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DIRECT AND INVERSE ACOUSTIC SCATTERING BY A
COLLECTION OF EXTENDED AND POINT-LIKE SCATTERERS*

GUANGHUI HUT, ANDREA MANTILEf, AND MOURAD SINI$

Abstract. This paper concerns the acoustic scattering by an extended obstacle surrounded by
point-like obstacles. The extended obstacle is supposed to be rigid, while the point-like obstacles are
modeled by point perturbations of the exterior Laplacian. In the first part, we consider the forward
problem. Following two equivalent approaches (the Foldy formal method and the Krein resolvent
method), we show that the scattered field is a sum of two contributions: one is due to the diffusion by
the extended obstacle, and the other arises from the linear combination of the interactions between
the point-like obstacles and the interaction between the point-like obstacles with the extended one.
In the second part, we deal with the inverse problem. It consists in reconstructing both the extended
and point-like scatterers from the corresponding far-field pattern. To solve this problem, we describe
and justify the factorization method of Kirsch. Using this method, we provide several numerical
results and discuss the multiple scattering effect concerning both the interactions between the point-
like obstacles and between these obstacles and the extended one.
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1. Introduction. Let D be a bounded and C?-smooth simply connected set
of R3. We consider the scattering of a time-harmonic acoustic plane wave from the
obstacle D and an inhomogeneous isotropic medium with an index of refraction n =
n(x) > 0in R\ D. It is supposed that the inhomogeneous medium occupies a bounded
domain such that n(z) = 1 for x outside of some sufficiently large ball containing D.
The time-harmonic incident plane waves take the form

u™(x;d) = exp(ik - d),

where x is the wave number corresponding to the background medium and d € S? :=
{z : |z| = 1} denotes the propagation direction, while their evolution in time is
defined by the modulation factor: exp (—iwt). Then the total acoustic fields u satisfy
the reduced time-harmonic acoustic equation

(1.1) Au+r*n(z)u=0 inR*\D,
with the Dirichlet boundary condition

(1.2) u=0 ondD.
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mn

The corresponding scattered fields u*¢ := u —u
feld radiation condition

are required to satisfy the Sommer-

(1.3) lim |z[(Vu* - & —iku®®) =0,

|z|— o0
z

uniformly in all directions & := Tal € S?, leading to the far-field patterns u® (%) given
by the asymptotic behavior

(1.4) w(z, d) = e {um (&,d) + O (i)}

 Ar |z ||

as |z| — co. The function u®(-,-) : S? x §? — C? is called the far-field pattern of u*¢,
and it is well known that it is an analytic function.

In this work, we assume that the inhomogeneous medium in R\ D consists of
a finite number of components whose diameter is much smaller than the incidence
wavelength. Then the interaction between the incident wave and the inhomogeneous
part of the medium can be modeled as a scattering problem with a collection of point-
like obstacles located in Y = {yj}j,v:l, where Y € R*\ D and sup; |y;| < oo. As has
been suggested in [11], this corresponds to introduce a formal delta-like perturbation
of the refraction index

N
(1.5) (n(z) —1) = Zaj K2 8(x — yj)

as a potential term in the definition of the on-shell T-matrix. The resulting model
describes a system of N-point scatterers (see also the definition in [12]) surrounding
an extended obstacle.

There is a large literature dealing with the forward problem for the case where
the extended obstacle is absent. We mention, for instance, the book [23] describing
the corresponding Foldy method. Regarding the inverse problem, which consists in
locating the point-like scatterers and reconstructing the scattering coefficients from
the far-field pattern, we mention the works [10, 13, 14, 21, 22].

The contributions of the present work are twofold. In the first part, we study
the forward problem following two equivalent approaches. As a first approach (sec-
tion 3.1), we use the Foldy’s formal method, introduced in [12], according to which
the scattered field is the sum of two contributions: one is due to the diffusion by
the extended obstacle, 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 through some scattering coefficients g;, 7 =1,...,N. We ob-
tain a closed form of the solution; see (3.10) in section 3.1. To use this formulation, we
need to solve the scattering problem by the extended obstacle only, i.e., in the absence
of the point-like obstacles, and then invert the algebraic system (3.7). To obtain this
closed form we use the Green’s function of the scattering by the extended obstacle. A
slightly different strategy, still following the Foldy formal method, has been developed
in [15, 17]. The authors use only the fundamental solution of the free space and write
the scattered field as a sum of point sources, modeling the scattering by the point-like
obstacles, and the scattered field due to the extended obstacle represented by layer
potentials. The price to pay is that the coefficients and the densities appearing in
this representation are solutions of a coupled system of integral equations instead of
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an algebraic system, as we do here. They propose and justify an iterative method to
solve this system.

