—1
1920 < () 9
and

930
Il (T

m|—1

B

< G ; (40)
L2(dD)? Im|

for some constants C{* and C’Qﬁ. Finally, the result follows by substituting the estimates for the norms of

@bﬁl and J¢ in the definition of the scattering coefficients and choosing C,, g appropriately in terms of C'*
B

and C5. O



3.3 Connections with Scattered Field and Far Field Amplitudes

Consider a general plane incident field U of the form (28) admitting decomposition (27)- (29). By super-
position principle the solution (¢, 1) of (15) is given by

Yx) = Y aheh +alws| and w(x) =D [ahel +alel]. (41)
meZ MEZ

This, together with Definition 3.2 of the scattering coefficients and the expansion (32), renders the asymp-
totic expansion

u(x) = Ux) = 3,z [y H (%) + 77 H (x)] (42)
of the scattered field for all x € R? \ D sufficiently far from 9D, where
V=" (dhWED +dsWES) . B e P, S}, (43)
meZ
with
l 1 ,
P = ———af = —————m(™/270), (44)
4pocs 4pgcikp

In order to substantiate the connection between ESC and far field scattering amplitudes we recall that the
cylindrical Hankel functions Hfll) admit the far field behavior

HO (k|x|) N\/H 2 omimn/241/4) O (|2]73/2) (45)
(HO (5]x]))’ Nme:/”ﬁ 2 omin(n/201/4) 1 O (|2 3/?) (46)

as |x| — oo (see, for instance, [35, Formulae 10.2.5 and 10.17.11]). Here, the notation ~ indicates that
only leading order terms are retained. Consequently, the far field behavior of the functions Hf and Hf
can be predicted as

irplx] irslx]

HY (x) ~ ©— A®PP (%) and HS(x) ~ = —A%5S (%), as x| — oo,  (47)
Vx| Vx|
where
AP = (i + 1)l€p€_inﬂ/2w /"7 and A = (i + 1)rge M™/2 s (48)
N T

Thus, for all x € R? \ D such that |x| — oo the scattered field (u — U) in (42) admits the asymptotic
expansion

ux) - Ux) = 225 [WPARPP, (%)) + <5 S o [1ARSS,.(%)] . (49)
VXl VXl

On the other hand, the Kupradze radiation condition guarantees the existence of two analytic functions
uy :S — C?*and uy : S — C? such that

eins|x\ emp|x|

7(x)+ ——ud(x 1 x| — 00
u(x)—U(x)—Wup( )+ N 5 ( )+O(]x|3/2>’ as |x| : (50)

The functions uy and ug’ are respectively known as the longitudinal and transverse far-field patterns or
the scattering amplitudes. Comparing (49) and (50) the following result is readily proved, which substan-
tiates that the far-field scattering amplitudes admit natural expansions in terms of scattering coefficients.



Theorem 3.4. Let U be the incident plane field given by (27). Then the corresponding longitudinal and
transverse scattering amplitudes can be written as

uOﬁ) [DJ )\07 )\17 Ho, K1, Po, P1, w] ()A(> - ZnEZ VEA?7PPH<X) (51)
ug’[D, Ao, A1, pos 1, pos p1,w](X) = ZnEZ VSA;?’SS"(&), (52)

where the coefficients v. and > are defined in (43).

3.4 Symmetry of Scattering Coefficients

We have the following results on the symmetry of ESC with respect to indices and wave-modes.

Lemma 3.5. Foralln,m € Z and o, 3 € {P, S}

Wr?tfb[D7 >\07 >\17 Mo, 11, Pos P15 W] = W’f/lB,’T?l[D7 )\07 )\17 Ko, M1, Pos P1, w} (53)

Proof. Let us first fix some notation. For any v, w € H*?(D)? and a,b € R, we define the quadratic
form

(v, w)nb .= /D {a(v -v)(V-w) + g (Vv+VvT): (Vw+ Vw')| dx, (54)

where : denotes the matrix contraction operator defined for two matrices A = (a;;) and B = (b;;) by
A:B = Z a;bij. Itis easy to get from the definition of (-, -)%” that
1,J

0
/ V- —Wda(x) = / v - Lop[wldx + (v, w)%'. (55)
oD ov D
Note that if w is a solution of the Lamé equation £, ;[w] + cw?w = 0 then
0
/ V- —Wda(x) = —ch/ v - wdx + (v, w)%’ (56)
oD v D
and consequently from (55)
0 0
/ V- —Wda(x) = / v -wdo (x) — ch/ V- wdx — / Lap[V] - wdx. (57)
aD ov ap OV D D
Moreover, if v solves L, ,[v] + cw?v = 0 then
/ V- é)—Wala(x) = ov. wdo(x). (58)
oD al/ Y5) 8V
We will also require the constants
Ho
Np =
K1 — Mo
ﬁ L 251
P -— )
M1 — Mo
ns = Ao + Ho
- (M= Qo) + (1 — po)
~ )\1 + M1
Ns ‘=

(A1 = o) + (1 — po)

10



Let (2, 12) and (2, 1)) be the solutions of (15) with U = J* and U = J” respectively, that s,

Shen = Spn = Talyy (59)
8 QW , & 8 N . 8.];‘{
a_flj‘SD‘Pn B - %SDwn n Ov 8D7 (60)
and
ng:;—sgwiz Inlon (61)
0 ~ 0 037
U Qw T Qw B — tm )
ov Sbe - GI/SDQPWL ov lap’ (62)
Then, by making use of the jump conditions (11), Wﬁl’ﬁ can be expressed as
W“ﬁ:/ F-wda(x):/ s Psw[w]) —stwﬁ]) ]da(x).
m,n aDn m 8Dn aVD m+ aVD ml|
Further, by invoking (62) and subsequently using (57) and (58), one gets the expression
0J° 0 0
af _ Jo. IZmy Ja ’ - —8Y ’G’ d
Wit = [ 3Gt [ 33| LS| - st |dot
0J? oJo 8Ja
=— [ Jo. =™y n. Sy A
[ 3 Granto+ [ |5 Sglenl - G - splwdl| ot
o [ T Spletlax— [ £33 Sleilax.
D D
This, together with (61), leads to
0J7 8.]“ ~ oJe  ~
W,j’;’ﬁ——/ Jo. My - S5[pl do(x) — n B ldo(x
s oD ay ( ) oD 8V [ ] ( ) oD ay D[(P ] ( )
T, .
[ Sn 3 do) - gt [ T Splehix [ LT Spletlix
ap ov D D
It is easy to see that the first and the fourth terms cancel out each other thanks to (58). Therefore,
Jon |58 — 52| - S8lebldo(x) — pres? [, T3 - Splepi)dx
_.[D‘CM #1 ] Sw[cpﬁ] (63)

Now remark that V- J¥ = 0 = V x JF. Therefore, it is easy to verify by definition of the surface traction
operator that
oJy  9Jy  19Jy  10J%

= = — . 4
ov ov Ne OV Ne OV (64)

11



Thus, using right most quantity of (64) in (63) and subsequently invoking identity (57), one gets

07T <

A / Lo (T3] - 85100 dx
D
a _ o~
— [ T 5 S8le)| doo+ (- T [ T3 Slellax
oD ov D
T /D Lo (T3] - 85108 Jdx.

