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ABSTRACT. This paper is concerned with the time-harmonic direct and inverse
elastic scattering by an extended rigid elastic body surrounded by a finite
number of point-like obstacles. We first justify the point-interaction model for
the Lamé operator within the singular perturbation approach. For a general
family of pointwise-supported singular perturbations, including anisotropic and
non-local interactions, we derive an explicit representation of the scattered
field.

In the case of isotropic and local point-interactions, our result is consistent
with the ones previously obtained by Foldy’s formal method as well as by the
renormalization technique. In the case of multiple scattering with pointwise
and extended obstacles, we show that the scattered field consists of two parts:
one is due to the diffusion by the extended scatterer and the other one is a
linear combination of the interactions between the point-like obstacles and the
interaction between the point-like obstacles with the extended one.

As to the inverse problem, the factorization method by Kirsch is adapted to
recover simultaneously the shape of an extended elastic body and the location
of point-like scatterers in the case of isotropic and local interactions. The
inverse problems using only one type of elastic waves (i.e. pressure or shear
waves) are also investigated and numerical examples are presented to confirm
the inversion schemes.

2020 Mathematics Subject Classification. T4B05, 7T8A45, 81Q10.

Key words and phrases. Linear elasticity, point-like scatterers, Navier equation, Green’s tensor,
far field pattern.

* Corresponding author.

1025


http://dx.doi.org/10.3934/ipi.2020054

1026 GUANGHUI HU, ANDREA MANTILE, MOURAD SINI AND TAO YIN

1. Introduction. We deal with the elastic scattering of a time-harmonic plane
wave from an inhomogeneous isotropic medium in R™ (n = 2,3) characterized by
the mass density function p := p(z) and the Lamé constants A, u € R satisfying

(1.1) w>0, nA+2u>0.

It is supposed that the background medium is homogeneous, isotropic and that the
inhomogeneous medium occupies a bounded domain ) with the Lipschitz boundary
09 In particular, Q is allowed to contain a finite number of disconnected compo-
nents, but its exterior Q¢ := R™\Q is always connected. For simplicity we assume
that p = 1 in Q° := R™\Q. In linear elasticity, the elastic displacement is then
governed by the time-harmonic Navier equation

(1.2) (A* 4w’ )u=0 in Q° A" := pA + (A + p) grad div

where w > 0 denotes the angular frequency and u = 4™ + u*¢ is the sum of
the incident and scattered fields. Since the domain ¢ is infinite in all directions
%= x/|z| € S*7! := {|2] = 1}, the scattered field u*¢ is required to satisfy the
outgoing Kupradze radiation conditions

0
rlggo p(n=1)/2 (au: — ikpup> =0,

Ous
lim r(?—1)/2 (; — iksu5> =0,

r—00 r

(1.3)

7"=|.”L"7

uniformly in all directions. Here,

(14) by = /AT 20, ke i=w/ VR,

are the compressional and shear wavenumbers of the background medium, and
(1.5) uy, = —k;, *grad div u®®, us = k; 2curleurl u®

denote the longitudinal (compressional) and transversal (shear) parts of the scat-
tered field in Q¢ C R3, respectively. Note that in two dimensions the transversal
(shear) part should be modified to be

(1.6) us = k2 cu—ri curl ©*¢,

where the two curl operators in R? are defined by

curlv = 1vg — Oov1, v = (v1,v2), CT>I‘1 fi=(02f, =01 f).

It follows from the Navier equation (1.2) and the decompositions (1.5)-(1.6) that in
Qe
—
(A+E)us =0, a=p,s, divus = 0, curluy, (or curlu,) = 0.
The Kupradze radiation condition (1.3) leads to the P-part (longitudinal part) u>°

and the S-part (transversal part) uS® of the far-field pattern of u®¢, given by the
asymptotic behavior

exp(ik,|x exp(iks|x n
(1.7) we(e) = S oy 4 PO e 3) L 0(laf =), ] > +oc,
where, with some normalization, u,° and ug® are the far-field patterns of u, and us,
respectively. In this paper, we define the far-field pattern > of the scattered field
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u*® as the sum of uy° and ug®, that is, u™ := up® + ug®. It is well-known that up®
is normal to S"~! and u$° is tangential to S"~!. Hence, we have the relations

@) = @) 88 @0 ={ (A0 D0 als

where 2+ € S"! is perpendicular to Z. Note that boundary and transmission
conditions should be imposed on 052, relying on the physical property of Q. It is well
known that the forward scattering problem for both penetrable and impenetrable
bodies admits a unique solution v € H} (Q¢). To prove existence of solutions
we refer to [26, Chapter 7.3] for the standard integral equation method applied
to rigid scatterers with C2-smooth boundaries and to a recent paper [6] using the
variational approach for treating Lipschitz boundaries. Hence, the far-field pattern
is uniquely determined by the incident wave (for instance, exciting frequency and
direction) and the elastic body. Throughout our paper, an elastic body will be
referred as a point-like scatterer if its size is much smaller than the shear wave
length and the mass density has a high contrast of certain scale, as compared to
the background mass density, that will be described later. It is called an extended
scatterer if its size is comparable with the shear wave length. We remark that the
compressional wave length is greater than the shear wave length in an isotropic and
homogeneous medium. The aim of this paper is to address the following direct and
inverse problems:

e Describe the Foldy approach and the point-interaction model for elastic scat-
tering from finitely many point-like scatterers (see Section 3 for the details).

e Present a multi-scale model for elastic scattering by both point-like scatterers
and an extended rigid body (Section 4).

e Recover multi-scale elastic scatterers from far-field patterns corresponding to
infinitely many plane waves with all directions excited at a fixed frequency
(Section 5).

In the presence of a finite number of point-like or small scatterers embedded
in a homogeneous medium, it is well known that the Born approximation models
the scattering effect by neglecting the wave interaction between these scatterers.
Consequently, the scattered field can be represented as a weighted linear combina-
tion of point source waves emitting from each scatterer, where the weight models
the scattering strength (also called scattering coefficients). Taking into account the
multiple scattering, the Foldy formal approach (see [12]) assumes that the scattering
coefficient of each scatterer is proportional to the external field acting on it (which
is known as the Foldy assumption) and suggests to present the scattered field as a
linear combination of the interactions between the point-like obstacles by solving a
linear algebraic system. From the mathematical point of view, the solution to wave
scattering from M point-like obstacles can be rigorously derived from the resolvent
of a perturbed elliptic operator and the Krein’s inversion formula of the resolvents.
In fact, point perturbation operator can be regarded as the self-adjoint extension of
some symmetric operator acting on appropriate Sobolev spaces. For acoustic scat-
tering from both point-like and extended sound-soft obstacles, the point-interaction
model was derived in [16] justifying the Foldy formal method and extending it to
more general models including the nonlocal interactions. A closed form of the so-
lution to such a multiscale scattering problem was obtained in [16]. Numerically,
the authors of [19, 20] established an integral equation representation based on
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the Foldy formal approach and proposed an iterative approach for computing the
unknown densities and coefficients.

The first aim of this paper is to justify the equivalence of the Foldy approach and
the point interaction model for the Lamé system. The extension of our previous
work [16] to the linear elasticity turns out to be non-trivial, mainly due the vecto-
rial nature of the governing equation which models a coupling of the propagation
of compressional and shear waves. Using the abstract construction of selfadjoint
extensions by Posilicano [30], we model singular perturbations of the Lamé opera-
tor, supported on a set of points, (see subsection 3.2.1). This provides generalized
boundary conditions of impedance type on this set of points. In the particular case
of local and isotropic point perturbations, we retrieve the closed form of the solution
obtained in [17] by renormalization techniques arising from quantum mechanics [1];
see subsection 3.2.3. The multiscale point-interaction model for elastic scattering
from a combination of point-like and extended scatterers can be analogously formu-
lated. In Section 4, we present a straightforward proof to the well-posedness of the
resulting boundary value problem for isotropic point interactions in linear elastic-
ity. Related to our present work, let us mention the recent contribution [7] where
the elastic scattering from point-like perturbations of the Lamé operator has been
considered. There, the authors choose a slightly more complex approach, using
boundary triplets, to build their models as selfadjoint extensions of a symmetric
realization of A*. Their construction is restricted to the modelling of local and
isotropic point perturbations in 2D and, in this setting, provides a factorized repre-
sentation of the scattered field. In our work we adopt a different construction, in our
opinion better suited for scattering problems, and we consider the case of 2D and
3D point-scatterers in a more general setting including non-local and anisotropic
interactions (see Section 3).