As a second approach, we model the point scatterers as (frequency-dependent)
point interactions. In section 3.2, we follow this line and look at the acoustic propaga-
tor as a point perturbation of the one modeling the scattering without the point-like
obstacles. The perturbed operator is obtained as a self-adjoint extension of the sym-
metric operator @) acting as —A on the domain

(1.6) D(Q)={ue H>nH) (R*\D) |u(y;) =0, y; €Y }.

It is well known that these extensions are defined through boundary conditions occur-
ring in the points y; (e.g., in [1]). Using the boundary triples technique (e.g., in [9]),
they can be parametrized by linear operators on CV. In particular, the “local” point
interactions are those defined by using a parameter matrix a@ € CN'V of the form
a = diag (a;), a; € R. The explicit character of the model allows one to obtain a
“Krein-like” formula for the corresponding scattered field due to incident plane waves.
In section 3.2 we show that this is nothing else but the one obtained using the Foldy
method where the scattering coefficients g; are explicitly related to the parameters
a; and the boundary values of the singular sources ®55(y;,y;, k) (i.e., the scattered
fields by the extended obstacle D corresponding to point sources as incident fields)
according to (see Remark 3.6)

. —1
sc 2] .
w7) 5= (B + - o) L =L,

The main interest in using the theory of operator extensions to build our model
of point scatterers stands upon the fact that this approach naturally leads to an
appropriate scattering problem. More precisely, we show that the scattered field
solves the Helmholtz equation in R3\ {D U Y} with a Dirichlet condition on D and
impedance-like boundary conditions on Y, depending on «; (see problem (3.43)).

In the second part of our work, we investigate the inverse scattering problem of
reconstructing both the extended and point-like obstacles from the corresponding far-
field pattern with infinitely many incident directions. Based on the novel boundary
value problem (3.43) for the forward scattering, our aim is to describe and justify the
factorization method. This method was first put forward by Kirsch [18] to reconstruct
extended obstacles from the spectral data of far-field operators. It requires neither
computation of direct solutions nor initial guesses and provides a sufficient and nec-
essary condition for characterizing the shape of the extended obstacle and positions
of the point-like scatterers (see Theorem 4.10). We refer to the monograph [19] and
references therein for a detailed discussion of the various versions of the factorization
method for acoustic scattering from extended impenetrable and penetrable scatter-
ers. Using this method, we provide several numerical results and discuss the multiple
scattering effects reflecting the interactions between the point-like obstacles and also
between these obstacles with the extended one. It is worth noting that our argu-
ments for the direct and inverse problems can be both extended to the case where
the extended scatterer is a sound-hard obstacle, an impedance-type obstacle, or a
penetrable medium; see Remark 4.12(iii).

For references related to the inverse issue we mention the work [16], where a
MUSIC algorithm is used. This algorithm is designed and widely used mainly to
detect point locations of small or point-like scatterers. However, there is no guarantee
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that it provides correct information on the shape of extended scatterers even though
some explanation is provided in [30], for instance.

The paper is organized as follows. In section 2, we briefly recall some of the main
ideas in the modeling of point-like scatterers, namely, the Foldy and the regularization
methods, and suggest a possible link with the theory of the singular perturbations of
the Dirichlet Laplacian in R3: this leads to an alternative approach to the modeling
of point scatterers. In section 3, we study our forward problem following these two
approaches. We first provide the far-field representation using the Foldy method
in section 3.1, and then, in section 3.2, we construct a frequency-dependent point
interaction model leading to our scattering problem. In section 4, we study the inverse
problem and justify the factorization method for our problem, while in section 5 we
test this method numerically.

2. Acoustic scattering by point scatterers. We next introduce the acous-
tic scattering model in the simplest case of point-like obstacles in R3. Different ap-
proaches to this problem have been developed; see [12] and [11]. Suitable assumptions
on the scattering interaction involving point scatterers, and formal computations lead,
in these works, to similar nonperturbative representations of the scattering waves (see
(2.6) and (2.7) below). After briefly recalling the ideas underlying these methods, we
show that both can be rephrased in terms of a frequency-dependent point interaction
model.