This, together with (59) and (62), provides

ﬁaWﬁ;ﬁ = faD gg[ﬂog} : %gf)[soﬁz]’ do(x faD Sw ] : QVSB['J,/J?%]LdO(X)
~ Jon Slwg] - %da(@ + (1= fl)pw? [, T3 - S0 )dx
+(1 - ﬁa) fD 'CAMM [J_%] : S% [Qogz]dx (65)

Similarly, substituting the first relation of (64) back in (63) and invoking (61), one obtains

N Wi = o L S8 [08 1do (%) — naprw? [, T2 - S8l |dx
—Na fD ‘CM ,ul J_a] -Sp [Qogm]dx
= . 5‘;:‘ Sellldo(x) + [, i - I8 do(x)
—NaprwW fD n’ SD[SOm] N fD £>\1,,u1 [Jn] ) Sg[sorﬁn]dx (66)

Finally, subtracting (66) from (65) and noting that 7, — 7, = 1, one finds out that

W = fapgw[soz]-%gf)[%]’ do(x) — [, Splpa] - ays,g[z,bfn]LdJ(X)
R _ "
— [op Splpa] - G2do(x) — [, 6515 - Splgplldo(x) — [, St - I do(x).  (67)

Similarly, we have

W'r?;?lz = faD S [‘P/Tgn] : é%gg (= dg faD Sw "pm 8 Sw Slg] da(x)
- faD Spl ﬂ] ) &]—%da( ) oD anf Splpldo(x faD aJy -Jhdo(x)
- oD 59”5“)[ ]‘7 '3 faD 3 bl ‘ - Splppldo(x)

—faDS%[wﬁ]-agfdaU o 2 Se[yeldo(x) — [, T - Bido(x).  (68)

The proof is completed by taking complex conjugate of expression (68) and comparing the result with
equation (67). O

Lemma 3.6. Forallm,n € Z anda, 3 € {P, S},

anf _nlD, Ao, A1, fo, f, o, p1,w] = <_1)m+nW7%7,/7BL[D>)\Oa)\b,U/O:,U/anOvpl;w]- (69)
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Proof. Let 7,b§m be the unique solution of the integral system (15) with U(x) := Jém(x). Then by

definition
W D] = /8 ) 9] dot). (70)

On the other hand, recall that the cylindrical Bessel functions possess the connection property [35, For-
mula 10.4.1],

Jom(x) = (=1)" I (%) (71

Therefore, for all m € Z and x € R?

J° (%) :

|
N
3
o
I
S
&N
o

Consequently,

WDl =1 [ [3203) 870 (5)] doty).

Using similar arguments as in Lemma 3.5 it can be proved after fairly easy manipulations that

/a N [Ji(Y) -tbfm(Y)} do(y) = /8 . [Jém(}’) : 7#5(}’)} do(y). (73)
Thus
WDl =1 (37,0 9] doty)
o [ [ wiw)] doty)
=(=1)™rwe D],
which gives the required result by virtue of Lemma 3.5. O

4 Reconstruction of Scattering Coefficients

In the previous section we have defined and discussed interesting properties of ESC of an inclusion.
The aim of this section is to substantiate that these frequency dependent geometric quantities can be
recovered from the measurements of the scattered field. Towards this end, we design a procedure based
on least-squares minimization using MSR data. To simplify the matters we consider the full aperture case
with the circular acquisition system.

4.1 MSR Data Acquisition

Let {Xs}s=1.. n, and {X;,},—1.. n, be the sets of locations of the point sources and point receivers,
and {d,,d’}.—1 .. v, and {d,,d}},—1... v, (suchthatd, - df = 0 = d, - d;}) be the corresponding
unit directions of incidences and receptions respectively for some N,, N, € N. Let the points{x}

13



and {x,.} be uniformly distributed over the circle 9 Br(0) with radius R centered at origin such that
|x,| = R = |xs] and 0, = 0x, = 271 /N, and 05 = 04, = 2ws/N,. We consider a regime in which
R is large enough so that the terms of order O(R*3/2) are negligible. For simplicity, we assume that D
contains the origin which is reasonable since we are in sufficiently far field regime and the inclusion D
can be envisioned as sufficiently centered in Br(0).

Let F, and G4, foralls = 1,--- , Ny, be the pressure and shear type incident waves emitted from point
X, with direction of incidence d,, that is,
1 , 1 _
Fi(x) == —5d "% and Gy(x) = —5d e %, (74)
PoCp PoCs

Let ur, (x) and ug, (x) be the corresponding total fields. For all incident fields F'; and G we record
the scattered fields at all points X, in directions d, and dﬁ so that we can form four MSR matrices

AY = (AGY) e, Tor 6,07 € {|, L} with elements

AL = ([ue (o) = Fu(x)] - dy) 75)
A= (lon(e) ~ Fu()] - df) (76
Agl = (e, (6) = Gux)] - d) 77)
At = (e, (x) = Gx) - dt) (78)

at a given fixed frequency w. Note that by virtue of expansions (27), (42) and (43), the elements of the
MSR matrices admit the expansions

Al =37 ahs) (whE[BEe) - d,) + Wik HS(x,) - 4,)) 79)
nmez .

Al = 30 i) (W HE (o) -t Wi [HS ) - at]) 0)
nmeZ .

AL =3 dss) (WSR-S [ES(x,) - 4, 1)
nmeZ B

abt =3 dss) (WheHEee) - df] - WS [HS ) - at]). ®2)

where d” (s) = dEf (F,) and d> (s) = d5 (G,) are the coefficients given by (44) corresponding to
incident fields F'; and G, respectively. Here the parameter s in the argument of dﬁl reflects its connection
with s-th incident field.