The second aim of this paper is to investigate the inverse problem of imaging
an extended rigid elastic body and a finite number of point-like scatterers,. We
shall apply the factorization method [23, 24] by Kirsch to such multi-scale inverse
scattering problems by using different type of elastic waves. In contrast to iterative
schemes, the factorization method requires neither direct solvers nor initial guesses,
and it provides a sufficient and necessary condition for characterizing the shape of
the extended obstacle and positions of the point-like scatterers. Note that there is
already a vast literature on inverse elastic scattering problems. The linear-sampling
and factorization methods were developed in [3, 5] and [34, 9] for imaging impene-
trable and penetrable scatterers. Using only one-type of elastic waves, uniqueness
results for detecting extended scatterers (penetrable or impenetrable) were proved
in [14, 21] and the MUSIC type algorithm [13] was applied to the detection of point-
like elastic scatterers. In [18], the factorization method was adapted to recover the
shape of an extended rigid body from the scattered S-waves (resp. P-waves) corre-
sponding to all incident plane shear (resp. pressure) waves. Within the framework
of this paper, we have unified the MUSIC algorithm for imaging point-like scatterers
and the classical factorization scheme for recovering extended obstacles.

The remaining part of this paper is organized as follows. In Section 2, we state
properties of the resolvent and outgoing Green’s tensor of the Lamé operator in
R™. Section 3 is devoted to the Foldy approach and the point-interaction model for
elastic scattering by a collection of point-like scatterers. In Section 4, we present
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mathematical formulations for the multi-scale scattering problem and prove well-
posedness of the boundary value problem. Finally, the factorization method for
inverse problems together with some numerical tests are reported in Section 5.

We end up this section by introducing some notation to be used later. The spacial
variables in R™ are denoted by x = (z1, 22, -+ ,x,) and y = (y1,Yy2,** ,Yn), Where
n = 2,3 is the spacial dimension. Denote by (-) the closure of a set or the complex
conjugate of a complex number. For a € C, let |a| denote its modulus, and for
a € C2, let |a| denote its Euclidean norm. The symbol a - b stands for the inner
product aib; + asbe of a = (a1, as), b = (by,be) € C2. Standard L2-based scalar
Sobolev spaces defined in a domain D or on a surface M are denoted by H*(D) or
H?*(M) for s € R. By B(X,Y) we mean the space of bounded linear operators from
the space X to Y, and by I, the identity matrix in R"”.

2. Preliminaries.

2.1. Properties of the resolvent of the Lamé operator in R™. The quadratic
form corresponding to the Lamé operator —A* is given by the closed form

n . 2 n
(2.1) Qo (u) := A ”Zi=1dwu”L2(Rn) + %Zi,j=1 ”aiuj + 3jui”i2(mn) )

with w = (ug,ug, -+ ,u,) and dom (Qo) = (H* (R"))n By (1.1), it is positive
definite (see e.g. in [11, Lemma 1.1]). By [31, Theorem VIII.15], there exists a
unique selfadjoint operator Ly on (L2 (R™))" fulfilling

Qo (u) = (u, Low) 12 gnyy» u € dom (Lyg) .

This is the Friedrichs extension of —A* and it is defined as

dom (Lo) := (H*(R™))",
(2.2)

Lou = —pAu— (A4 p) V (divu) .
Since (2.1) is positive, Ly is positive defined and we have the resolvent set res (Lg) =
C\ [0,+00) and as Lo : (H? (R"))" — (L*(R™))", it follows
(2.3) K.:=(Lo—z2) "' €B((L2®R™)", (H>*(®R")"),  zcres(L) .
Let us denote with
(2.4) R.:=(-A—2)"'e€B(L*(R"),H?*(R"), z€C\[0,+00),

the Laplacian resolvent. We next keep the same notation for the natural extension
of R, to (L? (R"))n; denoting with I,, the identity matrix on R™, we define
(2.5)

R, :=R.I, € B((L*(R™)", (H*(R"))") , (R.u); := Rau;,u € (L* (R™))" .
The Kupradze matriz defines the Lamé operator resolvent according to (see [26,
Chp. 2])

1 1 .
(2.6) K, = ;RZ/# + ;V div (RZ/H — Rz/()\JrQH)) ,

where , while z/p and z/ (A + 2u) are the rescaled energies related to compressional
and shared waves. The integral kernels of R, and K, are next denoted as

(2.7) . (r—y):=R.(z,y), T.(z-y) =K. (2,9),
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(where the identities R} = R; and K} = Kz are taken into account). From the
identity (2.6), it follows that

1 1_ .
(28) I, (‘T) - ;(I)z/u (IL’) + EleV ((I)z/;t (:L') - (I)z/()\+2u) (SC)) .
We use the weighted spaces
(2.9) Hy (R"):={ueD (R"), (x)"uec H*(R")}, s>0,neR,

/2
where (z)" := (1 + |:E|2>77 . The duals (w.r.t. the L? (R™) product) of (2.9) are

(210)  H-j(R") = {u ceD' (RY), (z) "ue H™® (R”)} . 5>0, neR.
The Laplacian resolvent has well known mapping properties which are next recalled.
At first, we recall the resolvent identity
(211) R,—R,, = (20— 2) Ry;yR. = (20 — 2) R R, , z,29 € C\ [0, +00) .
Using Fourier transform, duality and interpolation, from (2.4) follows

R. € B(H® (R"),H*" (R")),
for any s € R, and

< te0,2],

1
dl—t/Q(Z)[O’Jroo)) )
where d (-, [0, +00)) is the distance from the set [0, +00). According to [33, Lemma
XIII.1], for any n € R one has: R, € B (L,z7 (R™)) (here we use the notation B (X) :=
B (X, X) for the set of bounded operators on the space X); this entails (see [27,
relation (4.8)]) that R, € B (L2 (R™), H? (R™)) and, by duality and interpolation,
we get

(2.12) 1R [ e ey, prote )

(2.13) R.e€B(H,*(R"),H}*([R"), neR, se€l0,2].
Since H,, (R™) — H?® (R™) for n > 0, the previous mapping properties also yield
(2.14) R.€B(H;(R"),H*}*(R"), n>0, scR.

Moreover, it is well-known that z — R, is holomorphic in z € C\ [0, +00) and that
a limiting absorption principle holds (see e.g. [2, Theorem 4.1], [25, Theorem 18.3]),
i.e. the limits

(2.15) RE =lim. o+ Ryrgic, w >0,
exist in B (L2 (R™), H?, (R™)) with 5 > 1/2 and they satisfy
(2.16) (-A—w?)RE =1,

where I denotes the identity operator. This limit allows us to define the extended
map

R,, z € C\[0,400) ,
(2.17) 2z — RE =
sz , z=w?.
Using this definition, the resolvent identity extends according to
(2.18) R — R, = (20 — 2) R.,RT, zeC, 2o € C\ [0, 400) .

Using this relation, it is easy to verify by iteration, duality and interpolation, that
the limit mapping properties improve as

(2.19) REf €B(H;(R"),H*I*(R"), =n>0, seR.
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The above properties of the Laplace operator extend to the Lamé operator as
well. We state them in the following theorem.

Theorem 2.1. 1. Let s € R. For z € C\ [0, +00) the map z — K, is holomor-
phic with values in B ((H* (R™))", (H**2 (R"))n) and fulfills the estimates

(2.20) 1Call s ey, prse (rmy < Wmm))a telo,2].
2. Let w > 0, n > 1/2 and ks, k, be defined by (1.4) depending on w; then
z — K, continuously extends to the limits z — w? £i0 in the weaker topology
of B ((Hf7 (R™)", (Htfn2 (R"))n), i.e. the limits

1 1
(2.21) K o= 2 iy 5V div (Bf - RE) = tim Koo,

e—0t
exist in B ((H}; (R”))n , (Htf,f (R”))n>, t € R, and satisfy
(2.22) (Lo —w?) K5 =1,.
Proof. 1. The mapping properties of z — R, imply that 2 — R,/ ,R./x42,) is a
B ((H* (R™)", (H***(R™))")-valued holomorphic function in z € C\ [0, +oc0); by
(2.11), we have
A+p

" Y div(R.,R. ,
ot 2 Y AV (el oz

1 .
(2.23) ;V div (R./py — R.j(as2p) =

and (2.6) rephrases as

1 A
2.24 K.=-R,,— —~ "
(2.24) po T (N 2u)

The mapping properties of z — K, then follows from (2.24) by using the charac-
terization of z = R, and z — R/, R./(x42,) recalled above. Using twice (2.12) we
have

Vdiv (ReyuRejoniam) -

||V div (RZ/MRZ/()\""QH)) ||HS(R"),HS+t+h*2(]R")
1 1

2.25 < Jthel0,2],
( ) = J1-t/2 (27 [07 —|—OO)) di—h/2 (Z, [07 +OO)) [ ]
and choosing h = 2, follows
(2.26)
[V div (Re Rz j(nezm) ||Hs(1Rn),Hs+t(Rn) < W,[Oﬂroo)) ’ t€0,2].