2.1. The formal methods. The notion of point scatterer arises from the work
of Foldy [12], where the steady state scattering problem for a scalar wave of a single
frequency & is considered in R?. Assuming the interaction to act only on the spherical
symmetric part of the incident waves (isotropy prescription), the scattered field near
a point scatterer y; behaves as

qu)ﬁ('vyj)a

where " (z,y) is the fundamental solution of the three-dimensional (3D) Helmholtz
equation

2.1 o .
(2.1) (z,y) = e

The total field is represented by summation according to
N

(2.2) u=ug+» A0 (,y),
j=1

where the incident field, ug, is a solution of the problem (A + %) uq (+,x) = 0 in R?.
The external field u; acting on a scatterer y; is then

(2.3) uj = u— A0 y;) =ug+ Yy A0 () .
J'#7

Assuming the coefficient A; to be proportional to the external field u;(y;) at the
scatterer y;, i.e.,

(2.4) Aj = gj (k) u;(y;),
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we derive the following linear algebraic system:

(2.5) wi (y;) = wo+ Y g (8) wyr (yy) @ (y5, y5)-
i'#i

Following [12], (2.2)-(2.4)-(2.5) are referred to as the fundamental equations of the
multiple scattering, while g; (k) is referred to as “scattering coefficient” of the jth
scatterer. These coeflicients are assigned physical data; they can depend both on the
frequency x and on some other scattering parameter (see [12] for this point) and fix
the properties of the scattering interactions. Next, assume ug to describe an incident
plane wave of wave number x propagating in the direction d and scattering on a single
point scatterer located in y. The previous equations read as

(26) U=ug+yg (ﬁ) Uo (y) (I)N('a y) ’ UO(x) = ein d'w.

A physical interpretation of the Foldy coefficients, for the interaction between
classical waves and matter, has been given in [11]. In the acoustic case, the authors
define the interaction through a pointwise perturbation of the refraction index n.
Assuming n(z) = 1+ ad (x — y), for a single point scatterer located in y, a formal
computation yields the following representation of the outgoing scattering waves:

(2'7) Q/Jll (xi ﬁ? d) = elK/ o + T (F;/i a’? A) eZH dy@n (xi y) ’

where 7 depends on the wave number k, the coupling coefficient a, and a cutoff
momentum A (used in the formal regularization of the unperturbed Green’s function)
according to

K2

1/a — k2AN/Am —ik3 /AT

(2.8) 7(Kk,a,A) =

(We refer the reader to the equations (22) and (37) in [11]. See also [5], where this
approach is rigorously justified in the case of the Maxwell system as well). Comparing
(2.7) with (2.6) leads to the equivalence of the two models once the identity g (k) =
7 (Kk,a, ) is assumed for fixed values of the parameters x, a, and A.

2.2. A point interaction model. In operator theory, equations similar to
(2.13) are known to represent the scattering wave functions associated to pointwise
singular perturbations of the 3D Laplacian (we refer the reader to [1] for an exhaustive
presentation of this topic). Consider as an example the case of the self-adjoint one-
point interactions centered in y € R?; these are modeled by a one-parameter family
of operators H,, € R, defined as self-adjoint extensions of the symmetric minimal
Laplacian Hy,

(2.9) D(Hp) ={ue H* (R*) |u(y)=0}, Hou = —Au.

The defect spaces ker (Hj — z), of the adjoint operator H, are related to the Green’s
kernels: G*(x) = e?V?1*=¥l /47 |2 — 3| (here z € C\R, and the square root is fixed with
Im+/z > 0). In particular, a direct computation shows that ker (H§ — z) = l.c. {G*}
(we refer the reader to [1, Chapter I.1.1] for this point), which, according to the
properties of closed symmetric operators (see [27, Chapter X]), results in

(2.10) D (H;) = D(Ho) @ ker (H; — i) @ ker (H; + 1) .
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Then, by (2.10), any v € D (H{) exhibits the asymptotics

C
! + co + 0(1) ,  Cji=12 € (C,

2.11 ~N—
@1) “Y Tl

near y (see also [2, 3, 20]).