Let us now introduce a cut-off parameter K such that the terms with || > K or |m| > K are truncated

in the expansions (79)-(82) and let B¢ = (E%*) € CN*Nr for ¢, ¢' € {||, L} be the corresponding

matrices of truncation errors thus induced. Let us also introduce the matrices W@ ¢ CEZE+D*(2K+1)

X e (CNS><(2K+1), Y|<|34 c (CNT><(2K+1) and Yi c CNTX(QK—&-l) by

(Waﬂ>mn = W;Tll:g’ (Xﬁ>sm = d”i(s)’
(Y1), = Hib)-d, (Y9),, =Hi(x,) - dr. (83)
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and the block matrices

Al AllL
A = AL | AL . c C2Ns><2Nr
WP’P WS,P
W = (ng WSS) c C(4K+2)><(4K+2)
EPP ESP
E = (EPS ESS) c CQNSXQN’“
P
X — X Oz € C2Nsx(4K+2)
02K+1 XS
Y Y
Y — < |1|D l) € C2Nrx(K+2) (84)
YJ_ YJ_

where Oy 11 € RNsx(2K+1) ig the zero matrix. It can be seen after fairly easy manipulations that the
global MSR matrix can be expressed as

A =XWY"+E, (85)

o o . =T
where * reflects the Hermitian transpose of a matrix, i.e. A* = A .

The following result is readily proved thanks to Lemma 3.5.

Lemma 4.1. The global block matrix W' is Hermitian, that is, W = W*,

4.2 Least-squares Minimization Algorithm

Let us define the linear transformation L : CAK+2)x(4K+2) _, C2Nsx2Nr

L(M) := XMY" (86)

and let N oise € C2Nsx2Nr denote the measurement noise. For simplicity, we assume that each en-
try (Nyoise)sr is @n independent and identically distributed complex random noise with mean zero and
variance o2 ... such that

Nnoise = UnoiseNO with (NO)ST ~ N<O> 1) (87)
In this subsection we consider the noisy measurements
A =XWY"+E + Njise = L(W) + E + Nyjpise (88)

and design a procedure to retrieve the solution W. Let us reconstruct a least-squares minimization
solution for the linear system (88) in ker L+ by

W := argmin [|L(M) — Al|p, (89)
Mecker L+
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where || - || » denotes the Frobenius norm of matrices and ker L denotes the kernel of the linear operator
L. Note that if the cut-off parameter K is such that (2K + 1) < N,, N, and both matrices X and Y
are full rank then L is rank preserving and ker L is trivial. Consequently, the admissible set for the least-
squares minimization turns out to be R(4K+2)x(4K+2) and W can be explicitly calculated in the absence
of measurement noise. In this case X“ is a Fourier matrix by virtue of (22), (23) and (29) and

N, 1

(Xa)* X% = _SIQK+1 with ba = ——5 1
[bal? Apicirs

(2K+1)x (2K+1)

where Ibx 11 € R is the identity matrix. Consequently,

XP)'XP 0
X*X = <( ) e ) — N,Zx (91)
02K+1 (XS) XS

with
bp| Lok 41 Oox 1
ZX = _9 . (92)
O2x 11 lbs|*Tak 41
Note also that
(Y)Y =N.C* and (Y})'Y]=ND*, (93)
where C*# D*P ¢ REE+DX(2K+1) gre diagonal matrices
ggKg[jK
Ca’ﬁ — g?—KglﬁfK ’ (94)
9% g
he o hP
@ B
Da,,@ — hl—Khl—K ’ (95)
el
with
/ .
gt = kp <H7(,})(KPR)> and g5 = %Hn%)(msR), (96)
WP . im (D) S . (1) ’
m = ‘wHp' (kpR) and hy = —kg (Hp (lisR)) : (97)
Therefore,
P\* /P P\* ~/P P\* ~/S P\* ~/S
Y'Y - ((Yn) Y+ (YD) YD (Y)Y + (YD) YJ_)
S\* ~/P S\* ~ P S\ * ~S S\* ~rS
(Y7) Y+ (YD) YD (YY) Yi+(YD) YD
CP’P—I—DP’P CP’S+DP’S
— A <CS,P_|_DS,P CS,S+DS,S>' (98)

It can be easily proved that Y*Y becomes diagonal when the radius R of the imaging domain 0Bx(0)
is sufficiently large. Precisely, the following result holds.
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Lemma 4.2. For the radius R of the ball Br(0) approaching to infinity the matrix Y*Y admits a decom-
position

(99)

Y*Y = N.Zy + Q Z C*" Owcn
* = INp by + with Y - — s
Osx41  D®F

where Q = (quwr)y p—y... 4542 1S SUCh that |qer| < CR™ for some constant C' € R independent of

R.

Proof. In the sequel C' denotes a generic constant and varies at each step. Note that the matrix Y*Y
can be decomposed as

CPP Ogpeis DPP CPS 4 pbs
Y'Y =N, - (100)
O2K+1 DS’S CS’P + DS,P CS,S
Recall that C*? and D*# are diagonal matrices and in particular
2 2
5.9 m 7 m
(C™°), = ﬁmg)(/‘fs]‘?ﬂz and (D"F) = ﬁmﬁ)(/ﬁpRﬂz-
Thus, by virtue of the decay property (45) of H%), as R — oo we have
C C
s, PP
Similarly, the decay properties (45)-(46) furnish
C C
P,S S, P
C C
P, s,.p
(D), | < and [(D™), 1< 2
as R — o0. This shows the decay of the elements of second matrix on right hand side (RHS) of (100),
which leads to the required form of Y*Y for R — oc. O

An important consequence of Lamma 4.2 and the orthogonality relation (91) is the following result sub-
stantiating that the linear operator L possesses a left pseudo-inverse when R — oo.

Theorem 4.3. Let (2K + 1) < N,, Ny and matrices X and Y be full-rank. Then, the linear operator

L : CAE+2)x(AK+2) _, C2Nsx2Nr possesses a left pseudo-inverse

1
Lf (A) = NV

Z'X*AYZy (101)
when R — oo.