Then, the estimates (2.20) follow from (2.24) by using (2.12) and (2.26).
2. Let zq, 21, 22 € C\ [0, +00); using twice (2.11) we have

(2.27) R, —R., =R, ((z0— 21) Ry — (20 — 22) R,) .
By (2.19), the r.h.s. continuously extends both to the limits zj_12 — w? &40 as
aB ((Hf7 (R”))n, (Htf,74 (R"))n)—valued map, for n > 1/2. Hence, the function
z — Vdiv (RZ/M - Rz/(A+2u)) is continuous in C\ [0, +00) up to z — w? £ 40 with
values in B ((H}; (R"))n,(Htj}Q (R”))n) From (2.6), the limits (2.21) exist in
B ((H}; (R™)™, (H? (R"))n) Finally, the limits (2.22) follows from
(2.28) (—Lo—2z)K.u=u, ue(H(R)".

O
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The Green kernels of the limiting operators RfZ, expressed by the limits

(2.29) %, = lim @24,

e—0*+
are radiating solutions of the Helmholtz equation in R™\ {0}, i.e. these satisfy the
radiation conditions

(2.30) lim r("—1/2 (0, Fik) @fz () =0, r=]lz|

r—0

From (2.21), the corresponding limit kernels of le; are given by
1 1 .
(2.31) I =@+ 5V div (o2 — 0f2) .

where we recall that respectively k, and &y denote the compressional and shear
wavenumbers depending on w. Following [26], these are solutions of the Lamé sta-
tionary equation

(Lo — w?) ng =0 in R™\ {0} and, for w # 0, fulfill the Kupradze radiation condi-
tions

(2.32) lim "D/ (9, F i k) Vv =0,
r—

(2.33) lim r(n D29, Fik) Vx VxIE =0.
r—

2.2. Outgoing Green’s tensor in 2D. We recall some known properties of the
integral kernels ®, and I', for n = 2; more details can be found in [26], [17] and
references therein. If n = 2, the integral kernel of R, is given by

(2.34) o (x—y)=+H" Clo—yl), =2=¢, (ecCt,

where C* := {¢ :Im( > 0}, H(gl) is the Henkel function of the first kind and of
order zero. By (2.8) and (2.34), the C> (R*?)-valued map z — I'; (z), introduced
in (2.8), is holomorphic in z € C\ [0, +00) and continuously extends to the limits
z — w? £i0, w € R; in particular, by [17, eq. (11)], the limit

Io(2) = lim T (2)

1 A+ 3u 1 0 A4 i 1 2 xrixe
2.35) = —|-————1 1
(2:35) 4 l (A +2p) e (0 1) T a2 |z|? (931172 73
holds pointwise in R?\ {0}. From (2.35) we get

~ Infz| (A +3p)

. de r)) =
(2.36) t (Lo (z)) (e Ot 200))°

(A4 1) = (+ 3) In o) .

. . — . . 2dp . .
Hence the inverse matrix I'y ! () exists in R?\ {O, |z| = ex+ae } where it writes as

_ drp (A + 2p)
Tyt (z) =
O N WFRE T O Wiy pure P Y I
A+ 3p) Injz| — 22 (A + 122 () 4
(2.37) ( M) | | [z ( /”L) |z ( :;)
A+ p) Infaz| (A +3p) — 2 (A +p)

It follows
(2.38) |Fal (x)|R212 =0 (1/In]z|) , asz — 0.
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Let
(2.39) P (2) =T, () = Ty (a)
and define the function z — ¥, as
(2.40) x:Io i=lim, 0T, (), 2 €C\[0,+00) ;
by [17, Lemma 2.1] it results
Xz = Xz(A 1)
(241) = —F |8 (0 E + 0 —i3) + sy — 5 (B + 23]

where C' is the Euler constant and /z is defined with Im+/z > 0. From (2.41) we
get

(2.42) 0 (@) (@)

=0({1/Infz]), asz—0.

R2.2

By (2.38)-(2.42) we get

Iyt (@)L (y)

I3 (@) (To () + L2 (v)

L+O0(Q1/Injz]), asz—0ifz=y,
(2.43) =
O(1/Inlz|) , asx — 0ifx £y,

holding in the R?2-norm sense.

2.3. Outgoing Green’s tensor in 3D. If n = 3, the integral kernel of R, is
explicitly given by
(2.44) 0. (w—y) =

etClz—yl
dm|z—y|
By (2.8) and (2.44), the C*° (R%3)-valued map 2z — I'; (z) is holomorphic in z €
C\ [0, 4+00) and continuously extends to the limits z — w £ 40, w € R; by ([17, eq.
48]), the limit

z=(2, CeCt.

. A3 b Ad+p zjme
24 r ., = lim (T =
(245) (o (#));., zl—>0( = (@) 8mp (A +2p) |z 8mp (N +2p) |z

holds pointwise in R3\ {0}. Since

8 (A2 3 2(A43p)% (A2 6 .
(2.46)  det (M%;W'ro (x)):WM >0, inR* {0},

the inverse tensor I'y ! (z) exists; by a direct computaion we obtain

(247) (05" (@), = S22 (200+20) () 2l 650 — A+ ) e

it =zl

where

GO =

T (A3 (M)

It follows
(2.48) 5! (2)]gss = O(l2]),  asz—0.
As before we denote
(2.49) T, () :=T, () =Ty (x) ,
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and define the function z — x, as
(2'50) Xz 13 := hm|r\—>0 1:‘z (.’IJ) ) S C\ [07 +OO) 5
by ([17, eq. 49]) results

22+ 5u
12mp (A + 2p)

where /z is defined with Im +/z > 0, and from (2.48) we get

(2.51) X:Is =ivz 35

(2.52) ot ()T, () s = 02D, asz—0.
It follows
'@ @) = I3 @) (To) + L. ()
I+ O (|z]) asrz—0ifz =y,
(2.53) -
O (|z|) , asx —0if z £y,

holding in the R33-norm sense.

3. Elastic scattering by a collection of point-like obstacles. In this section
we consider the time-harmonic elastic scattering by N point-like scatterers located
at y®) k=1,--- /N in R" (n = 2,3). The set of these point-like scatterers will be
denoted by Y := {y(k) :k=1,---, N}. Physically, such small obstacles are related
to highly concentrated inhomogeneous elastic medium (i.e. the mass density in our
case) with sufficiently small diameters compared to the wave-length of incidence.
In other words we shall suppose that

Q=Ur_, Dk, plpy~ (diam(Dy))™" and  Zdiam(Dy) <1, k=1,---,N.
Note that the wave-length for compressional and shear waves are defined via

- 2T 21 - 2

27
=—VA+2 Ag 1= — = —
kp, w A A k, w\/ﬁ

respectively. From the mathematical point of view, the presence of these point-like
obstacles corresponds to a Delta-like perturbation of the density function

(3.1) Ap

(3.2) plx) — 1=~ Z ar 8(z —y ™),
k=1

where ay, € C is the scattering strength (coupling constant) attached to the scatter
located at y*). We write a = (a1,a2, - ,ay) € CYN and denote by Iy the identity
matrix in CNV*NV,

3.1. Foldy approach. A formal solution to the scattering problem (1.2),(1.3) and
(3.2) is given by

(3.3)
) N
u(m):uzn(x)_’_ Zamrwz(x7y(M))u(y(m))7 x#y(m)7 m:1727 7N7
m=1

where T' 2 (z,y) is the fundamental tensor of the Lamé operator. To determine the
value of u at y*) on the right hand side of (3.3), the Foldy approach, originated
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in acoustic scattering from many particles [12, 35, 29], suggests solving the linear
algebraic system

N
(3.4) u(y(k)) - uin(y(k)) + Z am Lo (y(k)’ y(m)) u(y(m)), k=1,2,---,N.
m=1m+#k

In fact, the Foldy system (3.4) follows from taking the limits 2 — y*) in (3.3) and
removing the singular term (i.e., when m = k) in the sum. It has been shown in [g]
that the algebraic system is uniquely solvable except for a discrete set of frequencies
and some particular distribution of the point set Y. Inserting the solution of (3.4)
into (3.3) we obtain an explicit representation of the solution of our scattering
problem in the form of

N
(3.5) u(z) = u™ + Z T2 (x,y™) M2k u'™ (y™),
m,k=1

where [H;zl]mk denotes the (m, k)-th entry of the inverse of the block-matrix II,
given by

I, —ag T2 (yM y@y oo —an T2y, yN)

- —a1 T2 (y@, yV) I, o —an T2 (y@,y™)
w2 :: . .