The coefficients cj—1,2 can be used to describe the extension H, as a restriction
of Hj to the set of functions satisfying the boundary conditions: ac; = ¢a (for this
point see [20] and the references therein). This yields the representation

(2.12) D (H,)={ue D(H])| (2.13) holds} ,
(2.13)
. ) limg, ., 47 |z — y| u(z)
o lim 47 |z — ylu(z) = lim | w(z) — Vue D (H,) .
Ty Ty 47|z — y

According to the theory of 3D point interactions, H, acts nontrivially only in the s-
wave (i.e., spherically symmetric states in D (H,)), and the related s-wave scattering
length ¢, depends on the parameter o according to o = — (47a) ™" (see equation
(1.4.10) in [1] and the subsequent remarks). In addition, the total field corresponding
to an incident plane wave propagating in the direction d with wave number  has the
form (equation (1.4.11) in [1])

(2.14) U, (2, k,d) = 0% 4 (o —in/dm) " R PVDE(- ).

Comparing this relation with (2.6) shows that the scattering waves for an acoustic
point scatterer, defined by the scattering coefficient g(x), coincide, for each frequency
K, with those associated to a one-center point interaction Hamiltonian H,,) with the
frequency-dependent parameter a (k):

(2.15) (a (k) —in/am) " =g (k) .

Moreover, from the comparison between (2.7)-(2.8) and (2.14) we get
1 A

2.16 = —

(2.16) Tk A

For fixed A and &, this provides a link between a pointwise perturbation of the refrac-
tion index and the scattering length £, of the corresponding point interaction model.
In particular, from (2.16) we have (! = A — 47 (KQa)_l.

Let us finish this section by showing how the scattering by a point scatterer can
be described in terms of a boundary value problem. The total field u, corresponding
to the incident wave ug = €% is given in (2.6) or (2.14). Taking into account
(2.15), the scattered field u¢ := W, (z, x,d) — e *® solves the problem

(A+r%)u(x) =0, inR*{y},
(2.17) lim,_,, 47 |z — y|lusé(x) = (a (k) — ili/47'r)_1 eird-y 7

lim| ) o0 2] (VU*© - & — iku®®) = 0 VieS.

By straightforward computations, the condition across the scatterer y can be replaced
by the following “impedance-type condition” for the total field w,

(2.18) Do(u) = a(k) T'i(u),
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where

r
I(u):= ilg}/ 4|z — ylu(z) and Ta(u):= ilg}/ (u(a:) - W%) .
The relation (2.18) is of course nothing but (2.13). The characterization of the scat-
tered fields as a solution of the problem of type (2.17) with “impedance” boundary
condition (2.18) across the point scatterer y will be very useful in studying the inverse
problem in section 4.

3. The model for acoustic scattering by extended and point-like scat-
terers. In what follows, we adapt the methods described in sections 2.1 and 2.2 to
the case of point scatterers in the exterior domain R? \ D.

3.1. The Foldy method. Let up denote a solution of the scattering problem
(1.1)(1.3), when n = 1, i.e., homogeneous medium, corresponding to an incident field
u'"; the scattered field uj§ is defined according to

(3.1) uiS =up —u™.

The Green’s function ®%, associated to this problem is the unique solution of the
boundary value problem

(A—i—nz) O = —4(-,y) in R®\ D,
(3.2)
% (-,y) =0 in 0D,

such that the scattered field
(33) (I)Sﬁ: (ayv"{) :q)% (7y) — o (72/)7

with ®" given in (2.1), satisfies the Sommerfeld radiation condition.

In what follows, we use the Foldy method to study the scattering problem from
the sound-soft obstacle D surrounded by a system of point scatterers located in Y =
{yj}j.vzl, where Y C R*\ D and sup; |y;| < oo (see also [12] or [23, p. 298] for the
acoustic case without extended obstacles). Proceeding as in section 2.1, the total field
is represented as

N
(3.4) u(@) = up(a) + 3 Pha.y) A;
j=1

where A; are unknown constants. The field

N
(3.5) uj(x) = u(z) = ¥ (x,y;) Aj = up(x) + Y Ph(a,y) A

1=1

I£]
is now regarded as the external field incident on the jth scatterer in the presence of
all the other scatterers. The physical assumption in the Foldy method is that the

strength of the scattered wave from the scatterer y; is proportional to the external
field on it. In our case this is given by the assumption that

(3.6) Aj = gjuiy;),
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where g; is the scattering coefficient of the scatterer y;. Evaluating (3.5) at y;, we
obtain