Proof. Since (2K + 1) < N, N,, X and Y are full-rank, and R — o0, it is easy to see that both
X and Y possess left pseudo-inverses, denoted by X' and YT respectively, thanks to the orthogonality
property (91) and Lemma 4.2. Precisely,

1

1
X = (X*X) ' X* = ﬁZ;SX* and Y':=(YY)'Y" = FZ?Y*
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as R — oo. Consequently, we have

1 1 ~
- ZX XAYZ = — (XX) T X (XWY*) YZ3!
1l = . _
:EW (YY) Zyl
~W.
This completes the proof. O

4.3 Stability Analysis

In this section we perform a stability analysis for the linear operator L. We substantiate that the operator
L is ill-conditioned for K — +oc. It simply means that only a certain number of lower order scattering
coefficients can be recovered stably which in turn contain only lower order information of the shape
oscillations of boundary dD. The limit on the information about the shape and morphology of the inclusion
D that can be obtained stably is determined by the maximum resolving order and the stability estimate
for the operator L thereby defining the resolution limit of the imaging paradigm. Towards this end, the
following result characterizes the singular values and the singular vectors of the operator L.

Theorem 4.4. Let N,, N, > 2K + 1 and R — o0. Then the right singular vectors of L are coincident
with the canonical basis of R4K+2)x4K+2) and the (p, q)—th singular value of the operator L is given

by

2

<H§U1K(/€PR)>/

% , 1<pqg<2K+1,
Opq = 4piw?\/ NN, / (102)
& (Hél_)2_3K(/<asR)) 9K 42<pq<4K +2.
Proof. Let us define the inner product of two complex matrices N and M by
(N, M) := Z (N*) g (M) gy -
I
Let V,,, € RUKF2XAE42) for each p, g = 1,2, - , 4K + 2 be such that
(VPQ)KW = P46q4'7 vga E, - ]-7 27 T 74K + 2.
It is easy to verify that for R — 00, thanks to diagonality result (91) and Lemma 4.2,
(L (qu) , L (Vp’q’)> = (XquY*, XVp’q’Y*>
= N:N, <qu= Zva’q’ZY>
= 5pp’5qq’NsNr|fq’27 (103)

where

‘95—1—K|
TR 1§p7q§2K+17
|bp|

| fol == (104)

hS
%, 2K +2<p,q<AK +2.
S
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On substituting the values of 95_1_1@ h5_2_3K and b,, from (96), (97) and (90), one arrives at

/
(HP lspR)) |, 1< pg<2K +1,

2
Cp

| fa = 4piw? (105)

2

cs , 2K +2<p,q<4K + 2.

(H!§1—)2—3K (“SR)> /

This shows that the canonical basis {qu} forms the set of right singular vectors of L and

p»qzl”4K+2
the (p, ¢)-th singular value of the operator L is thus rendered by ||L (V)| - and is given by (102).

Moreover, the left singular vectors of L are furnished by the relation V., := L (V,q) /0. O

It should be observed that the quantities [g5 . ;| and | A3y, | diverge when K — oc. Consequently, the
operator L is unbounded. Indeed, we have the following estimate for the condition number of L thanks to
Theorem 4.4.

Corollary 4.5. Under the assumptions of Theorem 4.4,

cond (L) £ (CLK) ()

as K — +oo, (106)
where C'fy := 2/ek,R.

Proof. Let 0. and o, be the largest and the smallest singular values of the operator L. Recall the
asymptotic behavior of the Bessel functions of first and second kind

1 et \ ™ 2 et \ ™
I (t) ~ \ /—QW\m| (M) and Y, (t) ~ — —7T|m] (m) (107)

with respect to the order |m| — oo at a fixed argument ¢ [35, Formulae 10.19.1 and 10.19.2]. Conse-
quently, an easy commutation shows that

[H (ko R)| S (CRlm|)™ + (CRlm)™™ as |m| — oo. (108)
Moreover, invoking the recurrence relation [35, Formula 10.6.2]

(1D (0)" = (1) = T HD (1) (109)

m

it is easy to get that
(HP(aR)' | S (Calm = 1) 4 (Cilm = 1)~V + 5Cqm (Cim)™ + (Cm) ™)

< (C%m)™ (110)

~Y

when m — 4-00. Consequently,

K+1 )K—&—l.

O(2K+1)(2K+1) S (CEK) and  O(K42)K+2) S (CgK (111)

Finally, we note that the relation 0y,.x >~ 02K +1)(2K+1) holds when K is large enough, which follows
from the fact that Cg > C}% (this is due to the inequality cp > cg, since g, A\g > 0). Moreover, the
smallest singular value o, is bounded. Therefore,

cond(L) = Tmax S (C’gK)KH.

Omin

(112)

O
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4.4 Error Analysis

Let us now analyze the error committed by truncating the infinite series in the MSR data. But before
further discussion we recall the following result from [13, Appendix A].

Lemma 4.6. Forc > 0 and N € N suchthat N > c/e

(= (5 ()

n>

The following is the main result of this section.

Theorem 4.7. Let C; and C, 3 > 1 be the constants defined in Corollary 4.5 and Lemma 3.3 respec-

tively. Let the radius R of the measurement domain Bg(0) be such that h := max, 3{2C?% ;C3} < 1.

Then there exists a sufficiently large truncation order K satisfying K > m%x{C’a, 3/(Che)} such that
Q,

|ESP| = O(R"). (114)

Proof. We prove the result for the truncation error E;';’P only. The rest of the estimates can be obtained
following the same procedure. We first split the summations into three different contributions as

Egp = (Zm<K + Z|m|>K + Zm>K) ( ) (WPP [HP<XT> dr} + Wn%ﬁ [HE(XT) : dr})

In|>K In|<K In|>K

Then, thanks to Lemma 3.3 and invoking the definitions (44) and (22)-(23) of dﬁl and H respectively,
we have

m| -1 Inl -1
R ch

(1) ’
|[1| < OCP,.@P (Zm<K [m[ImI=T E|n\>K |n\|n\ T kP <Hn (KPR)>

oty CSr ' Inl
+ 2 ml <K T 2an>K T R

HY (kg R)’) (116)