—an Fw2(y(N),y(1)) —ay pr(y@)’y(N)) 1,

A rigorous justification of the Foldy system (3.5) was carried out in [17] by applying
the renormalization techniques arising from quantum mechanics for describing the
point interaction of finitely many particles. Let € > 0 be a truncation parameter
for constructing cut-off functions (see [17, Section B]) and replace the scattering
coefficients ay by parameter dependent functions ag(€) that decay in a suitable way
as € — 0. Then one can show via Weinstein-Aronszajn determinant formula that the
resolvent of the a family of e-dependent delta perturbations of the Lamé operator
converges in Agmon’s weighted spaces. The resolvent of the limiting operator leads
to the same expression of u as in (3.5) with

ak:bkf)(va bkEC7 kil,"',N,

where x,2 € C are the dimension-dependent constants given by (2.41) and (2.51)
with 2 = w?. In [17], the coefficient by was viewed as the scattering coefficient
attached to the k-th scatterer, since it characterizes the scattering density concen-
trated at y(*). These quantities correspond to the normalizing constants introduced
in [17, relations (12) and (49)].

3.2. Point-interaction of the Lamé operator. In Section 3.1, we described
the Foldy formal method and its justification using the renormalization techniques.
Although this method is straighforward, it applies only for isotropic and local point-
interactions. In this section, we describe another method that can handle more
general models including non-local and anisotropic point-interactions. For this, the
scattering effect due to the presence of point-like obstacles is modeled as elastic
point interactions. Within this model, the scattering problem will be regarded as
singular perturbations supported on points.
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We next consider a collection of N points Y = {y(k)};v:l C R™; by the Sobolev
imbedding H?, (R™) < C* holding for n < 3, n € R, the auxiliary map

(3.6) ~: (Hg (R"))n —CmN (Yu) = uj (y(k)) ,ji=1,.n, k=1,..N,

is continuous and surjective. Let ¢ € (H2 (R"))" and X € C™; using the Sobolev

duality H%,ng (see (2.9)-(2.10)) we have

(3.7) Y 0 () Xk = (90, X)enw = (07" X) (200" (=2 )"
k=1,..N
j=1,.n

Denoting with H_?, (R") C H_? (R") the set of distributions in H_? (R") having
support on Y, the above identity yields
(3.8)

x n - " * N ;
veB (e (B2, ®M)) (7 X) (@), = D Xk (w = y®) |
i,e.: ran(y*) is formed by H~?2 vector-valued delta distributions supported on Y.
The singular perturbations of Ly supported on Y are defined by the selfadjoint

extensions of the symmetric restriction Lo | ker (7). These models are next defined
following the approach developped in [28].

Lemma 3.1. Let
(3.9) G, =K. v*, z € C\[0,400) .

1. The map z — G,, z € C\[0,+00), is analytic B ((C"’N, (Lf] (R"))n) -valued
for all n € R and, for n > 1/2, continuosly extends to

(3.10) GE :=lim._,o+ G.xie € B(C™N, (L2, (R™)"),  n>1/2.

2. There exists ¢ > 0 (possibly depending on z and n) such that for all X €
C™N\ {0} results

(3.11) ||GZX||(L37(]Rn))" >cl|X|lgny , mER.

3. For z,zp € C\ [0,+00) and X > 0 the identities
(3.12) G, — Gy = (20— 2)K,,G., G -G =(20—NK,GY,

hold and

(3.13) (G-~ G.,) €B(CN, (H2(R™)"), neR,
(3.14) (GF — G=) € B(CHY, (12, (RY)") | 5 >1/2.

4. For X € CN it results
(3.15) (C:X), () = S X5y (T (v =), X

N n

(3.16) (@2X), (@) = DL (02 (2 =o)X

where I', denotes the resolvent Green kernels for the Lamé operator. Moreover,
the outgoing/ingoing Kupradze radiation condition (2.32)/(2.53) hold for sz.

Proof. 1. The first point follows from (3.8) and Theorem 2.1.
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2. By the surjectivity of the trace v, G} = vK; is surjective; hence by the closed
range theorem G, has closed range and (3.11) follows from [22, Theorem
VI.5.2].

3. (3.12) and (3.13) follows from the first resolvent identity

(3.17) K=K + (20 — 2) KK, z, 29 € C\ [0, +00) ,

and the mapping properties of ..
4. Let X € C™N; by (3.8), (3.9) we get

(@), @) = (KL X8 (- —y™)), @)

= L)L (0 (2= u™)), X
(GEX),(2) = (KL X0 (-—9™)) @)

= Tpn X (1 (e -u?)), X

Finally, the outgoing/ingoing Kupradze radiation condition follows from (3.15)
and (2.32)-(2.33).
O

For z € C\ [0, +00) it results (see [28, eq. (2.15)])
dom ((Lo [ ker (7))*) = {u € (L2(R)" , u=1up+G.X,
(3.18) uo € (H2 (R")", X e C™N],
(3.19) (Lo ker (7))* — ) u = (Lo — 2)ug .

This representation holds for any z € C\ [0, 4+00) and the decomposition provided
in (3.18) is unique. The action of G, on C™ provides a representation of the defect
spaces ker ((Lo | ker (7))" — z). Namely

(3.20) ker ((Lo | ker ()" — z) =ran(G.) .

Assumption 3.2. We assume Zp C C open and A, € B ((C"’N) to be such that:
C\R C Z, CC\[0,+00) and

(3.21) i) AL = Az i) Ay — A, = (z —w) Ay (Gg)" GLA,, z € Zy.
Following [28, Theorem 2.4] we have:

Theorem 3.3. Let A :={A,, z € Zp} be a family of B ((C"’N) maps fulfilling the
conditions (3.21). Then

(3.22) K2 =K.+ G.A. (G2)", z€ Zy,
is the resolvent of a selfadjoint extension Ly of Lo | ker (7).
For each z € Zy, the identity (3.22) yields
(3.23) dom (Ly) = {u =wug+ G, A yug, ug € (H2 (R”))n} .
Since Ly C (Lo | ker (7)), we identify: Ly := (Lo | ker (7))" | dom (L4); hence
(3.24) Lau=(—pA—(A+p)Vdiv)y in R"\Y
and from (3.20) follows
(3.25)  Lau= Loug — 2G A yug, u=uy+ G, A yug, ug € (H2 (R"))n )
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3.2.1. Boundary conditions models. For § € B (C"’N) we introduce
(3.26) A (0):=O0+~(G1—G) ",

Lemma 3.4. Let A, (0) be given by (5.26) with 0 € B (C™") selfadjoint. Then
there exists a (possibliy empty) discrete set Syy C R_ such that z — A, (0) de-
fines an analytic family of B (C™N)-tensors in C\ {[0,400) U Sr@g)}. For each
z € C\ {[0,+00) U Sx(p) } the Assumption 3.2 holds. The limits

AL, (6) := lim Agep; (0
w2 (0) = lim Ageye (0)

exist in B ((C”’N) for a.a. w > 0, with the possible exception of a discrete subset
and coincide with

(3.27) AL (0)= (047 (G —G5) 7.

Proof. Let us consider the direct mapping: (A ()" := (6 +~(G_1 — G.)); from
(i) — (iii) of Lemma 3.1 it follows (A, (6))”" € B (C™N) and ((AZ (0))71> =
(A= ()" By

(3.28) (viaon 7 x) = (@s0) ' vx)

Cn,N

we have ker (Az (0)) ' = (ran ((AZ (0))71))L; from (3.11) it follows

(3.29) ’<X (As (0)7" X> > ‘Im <X, (A= (6)) " X>CM’ .

Since 6 and vG_; are selfadjoints, it results

(Cn,N’

(3.30) Im <X, (A (0))7" X>CW,N = —Im (X, 7G:X) v
and, using (3.9) and (3.12), we obtain

B 1

. <X’ (A. ()" X> = 5 (06X, X)conw = (X,7G=X) o)

1

5 (X7 (Ge =) X = = (Im2) (X,7:G. X ) g
=~ (Im2) |G X [Py -

It follows

]<X, (A (9))_1X>CH,N’ > [Im 2] G X [Py > clmz] [ X|enn -

Then, ker (Az ()" = {0} and (A ()" is bijective in C\R: this allows us to
define A () € B (C™) for each z € C\R; since z — (A, ()" is analytic (tensor-
valued) in C\ [0, +00), by the properties of analytic functions in finite dimensional
spaces the inverse tensor-valued map z — (A, ()) is analytic in C\R and extends
to a meromorphic function in C\ [0, +00). Furthermore, it continuously extends to
the limits z — w? &40 for a.a. w > 0 and from

In><N - ( lim AwQ:tis (9)> (9 + Y (G,1 - Gf2>)

e—0t

(3.31)

0+ (6-1-65)) (i, Arsic 0))
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the identity (3.27) follows. Let z € C\ {[0,+00) U Sy (g)}; from the relation

(O +7(Go1 = Gz)) = (0 +7(G-1 = G2))
we have
(332)  A:(B)=(0+7(Ga—G2) T = ((047(Ga—Go)) = A2 (0).
Finally, from (3.12) follows
(333) (047(Go1—Gu))=(0+7(G-1—G2)) =7(G: — Gu) = (w —2) GG,
which implies
(3.34) Ap (0) — A, (0) = (2 —w) Ay (0) GEGA (0) .

0

The construction of Theorem 3.3 is next implemented with the family of tensors
given in (3.26).