N

(3.7) ui(y;) = un(y;) + > a®hy,, v)ww),
%

and then (3.4) becomes

N

(3.8) u(@) = up(x)+ Y 9,0, y;) u;(y;) -
j=1

Following the seminal paper [12], we refer to (3.7)—(3.8) as the fundamental system
of multiple scattering.
In particular, (3.7) can be written as the algebraic linear system

[Tnxn [Alvxt = [u]nxi,

with A = (u1(y1),u2(y2),...,un(yn))"T € CV*1 u := (up(),...,up(yn))" €
CN>1 and

(3.9)

I —g2®% (y1,v2)  —93®%(y1,y3) - —gn®hH(y1,yn)

fo 0195 (y2, y1) I —93®%(y2,y3) - —gnPH (2, yN)
—n1®% (v 1) —92 % (un,y2)  —g3®h(yn,ys) - I

Assuming det(f) # 0 and denoting the elements of T~ € CN*N hy [[—1];; for
l,j=1,2,...,N, we deduce from (3.4) that the scattered field takes the form

(3.10) u*(z) == u(z) — u(z) = uls(x Z 9; 5 (2, y;5) [F_l]jl up(yr),
l,j=1

with the far-field pattern

u™(2) = Zgg (@F (2,95, %) + ") [ qup(y), &€S?,
l,j=1

where ®%(2,y;, k) + e % is the far field corresponding to the incident source
5 y5) = ¥y, k) + (-, y;) and ufS (&) is the far field corresponding to the
scattered field uj§ by the obstacle D.

3.2. A point interaction model in R3\ D. As has been remarked in section 2,
scattering by point scatterers can be described in terms of point interactions models
provided that a suitable correspondence between the scattering coefficients and some
operator extension parameter is established. In what follows, we develop this approach
in the case of a set of point scatterers, located in ¥ = {y; }3717 and surrounding an
extended sound-soft obstacle whose support, D, is assumed to fulfill the conditions
discussed in the introduction. The corresponding point interaction models, obtained

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/03/18 to 130.63.180.147. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1004 GUANGHUI HU, ANDREA MANTILE, AND MOURAD SINI

as singular perturbations of the Dirichlet Laplacian in R3\D, are defined as a self-
adjoint extension of the symmetric operator @,

D(Q) = {u€H2ﬂH3 (R3\D) | u(y;) =0, v; EY} ,
(3.11)
Qu = —Au,

and their physical properties are encoded by conditions occurring in the boundary
points y;. The extensions of symmetric operators and the related spectral properties
are the objects of a permanent interest, both from theoretical as well as practical
points of view. Focusing on the case of self-adjoint point interaction models, a large
and exhaustive introduction can be found in [1]. The case of point interactions in
bounded domains is discussed in [4].

3.2.1. The Green’s functions. Since @) C Q*, the self-adjoint extensions of
Q identify with a class of restrictions of @* fulfilling prescribed linear relations on a
“boundary space.” Following this line, we next consider the adjoint operator. Making
use of the von Neumann decomposition formula (e.g., in [27, Chapter X]), this writes
as

(3.12) D(Q)=D(@) &N &N,
where N, the defect spaces of Q, are defined by
(3.13) N, =ker (Q* — 2) .

Then, due to the inclusion Q C Q*, Q* acts as —A on the regular part of its domain,
while from the above definition we have

(3.14) Q*u = +iu as u € Ny .

Next we give an explicit representation of N, in terms the Green’s functions CI>%
introduced before. Let ¢ € CT and x,y € R3\D such that x # y. To be consistent
with (3.3) we write

where
3.16 ¢ (2,y) = ————.
(3.16) @9 = =y

Then the function ®35(-,y, ¢) solves the boundary value problem
(A+<2) @‘BC (ay7<) =0 in Rg\ﬁv
(3.17) %5 (- 4,¢) lop = =@ (- y) lap
lim|g)o0 2] (2 - Vi —iC) @55 (-, 9,¢) = 0.

In what follows, Qo denotes the Dirichlet Laplacian in the exterior domain R*\D, i.e.,

D (@) = H? (R\D) n } (R\D)
(3.18) Qo :
QQU = —Au.