We recall again the estimates

[HO (56 R)| S (Cln)"™ + (CRIn) ™,
(s | SSCHID 4+ (ClInd ~ 1) + () + (Il — 1))

as |n| — oo and note that, up to some factors independent of K,

|m|—1 |m|—1

C’PP K—1 S,P K—1
Z [ =T S Cpp and Z [ [l T S Csp

Im|<K Im|<K
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Therefore

< 015;
’[1’ ~Y Z‘n|>K

n|— In|-1 nl—
5 (CRInD)* (Crr0R)" ™ 4 (1=3) " (CrroR)™

In

e CP,P/C}I;>|W'|_1 (Cp,p/C}i:)l"'_l
+2( nl? * \Iln1)

n|— [n|—1
(Calnl)* (CsrCi) "™ + (%4555) ] (117

enSC’SP Z
8pachkp In|>K

Thanks to Lemma 4.6 the third, fourth and sixth terms on RHS of (117) are negligible for all K >
max, g{Ca g/Che}. Moreover, it can be easily verified that

n2 1 1 n—1
gz =1 and oo (1—5) <1, VneN (118)
and
1
(CR)? < Cf; < CasCfy < C2Ch < max{C2,CR} < 5 (119)
Therefore we have
eCEp' 2 nl1 it
7 Z <C§|n|) (CPvPC};) S CII:’(P1 ZInI>K 2In\+2 (QCP CP)
|n|>K
< OK*I C CP K-1
~ eLpp (2 PP R)
< eh™ 1, (120)
Cpp' N )
) P [n|—1
4 Z (1 - m) (CP,POR)
In|>K
_ In|-1 |n|—1
N Cg,Pl Z\n|>K ﬁ (1 - |_i|> (QCP,POE)
_ K—
S CERt (2CppCE)"
= W, (121)
and
ekgOR ! 5 a1 .
= > (CRinl) (CS,PCg)l S Osr > ik 7 e (2CSPCS)‘ |
8rp In|>K
c -1
< —”fjp (205,pC5) !
< LR (122)
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Substituting the estimates (120)-(122) in (117) one arrives at

1
(e+1—|— )hK 1
OCP Cs

The estimate for |I5| follows by changing the role of m and n. Moreover, by proceeding in a similar
fashion, it can be easily established that
B K
FEIS (g) :

|EPP| < hE=1. This completes the proof.

FABS

Combining the estimates for | 11|, | 12| and |13,

O

4.5 Maximal Resolving Order

In this subsection, we determine the maximal resolving order K for the reconstruction framework. In
order to do so we first estimate the strength of the recorded signals in terms of the geometry of inclusion
D and the radius of the recording circle. Then we define the signal-to-noise ratio (SNR) in terms of
signal strength and noise standard deviation 0,,4;5c. Towards this end, it is easy to see from the integral
representation (14) that

A!;” = Splvr.l(x,) - d, = Sp[ve.](Rd,) - d;, (123)
where g, is the solution of (15) corresponding to U = F. By virtue of the far field behavior
w ~ etrplx| i41 > & o—ikpXy
r (X7Y)— \/m <4poc§)mx®xe P )
etrs x| i+1 s o\ ,—ikgX:
—|—\/m (4poc%m(12—x®x)e s Y> (124)

of the fundamental solution for a bounded y € R? and x € R? such that |x| — oo one has

? inpR —iK cos(0r—
Al ~ \}ipjclp ﬂ’;P [opl(dr ® d) e, (¥)] - dye plylcos(6:—0y) d(y)

it+l)et " —iK cos(0r—
+\F‘EP—(’)—CS\/:TS de dl ® dL)¢F ( )] ' dr € slyl cos(9r—by) dO’(Y)

12

? irph —iK cos(6,—
7R pjclp\/% Jop[p.(y) - d,] e e bleos®=05) do(y)
v etnsh —iK cos(0r—
+ IR [oplwor. (v) - i emimslvloos@=0) g (). (125)
On the other hand, by (16)

OF
oo < [Pl + | 5

C+/|0D| (126)
for some constant independent of R and |0D|. Thus, by taking the modulus on both sides of (125),
substituting the above estimate for |4y, || and using the Cauchy-Schwartz inequality, one obtains the
estimate

l|r,

L2(dD)?2

9D]

Al < c == (127)
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The constant C' above depends only on the material parameters of the background domain, inclusion DD
and the frequency w of the incident field but is independent of R and 0D. Similarly, the terms of other
MSR matrices can be also bounded by |0D|/\/E This endorses that the measured signals are of order
|0D|/v/R. Therefore, we define SNR by

SNR := — /12—, (128)

Onoise

Now we are ready to estimate the maximal resolving order K. In the sequel, [E denotes the expectation
with respect to the statistics of the noise N,.is.. Moreover, we work in the regime when R — oo (or
O(R*3/2) terms are negligible) and the truncation error is much smaller than the noise standard devia-
tion, which in tern is much smaller than the order of the signal (or simply SNR is much larger than 1), that
is,

W < Gpoise < |0D]/VR. (129)

2) 1/2

+ ‘ LT (Nnoise)mn

From the injectivity of operator L for R — oo and the relation (88) we have
(¥ -w)
mn

V7= (s N

L (E)

IN

N Uﬁh(HEHF‘i_ HNnoiseHF)
S o (RS 4 Onoise VNG, (130)

where Cauchy-Schwartz inequality has been invoked to arrive at the last identity. By assumption (129),
the first term on RHS of (130) is negligible. Thus,

2(|(%-w),

This indicates that the discrepancy between the estimated and the measured scattering coefficients ap-
proaches zero very rapidly for all m,n > K when K — oo thanks to the estimation of the magnitude
of oy It simply means that the scattering coefficients of an inclusion D can be approximated arbitrarily
closely and up to any order by the elements of W in the sense of mean-squared error when the noise
regime is characterized by (129). However, in view of the decay rate (35) of W,?‘lf it is reasonable to

determine an adoptive resolving order K by restricting the reconstruction error to be smaller than the
signal level. In particular, for any threshold reconstruction error € > 0, one can see from (131) and (35)

that
W 2\ '/? C 2K —2
- (’ <W N W) ) SJO-?’:MI’LO_HOiSG NsNr S £ (ﬁ) ’

K
where Cl.x 1= maxaﬂ{Oa?@}. After simple manipulations analogous to those in the proof of Corollary

/
4.5 and using the behavior of the <H7(11)(/£QR)> for large 1, one can show that 7,1, = O ((CHK)'F)
for all m,n > K. Therefore, under noise regime characterize by (129),

~

9 1/2
) < O_T_nibo—noise NsNr- (131)

(C’EK)l_K K2K-2 < SCrQnI;X_Q

Onoise
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or equivalently

KK—I < 8(C(rznaxcvg)[(_l h'K—l

<e < eSNR
Onoise Onoise
and the maximal resolving order is defined by
K =max {N € N|N"~! <=SNR}. (132)

5 Nearly Elastic Cloaking

As an application of the elastic scattering coefficients we consider the elastic cloaking problem. The aim
here is to construct an effective nearly cloaking structure at a fixed frequency for making the objects inside
the unit disk invisible. We extend the approach of Ammari et al. [10, 11, 12] for conductivity, Helmholtz
and Maxwell equations to the Lamé system. Towards this end, we first design S-vanishing structures by
cancelling the first ESCs in the next subsection.