Lemma 3.5. Let A, (0) be given by (3.26) with 6 € B(C™") selfadjoint. For
z € C\ {[0,+00) U Sx(p) }, the domain (5.23) rephrases as
(3.35)

dom (LA(g)) = {u =ug+G_1X, up € (H2 (R"))n , X eCY i yug = HX} .
Proof. By (3.23), u € dom (LA(g)) implies: u = ug + G, A, yug, with
up € (H? (R™))". By (3.13) we have
u=1ty+ G_1A, (0) yuo, o =ug — (G-1 — G,) A, (0)yup € (H2 (R”))n ,
with
Yo = yuo —v(Go1— Gz)As (0) yuo
= qug + OA, (0) yuo — (A, (0)) " AL () yuo = OA. (0) yuo -

Setting X = A, (6) yuo, we get: yap = 6X. Hence u belongs to the set (3.35).
Let u = ug + G_1X , be defined with ug € (H? (R"))" and X € C*" such that:
yug = 0X. Then

(3.36) u=1o+G. X, Go=u+(G_1—G,)X e (H>R))".

Setting: X = (A, ()" X we get u = g + G_1A, () X with

(337) X = (A2 (0)) ' X = 0X+7(G-1— G2) X =yuo+7(G_1 — G2) X = iig .
O

With the notation introduced in Section 2.2 and Section 2.3, T', (z —y) de-
notes the resolvent Green kernel for the Lamé operator and T'y (z — y) its z — 0
limit: these are C™"-valued tensor fields and, according to (2.37) and (2.47),
the inverse matrix I'y ! (z) pointwise exists for z # 0. Let us define the maps
Tj=1,2 : dom ((Lg | ker (v))") — C™V

(3.38) (Tlu)jyk = lim >, (Fal (m - y(k)))m ug (z)

z—y k)

(339)  (rou),,,:= lim <uj (z) - 3", (ro (xy<k>))ﬂ(ﬁu)m>

’ z—y k) 4
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for all j = 1,.n, k = 1,..N. Let us remark that 7j_» extend to (H} (R™))"
functions for any 7 € R. These maps allows to represent the operator’s domain in
terms of boundary conditions. For z € C\ [0, +00) we introduce Z, € B (C™)

(340) (B2 X); 0= Smr sk (1"2 (y(m _ ym) X)M . XeCnN,

Proposition 1. Let A, (0) be given by (3.26) with 6 € B (C™Y) selfadjoint. The
domain (3.23) rephrases as
(3.41)

dom (LA((;)) = {u € dom ((LO | ker (’y))*) cmu = (BE_1 4+ 0+ x—1 Ian)ﬁu} ,

where 2_1 and x_1 are defined by (3.40) and (2.41), (2.51) for z = —1 .

Proof. From (2.38) and (2.48), it follows

(3.42) miug =0, wu€ (H2(R")", neR.
Moreover
(TlGZX)j’k
= lim Z?:l (Fal (.’17 — y(k))) (chv;_lzﬁ’—l (Fz (fL‘ — y(k/))) X]' k’)
rz—y ) 7.l J 2,5 ’

— lim 25212?/:1 (Z?—l (Fal (x - y(k)))j ) (rz (x — y(k/)))é ) X g

z—y ) , J

(3.43)
= lim Yo _ >0, (1“51 (x - y(’“)) r. (x - yW))) Xk

z—y*) 3,3’

From (2.43) and (2.53) we obtain

(rG.X),, = lim Y0, (Fo—l (m - y(k)) r. (x - y(k))> X

z—y ) J:d

(3.44) + lim Zﬁzlz?,zl (Fal (x - y(k)) I, (a: - y(k/))) C Xjw =Xk
z—y k) k' #£k 7,3’

It follows

(3.45) 711G, =L,«nN, z € C\ [0, 400) .

Let u € dom ((Lo [ ker (7))); by (3.18) there exist ug € (H? (R"))" and X € C*N
such that: u = wug+ G_1X. By (3.42) and (3.45) we have

(3.46) m(u+GaX)=X, we(H2RY))", XeC™N, neR.
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By (3.39), (3.15),and (3.46) we have
(2 (uo + G-1X)); 4,

= ), )+t (S (P (=) o)

z—yF)

(s (o), )

= (uo); (yr) + ng;iﬂzl (Fq (y(k) - y(k/))) ,eXz,kf

- n _ @) _y®
(3.47) + lim S (Do (2 -y ®) —To (e =9 ®)) | X
By (2.39)-(2.41) and (2.49)-(2.51) we have
(3.48) Sy lim Ty () ) Xop = x-1 X5k,
|z|—0 .0

where x_ is given by (2.41) and (2.51) for z = —1. From (3.40) we have
(3.49)

= ,€B ((CN,n) , (E—l X)j,k — leg\{=1, Ktk (F—l (y(k) _ y(k’)) X)
Using (3.48)-(3.49) allows to rephrase (3.47) as
(3.50) T2 (uo+ G X) =quo+ (Eo1+x-1) X,  wo € (H2(R™)",

for all X € C™V, n € R. In view of (3.18), Lemma 3.5, (3.46) and (3.50), the
domain (3.23) identifies with (3.41). O

ik

3.2.2. The diffusion problem. For A (f) given by (3.26) with 6 € B (C™) selfad-
joint, we introduce an extended operator .EA(Q) : dom (.Z/A(g)) — L%n (R?’) defined
for n > 1/2 and z € C\R by
(3.51)
dom(iA(g)) = {u S (1742,77 (Rn))n yu=1ug+ G A, (9) Yuo, Up € (Hzn (Rn))n} ’
Lygu= (—pA - (A +p)Vdivju,  inRMNY

This model can be characterized in terms of the boundary conditions introduced
in Proposition 1.

Lemma 3.6. Let A, () and i/A(g) be defined according to (3.26) and (3.51) with 6 €
B ((C”’N) selfadjoint. Then, for each k such that the limits (3.27) exist, dom ([N/A(g))

admits the representations
dom (EA(Q)) = {u € (L2—n (R"))n ,u = ug + G;Af2 (0) yuo, up € (Hin (R"))n} ,
and the boundary conditions hold
(3.52) Tu=(E_1+ 0+ x_1)Tu, u € dom (f,A((,)) .
Proof. By (3.12)-(3.13), u = uo + G, A, (0) yuo identifies with
u=1io+G5A. (0)yuo,  dio =wuo+ (W —2) KLG.AL (0)yuo € (H2, (R™))" .
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Using (3.21) we get
(3:53) A (0)yuo = A% (8) (1+ (w? = 2) (GT)" G=A- (9)) yuo = A%, (6) vito,
from which it follows

u=1io+G5AE, (0) G, o =uo+ (w? —2) KELG.A, (0)yuo € (H2, (R™))" .
This shows that
dom (Lawy) € {u e (L2, (RM)", u=uo+ GEAZ () u0, wo € (H, (R")"} .

Using again (3.12)-(3.13) and (3.21) a similar argument leads to the opposite inclu-
sion. Proceeding as in Lemma 3.5, we get

dom (EA(Q)) = {’LL =ug+G_1X, ug € (HETI (R”))" , X € cmN L yup = HX} )
and the boundary conditions (3.52) follows from (3.46) and (3.50). O

For w > 0 such that the limits (3.27) exist, the generalized eigenfunctions of
energy w? are the solutions of the problem

(3.54) (ZA(@) — w2> u=0, u € dom (EA(g)) .

Lemma 3.7. For w > 0 such that the limits (3.27) exist, the solutions of (3.54)
express as

(3.55) U = ug + GfrzAfQ (0) yuo ,
where uy € (Hi7 (R”))n is a generalized eigenfunction of Lg.

Proof. Let u € (Hzn (R”))n be a generalized eigenfunction of Ly, and define u
according to (3.55). Then, by (3.51), we get
(3.56)

(f)A(Q) - w2> (uo + GjQAfg (0) yuo) = — (A + (A + ) Vdiv+w?) ug = 0.

Let u¢ denote the scattered wave corresponding to an incoming wave u'" :=
ug € (HZ7 (R”))n (a generalized eigenfunction of Ly); we have: u = u'™ + u®® €

dom (i A(@)) and by (3.52), u*¢ solves the boundary condition problem

(A + A+ p) Vdiv+w?)u® =0, inR"\Y
(3.57) . ‘
7o (W +u™) = (E_1 + 60+ x_1) 71 (w4 u™)
and fulfills the Kupradze outgoing radiation conditions (1.3). By (4)-Lemma 3.1
and Lemma 3.7, this problem admits the unique solution

(3.58) u* = GHAL, (0)yu™

Remark 1. The construction presented above provides a large class of point pertur-
bation models, including anisotropic and non-local interactions. From the physical
point of view, anisotropy refers to different scattering properties depending on the
direction, while non-locality refers to a coupling between different point scatterers.
While the applications considered in this work focus on isotropic local perturba-
tions, it is worth noticing that the scattering theory presented here holds in a much
more general framework.
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3.2.3. Modelling local isotropic point perturbations. Let us start with a characteriza-
tion of the class of models we are interested in. The notion of isotropy corresponds
to the fact that the effect of the perturbation is independent from the direction,
while locality excludes the possible couplings between the points. These properties
and the domain representation in (3.41) motivate the next definition.