The Green’s function @% (z,y) enjoys the following properties.
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LEMMA 3.1. Let z,y € R3\D.
1. For x # y, the map ¢ — @% (x,y) is holomorphic in CT and continuously
extends to the whole real axis.
2. For a fized ( € CT, this gives @% (,y) € L? (RB\D), while for ¢ € C*+ the
functions @% (-,y) are C*°-smooth in R®\ (D Uy) and satisfy the Sommerfeld
radiation condition

(3.19) (%vr - z'() oS, (z,y) =0 ( L ) .

||

Proof. From the definition (3.16), the result holds in the case of ®¢ (-, ). We con-
sider next ®%5 (-, y, (). Recall that it is the unique solution of the scattering problem
(3.17). This solution can be represented using the layer potentials approach (see, for
instance, [7, 24]) as follows:

(3.20) —05 (1 y,0) = /M) {0,9° (.y/) —in®° ()} o(y', y) ds(y),

where 0, denotes the normal derivative oriented towards the exterior of D, while 7 is
fixed in RT. The potential ¢ (,y) is the unique solution of the integral equation of
second kind,

(3.21) (I+K—inS)e(-y) = 20¢(-,y) on dD,

where S and K are, respectively, the single- and double-layer potential operators
defined by

S(u)(z) = 2/8D ¢ (z,y)u(y)ds(y) for z € D,

K(u)(xz) =2 8,,(?,)@4(3:, y)u(y)ds(y) for xz € dD.
oD

The integral operator I + K — inS : L*(0D) — L?(0D) (respectively, C(0D) —
C(0D)) is Fredholm, and since n # 0 it is injective; see, for instance, [7, 24]. In
addition it is holomorphic in C. From the Fredholm theory, its inverse is meromorphic
in C. This implies that ¢ is also meromorphic as a function from C to L?(d0D). From
the representation (3.20), we deduce that for every z,y in R¥\D, &35 (z,y, () is also
meromorphic in C. Next, we show that the eventual poles are located in C~. We
introduce the auxiliary function s(-,y,¢) := ®°(-, y)v(-), where v € C§°(R?) such that
v=1in D. Setting —p¢ = ®35 (-,y,() + s, problem (3.17) is rephrased as

(A=) p (y)=F (y)  ImRN\D,
pg('vy)|aD:03 FC(,y)Z(—A—CQ)S(,y,C)
Correspondingly, we denote the solution of the above problem as
-1
(3.23) P (y) = (Qo—C) FC(hy).

Recall that (by the limiting absorption principle) the operator (Qo — ¢ 2)_1 : L2(R3\D)
— H2_(R3\D), o0 > 1, where L2(R*\D) and H?_(R3\D) are the Agmon spaces,

(3.22)
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is well defined for ¢ € C* and (Qo —CQ)_l : Ct — L(L2(R3\D), H? _(R3\D))
is analytic in C* and Hélder continuous up to CT; see, for instance, [29]. Hence
o< (y) : CF — H?_(R3\D) is also analytic in CT and Hélder continuous up to
C*. By the continuous injection of H?_(R*\D) in the space of continuous func-
tions C(R?), we deduce that for z,y in R3\D fixed, the function p¢ (x,y), and hence
35 (x,y,(), is analytic in Ct and Holder continuous up to C+. The first point in
the lemma follows now since <I>CD (z,y) = ®¢ (z,y) + @35 (+,y,¢). Let us consider the
second point. Since @% (z,y) identifies with the integral kernel of (Qo — C2)71, the
absence of poles in the upper complex half-plane implies that ¢(? € res (Qo) (the re-
solvent set of Qo) for any ¢ in C*. Hence, for ¢ € C*, (Qo — C2)71 is a bounded
map: L? (R*\D) — D (Qo) and the relation (3.23) gives p¢ (-,y) € D(Qo). Taking
into account that ®¢(-,y) € L2(R?), this leads to @% (,y) € L? (R3\D). For the
z-regularity of this function when ¢ € C+, let us assume, in addition to the previ-
ous conditions, s(-,y,() to be defined through a smooth cutoff function v such that
supp v C R3\Bs (y), with Bs (y) denoting the ball of center y and radius § small
enough. In this case, following the definition in (3.22), the function F* (-,y) is in-
finitely many times differentiable, and each derivative is in L? (R3\D). Then, by the
limiting absorption principle, we have p¢ (-,y) € H™ (R3\D) for any m € N. Fi-
nally, the radiation condition (3.19), holding for ®¢, also holds for the “regular part”
O (-, y, () as a direct consequence of the representation (3.20). o

As in the whole space case (cf. [1]), the defect spaces A, are N-dimensional and
can be represented in terms of the Green’s kernel of (Qo — z)il. This is shown in the
next lemma.