5.1 S-vanishing Structures

For positive numbers r; (j = 1,2,--- ,L + 1)with2 =7y > ry > --- > 11 = 1 we construct a
multi-layered structure by defining
Ay :={xeR*| |x|>2}
A; ::{XER2| riv1 < |X| <7‘j}, j=1,---,L
Apa i ={xeR?| [x|<1}.
Let (A, i, p;) be the Lamé parameters and densities of A; for j = 0,--- , L + 1. In particular, Ao, o

and p are the parameters of the background medium. In the sequel, the piecewise constant parameters
A, it and p are redefined as

L+1 L+1 L+1

AX) =D Axap®), px) =D pixayx) and p(x) =D pixu,)x).  (133)
=0 =0 =0

in accordance with the aforementioned multi-layered structure. The scattering coefficients Wﬁ;ﬁ =
W22 (X, s p,w) can be defined analogously to (34) and the total field u = (u1, u2) " solves the equa-
tion

Ly,u+pw’u=0 in R (134)

Since the aforementioned multi-layered structure is circularly symmetric it is easy to check that

Web =0 forall a,3 € {P,S} and n #m.

m,n
Therefore, we have the following definition of the S-vanishing structures.

Definition 5.1 (S-vanishing Structure). The medium (A, 1, p) defined by (133) is called an S-vanishing
structure of order N at frequency w if W;‘f =0forall|n] < N and «, 3 € {P, S}. Analogously, it is
called an S-vanishing structure for compressional (resp. shear) waves if W,f‘f = 0 (resp. W,f‘,f = 0) for
allln] < N anda € {P,S}.
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In the rest of this subsection we aim to construct an S-vanishing structure for general elastic waves. To
facilitate the later analysis we adopt the notation 7}, ,, for the surface traction operator 0/0v associated
with elastic moduli A and . In order to design envisioned structure it suffices to construct (A, i, p)
such that W7 := W% = Oforall 0 < n < N and a,3 € {P,S} thanks to Lemma 3.6. We
assume that D is a cavity, that is, the scattered field u satisfies the traction-free boundary condition
Ty iyprs, 0 = 0u/Ov = 0on |x| = 1. Note that the two-dimensional surface traction admits the
expression

Ty,wW =2p(v - Vwy, v - Vwy) + Andivw + gt (Oowy — yws), w = (wy,ws),

in terms of the normal and tangent vectors n = (nl, ng) andt = (—nl, ng) on the surface respec-
tively. Here and in the sequel we use the notation T’ , w to indicate the dependance of Ow /Ov on the
parameters A and j.. We look for solutions u,, to (134) of the form

1%@:@%ﬂ@+@ﬁﬂ@+@ﬁﬁ®+ﬁﬁﬁ®,XG&J:&~WL

with the unknown coefficients @;“, a;™* € C, to be determined later. Intuitively, one should look for

solutions u,, whose coefficients fulfill the relations
agf 68’5 #0 and ag’P = ag’s =0 forall n=0,---,N. (135)
Note that by (32) and (33), the scattering coefficients in this case turn out to be

. ~n,P ~n,S
Wol = idpyciay® =0 whendy” =1 and ay” = 0,
(136)
WS = idpyctag® =0 whenay” =0 and ay° = 1

where cp and cg are the pressure and shear wave speeds, respectively. The solution u,, satisfies the
transmission conditions
|y =u,|- and Ty, 0|y =Ty, 00— on [x|=r; Vi=1,--- L. (137)

Fairly easily calculations indicate that on |x| = r

a 0?v,(x, K
e [TA,MHf(x)] = 2;4% + AU, (x, Kp)
= 2““?D<H£L1))//(Tﬂp)em¢x _ )\H?:H,(Zl)(r,‘ip)em@x
1 .
= 2 (—Q/LTKP(HT(ZU)’(THP) + (QIunQ — (A + QM)T’QHZQJ)H,(ZI)(T’{P)) einex.
1

=: ﬁBf(rﬁap, A, )emox,

and

2
& - [T, H'(x)] = 21 ( 1 Oua(x, kp) N 1820, (x, Iip))

2 Oy r Ordpy

1 ,
= —(2ipn) (=HM(rkp) + rip(HYV) (rkp)) mex
,
1

=i 5 CE (rrp, A, p)e™>,
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where
Ot A1) = (2im) (—HO (0) + 1 (HD)' (1))

In the sequel, we use shorthand notation B ; = B (r;kp, Aj, jt;) and C; = CF (rjkp, A, ju;) for
simplicity. It holds that

1

Ty, ., HE (x) = = (B, Pu(x) +Cr;Su(x)) on x| =r7;.
J
Analogously, we obtain
1 . .
T/\jvujHﬂX) -2 (Bf,j P,(x) + Cﬁq,j Sn(x)) on [x| =1y,
J
with
Bij :Bf(t)‘t:ms = (2iun) <Hn1)(7“j/<zs) +rikg (H,(Ll))/ (rj/fs)) ,
o :Of(t)‘tzrj,is 1= 2u(rjks) (HS))I (rjks) + (=2un® + 3u(rjrs)*HM (rjks)) |
and 1
T J5(%) = (Bg{j P, (X) +C°, Sn(fc)) , a=P3§,

J

where Eg,j and 6;“7]- are defined in the same way as By ; and C}; with Y replaced by .J,,. Hence,
the transmission conditions in (137) can be written as

1 1

~n,P ~n,S n,P nS\T __ ~n,P ~n,S n,P n,S\T
o M, ;a1 (a;7), a5, a5, ay) —ﬁMn,j(aj say” az ar”) (138)
Jj—1 J

fory=1,---,L,whereM,,;,7=0,---,L,n=0,---,N,isthe 4 x 4 matrix defined by

tiply(tip) indy(tis)  tip(HV)(tp)  inH(ts)
Mo | ) s Tits) i () —sH ) |
o Eij(tj,P) B, (t;s) BE(t;p) BS (tjs) P e
aij(tjvp) a}?g (t;.p) Gy i(tjs) C3 (ti.s)
The traction-free boundary condition on |x| = 7,41 = 1 amounts to
M, p(@p”, @y, ap” ap®)" = (0,0,0,0)7, (139)

forn=0,---, N with

0 0 0 0
0 0 0 0

; = P DS P s
§nL @n,L Bn,L Bn,L

P S P S
C L C L Cn,L Cn,L

n
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Combining (138) and (139) we obtain
Q" (@y" ay ", ag” ag®)" = (0,0,0,0)7,

2 L
o . ) 0 0 (140)
Q( ) — Q( )()\“u?puﬂ) = (r_o) M,, 141 HMn;MnJ‘_1 = <Q$) (n)> )
i=1

22

where Q\", QU2 are 2 x 2 matrix functions of A, y and pw?.