Definition 3.8. Let 6 € B (C™") be selfadjoint and let {e; .} denote the standard
basis in C»". Let Z_; and x_; be defined by (3.40), (2.41) and (2.51) for z =
—1. We say that the operator Ly ), with A, (0) given in (3.26), is an isotropic
perturbation when
(3.59)

ek, (0 +E 1+ x-1Luxn) (€0 ) env = (€, (0 FE1 4+ X1 Lnxn) (€50 1)) cnuw
for all j,5/ =1,..n and k, k' = 1,..N . The perturbation is local if
(3.60)

(e, (0 +Z_1 4+ x-1Luxn) (€5 1)) onn =0, V7 =1,.nand k#k .

As an example, consider a € RM" and define o € B (C”’N) as

(3.61) a(M):=Ma, M e CmN.
The operator 6 (o) == a—=2_1 — x—1I,xn € B ((CN’”) is selfadjoint. This choice
enters in the scheme of the Proposition 1 and a corresponding perturbed Lamé
operator Ly (g(a)) is defined with the boundary conditions (3.23). It is easy to see in
this framework that the scalar products in (3.59) are independent from the direction.
Indeed, we have
(3.62) {ejr, (0 () +E-1+ x-1Tnxn) (€jn)) v = {5k, (€5 1)) cniny = ik
for all j = 1,..n. Hence the perturbation Ljg(a)) is isotropic. The condition of
locality is satisfied when

(ejr, (0 (a) + E-1 +x—1Laxn) (€5 5 ) gy = (€jks @ (ejr k) gnon = Gjjraprr, = 0,
for all k& # k', which corresponds to the choice of a diagonal a. We resume these
properties in the following lemma.
Lemma 3.9. Let a € RY and define o € B ((C"’N) as

aq
(3.63) a(M):=M cCmiN | M e CmV,
ay

The perturbation Lo := La(6(a)), defined by 0 (o) := a—E_1—x_1L,xn, is isotropic

and local.

In what follows, we consider an isotropic and local perturbation L, with o €
B (C™") selfadjoint given by (3.63). The boundary conditions in (see Proposition
1) are

(3.64) Tu= a(ru), u € dom ((Lo | ker (7))") ,
and componentwise reads as
(3.65) (T2u) ;= o (1) j=1,.m, k=1,.N.

With the notation introduced in Proposition 1, we define
(3.66) A = (a—Z 1 —x_1Lixn +7(G_1 = G.) .
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Setting

(3.67) dom (La) = {u € dom ((Lo | ker (7))") : mu = a (i)} ,
and using the construction of Theorem 3.3 and Proposition 1, we have
(3.68) Lo = (Lo [ ker (7))* [ dom (L) .

Rephrasing in this framework the result of the previous sections, by Lemma 3.4
the limit maps Ag’f € B(C™Y) exist for w? € (0,+00)\S, where S, C (0,400)
is a discrete subset. Under this condition, the stationary diffusion problem of an
incoming wave u'™ reads as

(LA + (A4 p) Vdiv4w?) u© =0, in R"\'Y
(3.69) 72 (U +u'™) = ar (u¥ +u)
The outgoing radiation conditions in (1.3) hold.

Lemma 3.10. Let a € B(CN™) be defined by (3.63), w? € (0,400)\Ss and
u't € (HE77 (R"))n be a generalized eigenfunction of energy w? of Lo. The unique
solution of (3.69) is given by

(), (z) = izﬁ:@a (g; - y<k)) (A% yu™), , (@)
(3.70)
S0 (s (0 (v - u™) =0, (29 ®)) (A7), (@)

Proof. The representation (3.70) follows from (3.58) by taking into account (2.21)
and (3.15). O

Remark 2. From the identity
Yy (G_l - GZ) = ili% (F_l (1‘) - Fz (.T)) In + E_l — Ez
= ilino (T-1 (@) = To () I — ;13%] (T2 (@) =T (2) Iy + 50 — B2,

and the limits (2.41), (2.51), follows

(371) ’7(071 _Gz) :XflInXN_XzInXN"'_Efl _Ez-
Then (3.66) rephrases as
(3.72) A2 = (a—x: Ly —E) 7",

and the corresponding limits Az’z+ corresponds to the inverse of

( 52)_1 = (a — X2 Lnx N — Euﬂ)

(@1 —xor)In Do (y® = y@) oo T (0 — y®)
T2 (y® —yW as — Xuz) I coo =T (Y& —y(N)
rgy = | @V et d )

The representation (3.73) is consistent with the ones provided in [17, Sec. II and
ITI] for isotropic point perturbations models using the regularization approach.
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4. Elastic scattering by point-like and extended obstacles. In this section,
we consider the scattering of elastic incident waves from a multi-scale scatterer
Q = DUY, where D is an extended obstacle and Y := {y\) : j =1,2,--- N} C
R™\ D represents a set of finitely many point-like elastic scatterers. For simplicity we
assume that the extended scatterer D is a rigid elastic body. However, our augments
can be easily adpted to other penetrable or impenetrable extended scatterers.

In what follows we focus on the case where € is formed by point scatterer
and an extended sound-soft (i.e. Dirichlet) obstacle. We will next denote with
u(z) = u™(z) +uc(z) the total field corresponding to the multiple scattering of an
incident wave ©*™ on the point scatterers in Y and the Dirichlet extended obstacle
D, while up = u™ + u$s € (HL.(R™\Q))" is the total field in the absence of the
point obstacles, i.e.: uj5 is the unique Kupradze outgoing radiation-solution to the
boundary value problem

(4.1) (A" +w?)ujs =0 in R™\D, uls = —u™ on OD.

The fundamental solution for the Navier equation in R™\ D with Dirichlet boundary
condition on 9D, next denoted with I'p(z,y), is a C™" tensor field defined by:
Ip(x,y) = I'S(z,y) + Tw2(z,y) where T'y2(z,y) (y € R™\D) is the free space
Green'’s tensor to the Navier equation, while I'5§(x, y) is the unique solution to
(42) (A* + WQ) F%C(ay) =0 in Rn\ﬁa FSDC(7y) = _sz('7y) on 0D.

Motivated by the “impedance”’-type boundary condition (3.69) for modelling local
and isotropic point perturbations established in Section 3.2, we assume that the
boundary conditions (3.65) hold for the total field, i.e.

(4.3) (Tow)j ik = (M) j K0k acCVN, j=1,.n, k=1,.N.

According to the definition of the mappings 7y—1 2 (see (3.38) and (3.39)) we have
the following asymptotic behavior
(4.4)

ui(x) =351 (Fo(x,y(k)))jj/ (rru)jr g + (row)jn + Oz —y® ) as & — y*.

P

Let a = (a1,az,-+ ,ay) € CV and define as before a € B ((C”’N) according to
(3.63); to describe the solution of (4.1), (1.3) and (4.3), we introduce the modified
tensor Afj’QD €B (C”’N ), whose inverse is defined by the C™™ matrix-block entries

a,D -1 _ _FD(y(k)vy(k,))v k 7é k/a !
(4.5) (Awg )W =1t - kK =1,.N,

with the constant Y2 given by (2.41) and (2.51) for z = w?. We define the set
-1

(4.6) SP .= {w > 0: det (AgQD) = O} ,

and address the exterior stationary diffusion problem of an incoming wave u*®

(A*+w?uc=0, inR"\Q,

usc = —u", on 0D,

Ty (usc + uzn) =an (usc + uzn) ,
The outgoing radiation conditions in (1.3) hold.

(4.7)

We remark that, when o € R”, this multiscale scattering model can be justified
either using the Foldy’s formal approach, the renormalization technique or the point-
interaction approach, following the same arguments presented in Section 3.2. In
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particular, the solution can be derived as in Lemmas 3.7 and 3.10 by replacing
the Green’s tensor I' > with I'p and by replacing the incident wave u'™ with up,
respectively (see (4.8) below).

Theorem 4.1. Assume that w ¢ SP and Imay, <0 for allk =1,--- | N. Then,
the boundary value problem problem (}.7) admits a unique solution in H} (R3\Q),
which represents as

(4.8)

u(z) = up(z) + k,k/zzl,..NF p(z,y*) (ACY D) o U0 (y(k')> ,  xeRNQ,

where up = u'™ + usS is the total field in the absence of the point-like obstacles and
(Afj’QD)k y is defined as the inverse of the matriz given by (4.5).

The above theorem shows that the scattered field caused by DUY consists of two
parts: one is due to the diffusion by the extended scatterer (i.e., up) and the other
one is a linear combination of the interactions between the point-like obstacles and
the interaction between the point-like obstacles with the extended one (i.e., those
terms appearing in the summation). We next present a more direct proof to check
this point; the result is slightly more general, since we only assume now a sign
condition for Im a.

Proof. We carry out the proof in 3D only, since the 2D case can be treated analo-
gously.

(i) Uniqueness. Assuming u‘™ = 0, we only need to prove that u*¢ = 0. Note
that ©*¢ = 0 on 0D and »*®° fulfills the conditions (4.3) as well as the Kupradze’s
radiation condition.

To prove u®*¢ = 0, we need the analogue of Rellich’s lemma in linear elasticity
(see e.g., [15, Lemma 5.8] and [6]). The Rellich’s lemma for the Helmholtz equation
can be found in [10, Chapter 2], which ensures uniqueness for solutions to exterior
boundary value problems. For a,b € R such that a+b = A+p, define the sesquilinear
form &, and the traction operator T, ; via

3
Eap (U, v) == (a+ p) Z — 4+ b(V-u)(V-v) —acurlu-curlv,
jik=

8
Topu:= (a—i—u)% +bdivuv + av x curlw,

where u = (u1,ug,u3) and v = (v1,v2,v3). In the generalized Betti’s formula (see
[6, 15, 26]), we take a special choice of the parameters a = —p and b = A42p, so that
a+b = A+ p. For notational convenience we write T' = T_,, x4, and & = E_,, 42,
to indicate the dependance of the traction operator 7' and the sesquilinear form &
on these parameters. Choose € > 0 sufficiently small and R > 0 sufficiently large
such that

D C Bg, B.(y®™) c Bp\D, B.(y*)nB.(y*)) =0
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for all k, k' =1,2,--- ,N and k # k’. Applying the generalized Betti’s formula for
u*® to the region Br . = BR\D\{UY,B.(y)}, we find

0= — / (Au®® + w2 u®) use dx
BR,E

= E(u*,use)dx — / Tu®e - us¢ds

BRr,. OBR, e
N
Tu®® - uscds + Z/
OBy ®

@9 = [ &, T de - /

Tu’¢ - uscds,
BR,e |z|=R )

where the normal directions at 0B, (y*)) or Bg, are assumed to point outward.
Here we have used the vanishing of u*¢ on 0D. Next we estimate the integral on
OB (y™) in (4.9) by using the impedance-type boundary condition (4.3). Setting
Cy, = (ru*c), € C3, we derive from (4.4) with u = u*¢ and (2.45) that
A+3 C A+ z—y") @ (x—y®
W) — p L po (z—y™) i v o

8mp(A +2p) |z — y®[ - 8mp(A + 2p) |z —y®[3

4o, C), + 0(1)
as z — y*). Let F(x) = (x ®@x) - Cx/|z|. Straightforward calculations show that

. Ck'i‘ Ok X T
div F(x) = T curl F(x) = PE

where & = z/|x| € S, and that
div (Cy/Jz) = =(Cr - &) /|2[?,  curl (Cy/Jz]) = (Cx x &)/|z[*.
Making use of the previous relations, one deduce that, for x € 8B€(y("’))7

A+ 2p)divu*v = _vlv-G) +0(1),
4re?

v < eudure = G XY o)
dme

as € — 0, where v(z) = (z — y™)/e on OB, (y*)). With these notation we have on
OB (y™) that
A+ 3pu A+ p

O St 2 S 2w
as € — 0. Recall the definition of the traction operator,
Tu*® = (A + 2u)divu® v — pv x curl u’ on 9B (yM).
It then follows that
Tue . T

1 A+ 3p o 1
= g, Ol - 2= e+ 0 (=2
16#263;1'” t i’»277263u(A+2u)|y>< o Ll O

A+3WIC* + A+ p)v-Cpl* @k | o 1
= - - - |Ck‘ +0O| -
3272 (AN + 2u) €3 4me? €

on OB, (y*®) as € — 0. Since Imay < 0, we get via the mean value theorem that

— I
lim Im / Tu*® -ustds | = mo;k |Cil* <0.
e—0 B, (y(*) 4me
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Now, taking the imaginary part of (4.9) and letting e tend to zero yield

Im </|$_R Tu®e(z) - usc(x) ds) <0.

Applying [15, Lemma 5.8] gives u*® = 0, which proves uniqueness.

(i) Existence. The solution (4.8) obviously satisfies the Navier equation in R3\Q
and the Dirichlet boundary condition on dD. Moreover, u*¢ = u — u'™ fulfills the
Kupradze radiation condition, because both uj; and I'p are radiating solutions.
Hence, it suffices to check the Impedance-type boundary condition in (4.3) imposed
ony?, j=1,---,N.

From the definition of 7, and 72 (see (3.38) and (3.39)), it follows

B _ [ o™, 2), if z £ y®),
(r2I'p(x,2))k — ar (T p(x, 2))k = { (xor — ap) In, if 2=y ey,
This leads to

’ ’ - -1
(4.10) (r2T'p(2,y* )k — ak (T (g™ )k = - (AW‘QD)M o Kk=1. N

On the other hand, since up is of C*°-smoothness at ), it holds that

(riup); =0, (r2up); =up(yY).

This together with the expression of @55 := u — up (see the right hand side of (4.8)
) leads to

(r2u); — oy (T1u);
= (nup); — aj(miup); + (T2up); — a;(nup);
—up(?) + SNpos (A7) [0 y®)); = as(rTol,y™),] unly™)
for j =1,---, N. Finally, direct calculations using (4.10) show that
(r2u); — oy (T1u);
) N N - (peD AP -t (k")
=up(y?) ~ Ty [T (A22),,, (A7), | un®)
= up(y?) —up(y?) =0,

which proves the Impedance-type boundary condition in (4.3).

5. Inverse problems. Having established the forward scattering model in Theo-
rem 4.1, we consider in this section the inverse problem of simultaneously recovering
the shape of the extended elastic body D and the location of point-like scatterers
yb) € R™\D, j = 1,2,---, N, in the case of isotropic and local interactions. The
number N of the point-like scatterers is always assumed to be finite but unknown.
The factorization method [23, 24] by Kirsch will be adapted to such a multi-scale
inverse scattering problem by using different type of elastic waves.
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5.1. Factorization method. We consider three inverse problems at a fixed fre-
quency as follows:

(i): Recover the shape 09 of the extended obstacle and the location {y() :
j=1,2,--- N} of point-like scatterers from knowledge of the entire far-field
pattern over all incident and observation directions, that is, {u™(Z,d) : &,d €
Snfl}.

(ii): Recover 9Q and {y) : j = 1,2,--- , N} from P-part of the far-field pattern
over all observation directions excited by incident compressional plane waves
with all incident directions.

(iii): Recover 9Q and {y¥) : j =1,2,--- , N} from S-part of the far-field pattern
over all observation directions excited by incident shear plane waves with all
incident directions.

Evidently, only one type of elastic waves is used in the last two inverse problems,
whereas the entire wave is involved in the first problem. Before stating the fac-
torization method we need to define the far-field operator in linear elasticity. For
g(d) € L2(S" 1), d € S"~1, we have the decomposition g(d) = gs(d) + g,(d) where

o [ dxg(d)xd if n=3;
G R ARCRSS F A s At |

where d+ € S is orthogonal to d. Obviously, g, belongs to the space of transverse
vector fields on S"~! defined as

(5.2) L3S = {gs : SN = C": go(d) - d =0, |gs| € L*(S" 1)}
while g, : S"~! — C" belongs to the space of longitudinal vector fields on S"~1:
LA™ = {gp Lgp(d) x d = 0inR3, g,(d) - d* = 0in R?, |g,| € LQ(SH)}.
For g € L*(S"~1)", introduce the incident fields
vy () = /S (g5 ()™= + gy(d)e™ ] ds(d),
v;?(:r) = /Sni1 [gs(d)eiksx'd] ds(d),
U;Z(x) = /Snil [gp(d)eikpw'd] ds(d).

Definition 5.1. Let vg® be the far-field pattern for the incident wave v;", and let
vgo, (resp. vgS ) be the longitudinal (resp. transversal) far-field pattern for the

incident wave v;’fp (v;f‘p). The far-field operators F, F}, and F are defined by

Fg:=vy, (LX(S"7)" = (L*(S"71)",
Fogs =%, (LIS"T))" — (LI(S"7)",
(Lp(S™= )" = (Lp(s™= )"

—— o0
Fpgp = Vg,p s

Our inverse scattering problems (IP1) and (IP2) can be equivalently stated as
the problems of finding 092 := dD UY from the far-field operators F', F}, and Fj.
The operators F, and F; are related to F' as follows:

F, =1, FII;, F,=IFII,
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where I,: (L2(S"™1))" — (L2(S"1))"( a = p,s) is the orthogonal projector
operator defined by

Hpg(d> = gp(d)v Hsg(d) = gs(d), g€ (LZ(Sn_1>)n'

The adjoint operator IT% : (L2(S"~1))" — (L3(S"1))™ of I, is just the inclusion
operator from (LZ(S"71))"™ to (L?(S"1))™. To state the factorization scheme, for
a € S" ! andy € R" we denote by I'z°, the far-field pattern of the outgoing function
v — Ty2(z,y)a. Its compressional and shear parts will be denoted by I'y%F and
I'3e,?, respectively. Define Fy := [Re F| + [Im F| for F = F, F,, and F, where
ReF:= (F+ F*)/2 and Im F := (F — F*)/(2i).