Exactly like the acoustic case [11] one can show that the determinant of Qg’;) is non-vanishing. Therefore,
it suffices to look for the parameters A;, 11, p; (j = 1,2, -+ -, L) from the nonlinear algebraic equations

(Q%))i,k(k,u, pw2) =0, k=12 n=12--.

We are interested in a nearly S-vanishing structure of order NV at low frequencies, that is, a structure
(A, p, p) such that

WP\, 1, p,w) = o(w?™) forall a,Be{P,S}, |n|<N, as w—0.

Towards this end, we need to study the asymptotic behavior of Wﬁ’ﬁ(/\, i, p,w) as w tends to zero. In
view of (136) and (140) we find out that

(Wl WS T = idpoc? (a®, ap®)T = —idpec? (Q3) "+ QS (ap” ap®)T (141)

where G""" and @} are selected depending on (136).

WP’P WS,P
Wn:< " " )

Let W,, denote the 2 x 2 matrix

WPES WSS
n n

Then, the following result based on relation (141) elucidates the low frequency asymptotic behavior of

W...

Theorem 5.2. Foralln € N, we have

N—n (L+1)I
W, (A, i1, p,0) = 0™ [ Vio(A, 1, p) +Z Z W (Inw) Vi pp) | + 0 (142)
Jj=

asw — 0, where matrices V,, o and V,,; ; are defined by

PP S,P
vor oyl vhP v
\Va . n,0 n,0 d V . n,l,j n,l,j
w0\ yPs Vss an UV PS S8
n,0

n7l7j n7l7]’

in terms of some Va % and Vnal ; dependent on )\ , lt, p but independent of w. The residual matrix X ,,

w.

The analytic expressions of the quantities Vﬁ:g and V;’l‘fj interms of \;, 11; and p; are very complicated,
but can be extracted by, for example, using the symbolic toolbox of MATLAB. Theorem 5.2 follows from
(141) and the low-frequency asymptotics of Qg)(}\, u, pw?) and Qg{)()\, i, pw?) as w — 0. The latter
can be derived based on the definition given in (140) in combination with the expansion formula of Bessel
and Neumann functions and their derivatives for small arguments. For the sake of completeness below
we sketch the proof of Theorem 5.2.
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Proof of Theorem 5.2. Recall thatfort — 0
t’rL

Jn(t) = T +1) + 0",
D) =g + 007,
v =- 200 o),
Y(#) :% O™,

Hence, by the definition of BS (¢, A\, p), C%(t, A, ), Eg(t, A, i) and @?(t, A, 4), we have
2" T (n + 1)

BP(t, A\ u) = —C5(t, A\, ) = . + O
Co (8 A 1) = =B(8, A, ) = —Mm%:;(tn U oy
BY(t, A p) = =Ci(t, A\ ) = —% + O(t"™)
CP(t A ) = —BE(t.\ ) = —% Lot

as t — 0. Inserting the previous asymptotic behavior into the expression of M, ; we get

A Ayp
M, = ( A; A22) (143)
where
ettt
n 7,P 7,5
A + O(w"),
T T (n+ 1) (ujf —tggl> @)
g—n—1 —-n
2'T'(n+1) [ t _
Ap= ZHoED < - ,”_i_l) L OW™),
n itip  ntjg .
Ay =~ ( 1 | T O(w"™),
21 (n + 1) nt? p _thﬁl
on+l T 1) [it; to 3
T U=t Tl
m th@ —ztjvg
This implies that
O(wnfl) O(wfnfl)
Mn,j - ) ]:17 7L7 (144)
Ow")  Ow™)
0 0
\Y = as w— 0. (145)
Ow") O(w™)
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Moreover, the inverse of M, ; can be expressed as

M-L AL+ AL ALBTIA AL —AALBT!
~B Ay AL B! ’

where B is the Schur complement of A,,, that is,
B:= Ay — AyAlAp.
Since
Al =0w™h), A'Ap=0w™™), AyA;' =0w) and B™!'=0(w"),

it follows that

O(w—n-‘rl) O(w—n)
M;l' = as w— 0. (146)
7 O™ O(w")

Inserting (144), (145) and (146) into the expression (140) of Q(") and then making use of the series
expansions of J,,, Y,,, J! and Y./ we find out that

N—n L+1
QY (A1, p?) = " (Gno Orasp)+ 30D Gl plu(in ) +o<w2<N‘"’)>
=1 j=0

N—n L+1
0 (N, pw?) = w" <Hn0 (A 1, p) + Z HY)(\, 1, p)o? (Inw)? +0(w2(N_”))> :

which together with (141) yields (142). Here, the remaining terms o(w?*N ")) are understood element-
wisely for the matrices. O

In order to construct a nearly S-vanishing structure of order N at low frequencies, thanks to Theorem 5.2
we need to determine the parameters A;, 11, and p; from the equations

V,O;:g()\,,u,p) - an](/\ s )0) — 0

forall0 <n < N,1<I<(N-n),1<j<(L+1)landa, € {P,S}. Numerically, this can be
achieved by applying, for example, the gradient descent method to the minimization problem

N— n L+1
: o,
min S A |veil e > Z i,
AjiskhssPj —
«o,B€{P,S} =0 j=

5.2 Enhancement of Near Cloaking in Elasticity
The aim of this section is to show that the nearly S-vanishing structures constructed in Section 5.1 can be

used to enhance cloaking effect in elasticity. The enhancement of near cloaking is based on the idea of
transformation optics (also called the scheme of changing variables) used in [26, 27, 36, 37]. Let (\, u, p)
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be a nearly S-vanishing structure of order /N at low frequencies, taking the form of (133). This implies
that for some fixed w > 0 there exists ¢y > 0 such that

(WEBIN s poew]| = o(e*Y), |n| <N, e<e.