Given a non-vanishing vector a € S”~! and a sampling point y € R", the far-field
pattern of the radiation function = — T',2(z, y)a is given by

> (i) = e HF B[ x (ax &)+ e P TY(3 - a)d if n=3,
Ayl T TR (g g )2t e Y (5 a)d if n=2,

where 2+ € S"7! is orthogonal to #. By the definition of the projection operators
I1, and II,,

o [ e Ex @ax )] i n=3,
HS[Fa,y('T)] = { e tks@y(a. g L) gt if n=2,
[T, (@) = 7 a)d if n=23

Following [16, 18], one can prove that the function I'p° (2) (resp. II[I'50,(2)],
a = p,s) belongs to the range of Fu (resp. Fox) if and only if y € DUY. By
Picard’s theorem (see, e.g., [24, Theorem 4.8], the set D UY can be characterized
through the eigensystems of the far-field operators F', Fy and F}, as follows.

Theorem 5.2. Suppose that w? is not a Dirichlet eigenvalue of —A* in D, w & S,
and Ima; <0 forallj =1,2,--- ,N. Theny € Q = DUY if and only if one of
the following three criterions holds

0o 0o 9 1
e

P Cn
) « -1
(g8 T[T, ]) 12 (-1 2
(5.4) Wa(y) == l E_l o) >0, a=p,s

where {Cn,gn} (resp. {Cr(la),gfla)} ) is an eigensystem of the operator Fyu (resp.
Foy).

Theorem 5.2 can be proved by combining the arguments of [16] for inverse acous-
tic scattering from multi-scale sound-soft scatterers and [18] where the factorization
method using different type of elastic waves was established for imaging an extended
rigid body (that is, Y = (}). We remark that, based on the solution representation
(4.8), the far-field operators F, F,, F}, can be factorized as follows (cf. [16, 18]):

F=GS*G*, F,=(I,G)S"(II,G)*, a=p,s,

where G and S are modified data-pattern and single layer operators. There is no
essential difficulties in applying the range identity established in [24]. The assump-
tions on the frequency w ensure that the operators F', F and F), are injective with
dense range and also give arise to properties of the middle operator required by the
range identity.
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5.2. Numerical tests in 2D. In this section, we present numerical examples in
two dimensions for testing accuracy and validity of the developed inversion schemes.
In all of our examples, we suppose that D is a kite-shaped extended obstacle; see
Figure 1 below.

F1GURE 1. The kite-shaped extended obstacle.

In our numerical tests, the solutions u}; and I'}§ are generated by means of the
boundary integral equation method and we always set w =8, p=1, A=2, p=1.
For simplicity, we assume that w? is not a Dirichlet eigenvalue of —A* and make
the ansatz for the scattered fields corresponding to the rigid scatterer D in the form

u%@@)zl;rw«mm¢@mmam,

I%W%QZ/ Toa (2, )i (y; 2 a)ds(y),

aD
where u$$(z;d) and T%5(x;2,a) are excited by a plane wave of direction d € S?
and the point source located at z € R?\D with the polarization vector a € S,
respectively. The densities functions (y;d) and ¥(y;z,a) can be solved by an
equivalent boundary integral equation of the first kind. Then, for z = y"™) € Y one
can get the far-field pattern of I'5§(z; z,a) as

% al@y™) :/E);’iksi'y(w(y; y(™ a) - ah)it e Y (G (y; 4™ )3 ds(y).

By (4.8), we get the far-field pattern for scattering of a plane wave from Q@ = DUY
as
N
u(i;d) = uf (#d) + Y Ty (E;y™) [Aj‘j;D] up(yW;d), #,des,

l
m,l=1 s

where IS = (I%,,.I'Se,) € R2*? with e = (0,1), es = (1,0).

Let N (here we set N = 64) incident compressional plane waves u,* = d; exp(ik,z-
dj) or shear plane waves u’" = dj- exp(iksx - d;) be given at equidistantly dis-
tributed directions d; = (cos#;,sinf;) with 6; = 27j/N, j = 1,2,--- , N. Denote
by ug®(#;d;), ug®(Z;d;) the P-part, S-part of the far-field pattern of the scattered
field u*¢ corresponding to {2 and the incident compressional wave, and by u;° (z; dj-),

ul® (& dj-) the counterparts associated with the incident shear wave. The numerical
experiments are performed in the following three cases.
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PP case:: Reconstruct 9D and Y from uy°(d; d;) for N incident compressional
plane waves d; exp(ik,x - d;).

SS case:: Reconstruct 9D and Y from ug®(dy;dy) for N incident shear plane
waves djl exp(iksx - d;).

FF case:: Reconstruct 0D and Y from u™(dy;d;)d; + uoo(dk;djl)dﬁ for N
incident elastic plane waves d; exp(ikpx - d;) + dj- exp(iksx - d;).

The real and imaginary parts of the measured far-field and near-field data are

perturbed by the multiplication of (1 + 6¢) with the noise level §, where £ is an
independent and uniformly distributed random variable generated between -1 and
1. In particular, § = 0 in Examples 1 and 2.
Example 1: (point-scatterers on a line segment) In this example, we compare the
reconstruction results for the kite-shaped extended obstacle together with M = 6
point-like scatterers on the line segment 2 x [—2, 2] in the SS case, PP case and FF
case; see Figures 2 and 3.

(f) FF

FIGURE 2. Reconstruction of the kite-shaped obstacle and 6 point-
like scatterers for Example 1 with different polarization vectors
a = (cosfB,sinfB). We set 8 =01in (a,c,e) and 8 =7/2 in (b,d,f).
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(f) FF

FIGURE 3. Reconstruction of the kite-shaped obstacle and 11
point-like scatterers for Example 1 with different polarization vec-
tors a = (cos B,sin B). a =0 in (a,c,e), B8 =7/2 in (b,d,f).

Here we set a; = 0.1, = 1,--- , M. It can be seen that using the S-part of the

far-field pattern still produces satisfactory reconstruction, but the reconstruction
from P-part of the far-field pattern is less reliable. This is due to the fact that
shorter wave length always gives higher resolution and the wave length of shear
waves is smaller than that of compressional waves, that is, A < Ap; see (3.1). In
our tests we have A\g ~ 0.785 and A; ~ 1.57. In Figure 2, the distance between the
point-like scatterers is I = 0.8, which is close to the shear wave length but is nearly
a half of the compressional wave length. Hence, the point-like scatterers can be
distinguished in the SS case rather than the PP case. However, when [ is decreased
to be 0.4 in Figure 3, using shear waves cannot yield satisfactory reconstructions of
the point-like scatterers; cf. (c) and (d) in Figures 2 and 3. It can also be observed
that using entire elastic waves would give more reliable reconstructions than the PP
and SS cases.
Example 2: (sensitivity to the “impedance” coefficients) In this example, we con-
sider the FF case for reconstructing the same scatterers as in Example 1. We fix
M =6,a=(1,0). The reconstruction results for different values of a; are presented
in Figure 4.

INVERSE PROBLEMS AND IMAGING VoLUME 14, No. 6 (2020), 1025-1056



1054 GUANGHUI HU, ANDREA MANTILE, MOURAD SINI AND TAO YIN

FIGURE 4. Reconstruction of the kite-shaped obstacle and 6 point-
like scatterers for Example 2 with different “impedance” coeflicients
aj,j=1,--- M.

It can be observed that the values of the indicator function around the point-like
scatterers grow as the value of o; decreases, that is, the point-like obstacles are more
visible for small ;. This can be interpreted by the fact that the far-field pattern
is proportional to the inverse of a;; — x where x is a constant given in (2.41); see
the solution form (4.8) and the diagonal terms appearing in the matrix (4.5). The
same phenomenon was observed in the inverse acoustic scattering problems [16].
Example 3: (random distributed point-like scatterers) In this example, we consider
the kite-shaped obstacle and 20 point-like scatterers randomly located in {[—3, —2]U
[2,3]} x [-3,3]. The reconstruction from data with 1% noise are shown in Figure

o.
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(b) B=m/2 (c) B =bm/4

FIGURE 5. Reconstruction of the kite-shaped obstacle and 20
point-like scatterers for Example 3 with different polarization vec-
tors a = (cos 3,sin 3).
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