On the other hand, recall from the proof of Lemma 3.3 that

2|n|—2 CVQ|”|_2
(WP, 1, p, ew]| < |n|a2’|%62|n|2 < #62N2 forall |n| > N, € < . (147)

Hence, by Theorem 3.4, the far-field elastic scattering amplitudes can be estimated by
u(\, 1, p, ew] (X, %) = 0(?V7?), a=PS, as ¢—0 (148)
uniformly in all observation directions % and incident directions X’. Introduce the transformation on R?:
U (x) = %x, x € R%
Then arguing as in the acoustic and electromagnetic case [11, 12] we have

( 2N72)

N0V, uoW, poW,  w|=ul\ pu,p, e =o(e forall € < ¢.
a H a

Note that the medium (A o W,, o W, p o U,) is a homogeneous multi-coated structure of radius 2.

We now apply the transformation invariance of the Lamé system to the medium (Ao W, po W, po U,).
Recall that the elastic wave propagation in such a homogeneous isotropic medium can be restated as

V- (€:Vu)+w?(po¥)u=0 in R?

where € = (C’ijkl)%kJZI is the fourth-rank stiffness tensor defined by

Ciji(x) = (Ao W) 0; ikt + (o W) (8051 + 0ii6jk), (149)
and the action of € on a matrix A = (a;;); j—1,2 is defined as
C:A=(C A}, = ( > Cin akl) : (150)
k=12 P12

In the case of a generic anisotropic elastic material, the stiffness tensor satisfies the following symmetries
major symmetry:  Cijri = Chij, minor symmetries:  Cjji = Cjire = Cijik, (151)

for all 4,5, k,l = 1,2. Let x = (I1,72) = F.(x) : R* — R? be a bi-Lipschitz and orientation-
preserving transformation such that F..({|x| < €}) = {|X| < 1} and that the region |x| > 2 remains
invariant under the transformation. This implies that we have blown up a small traction-free disk of radius
€ < 1 to the unit disk centered at the origin. The push-forwards of € and p are defined respectively by

A ~ ) a’tp 8$q
(Fe)€:=C = (Clqkp<x)> ik p=1 (det M) { Z it G, Oy axa} x:Fel(f)>. ’

=12 i,q,k,p=1,2
~ P
F).p:=p=

$:F;1(§;)’ Ox; ij=1,2

We need the following lemma (see, for instance, [28, 31]).
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Lemma 5.3. The functionu is a solutionto V- (€ : Vu) +w?pu = 0inR? ifand only ifi = uo (F.)™*
satisfies V - (Qﬁ Vu) + w?pu = 0 in R?, where ¥V denotes the gradient operator w.r.t to transformed
variable X.

Applying the above lemma to the Lamé system (149) we obtain the following result.

Theorem 5.4. If (\, i, p) is a nearly S-vanishing structure of order N at low frequencies, there exists
€o > 0 such that

UZO[(Fe)*Q:a (Fé)*<p © \116)7 w] <X7 X/) = 0(€2N_2)7 a=P>5,
for all e < eq, uniformly in all x and x’. Here the stiff tensor € is defined by (149). Moreover, the elastic
medium ((F.).€, (F.).(po V) in1l < |x| < 2 is a nearly cloaking device for the hidden region
x| < 1.

Theorem 5.4 implies that for any frequency w and any integer number N there exist €y = ¢o(w, N) > 0
and the elastic medium ((F,).€, (F.).(po ¥.)) with € < €q such that the nearly cloaking enhancement
can be achieved at the order o(¢?"~2). We finish this section with the following remarks.

Remark 5.5. Unlike the acoustic and electromagnetic case, the transformed elastic tensor (Fe)*(’: is
not anisotropic, since it possesses the major symmetry only. Note that the transformed mass density
(F.)«(p o W) is still isotropic. In fact, it has been pointed out by Milton, Briane and Willis [31] that
the invariance of the Lamé system can be achieved only if one relaxes the assumption on the minor
symmetry of the transformed elastic tensor. This has led Norris and Shuvalov [34] and Parnell [36] to
explore the elastic cloaking by using Cosserat material or by employing non-linear pre-stress in a neo-
Hookean elastomeric material.

Remark 5.6. We have designed an enhanced nearly cloaking device for general incoming elastic plane
waves. A device for cloaking only compressional or shear wave can be analogously constructed by using
the corresponding elastic scattering coefficients.

6 Discussion

In this article elastic scattering coefficients (ESC) of characteristically small inclusions are introduced
using surface vector harmonics based cylindrical solutions to Lamé equations and the multipolar expan-
sions of elastic fields based on them. It is established that the scattered field and the far field scattering
amplitudes due to the incidence of a general plane wave admit natural expansions in terms of ESC. This
connection substantiates their utility in direct and inverse elastic scattering. The scattering coefficients of
a three dimensional elastic inclusion can be analogously defined using three dimensional vector spherical
harmonics and specially constructed vector wave functions. An added complication in three dimensions
is that there are three wave-modes (P, SV and SH modes) which cannot be completely decoupled. It can
be easily proved that the ESC possess similar properties in three dimensions.

The decay rates and symmetry of the ESC with respect to indices and wave-modes are also discussed.
These properties indicate that only first few coefficients are significant and sufficient to cater to a variety
of scattering problems. The higher order ESC contain fine details of shape oscillations and geometric
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features of the inclusion. Thus, the largest order of stably recoverable ESC determines the maximal
resolving power of the imaging setup and determines the resolution limit in feature extraction frameworks.

For reconstructing significant ESC from multi-static response data we have formulated a truncated linear
system of equations where the truncation parameter can be tuned depending on the requirements of the
actual physical problem, stability constraints, truncation error and the measurement noise. This truncated
system is converted to a matrix system wherein all the ESC upto truncation order are arranged in a
matrix which appears to be Hermitian and ill-conditioned (in the sense of rapidly decaying singular values)
thanks to decay, symmetry and stability results proved herein. This observation is pertinent to designing
subspace migration type shape identification frameworks in elastic media. Moreover, shape descriptors
and invariants of elastic objects can also be designed using ESC.

Finally, as an application of ESC we constructed the scattering coefficients vanishing structure and elu-
cidated that such structures can be used to enhance the performance of nearly elastic cloaking devices.
The results present in the article are not restricted to only two dimensions and can be easily extended to
three dimensional media.

In future studies, the role of ESC in mathematical imaging, especially from the perspectives of designing
shape invariants and descriptors in elastic media, will be investigated. Moreover, in order to handle inverse
elastic mediums scattering problems and to understanding the super-resolution phenomena in elastic
media, the concept of inhomogeneous ESC will be discussed.
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