LEMMA 3.2. Let N, be defined according to (3.11) and (3.13). For any z € C\R,,
N, is N-dimensional and generated by the linearly independent set {@% (,y), yeY},
with ¢ € CT and (? = z.

Proof. Consider the problem u € ker (Q* — z). Since C§° (R*\ (DUY)) is dense
in D (@), this is equivalent to

(Q* —2)u,0) =0  VpeCe (R (DUY)),
(3.24)
ue L* (R*\D) .

The above equation can be written as
(3.25) / Cw(x) ((FA=2)p(x) dr =0 Ve eCs® (R*\ (DUY)),
R3\D

with w € L? (R3\D). This implies
(3.26)
(—A—z)u(z) =pe H? (R*\D), where u(p) =0 Vp ey (R*\ (DUY)) .

Thus, the only possible solutions of (3.24) are those u € L? (R*\ D) such that (—A—z)u
coincides with a bounded measure supported in Y. Let u € H=2 (R3\D) be such a
measure and f € H? (R*\D); since p acts linearly on H? (R*\D) and its action on f
depends only on the boundary values of the function in Y, we have

p(f)=> ¢if () -
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This allows one to identify p with a linear superposition of delta measures concentrated
in Y and, according to the definition (3.15)—(3.17), we obtain dim N, = #Y = N,
with

N = {‘I’% (y) er}

for (2 =z € C. d

Remark 3.3. Take ¢, (' € C\Rand o € R.. Since (—A—i—a)(@% (-, yj)—fbg (,y5))
= (2 +a)®S, (y) — ()2 + oz)(b% (-,yj) with a homogeneous boundary condition
on 0D, and since both cI)% (-,y;) and @g (-,y;) are in L?(R*\D), we deduce from the
elliptic regularity that

(3.27) 5, (-, y;) — 9% (- yy) € HX(R*\D) N HE (R\D) .

Then the decomposition (3.12) can be rephrased as D (Q*) = H*(R*\D)NH{ (R*\D)
@NZ, with z € (C\R+

3.2.2. Extensions of (Q and point interaction operators in the exterior
domain. Next we focus on point perturbations of the Dirichlet Laplacian in R3\ D
describing physical interactions localized in the points y; € Y. To this aim we con-
sider the extensions of the symmetric operator ). These are parametrized through
boundary conditions, occurring in the interaction points and generalizing those given
in (2.13). Let us introduce the maps I';—1 2 : D (Q*) — C¥,

Flu .
(3.28)  (Iw); = lim 47|z — y;|u(x); (Tou); = lim <u(gc) Q) :

Ty T=Yj - dr |‘T - y]|

and

(3.29) v U2 =Tily, . alz) =T209(2),

where I'y| A, is the restriction of I'y to the defect space V.. According to the results
in [8], the functions z — ~(z) and z — ¢(z) exist as holomorphic bounded oper-
ators valued maps: C\R — £ (CV,L? (R*\ D)) and C\R — L (CV,C"), respec-
tively. Moreover, they allow analytic continuations to the resolvent set res (Qq) of
the Dirichlet Laplacian in the exterior domain (3.18). In this framework, the Dirichlet
Laplacian @, introduced in (3.18), plays the role of a “reference extension” of @; since
u € D (Qo) is continuous in R¥\D (being D (Qo) C H? (R*\D)), Qo can be equiv-
alently defined as the restriction of Q* to the functions in H? (R3\5 U Y) fulfilling
the boundary condition: I'yu = 0. Let us consider the couples (4, B) € £ (CV,CV)
such that

(3.30) AB* = BA* |

(3.31) the N x N matrix (AB) has maximal rank.

The next theorem characterizes all the self-adjoint extensions of @) and provides us
with a Krein-like resolvent formula.

THEOREM 3.4. Given any self-adjoint extension Q of the operator Q, there exists
a couple (A, B) € L (CN,CN), fulfilling the conditions (3.30)—(3.31), such that

(3.32) D (c}) = {ueD(Q") | ATyu= Blou} .
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For all z € res (Q) Nres(Qo), the resolvent (Q — z)_1 satisfies the relation

33 (@-2) (@ -2 =) [(Baz) - A7 B] v (2).

In particular, oess (Q) coincides with [0,+00), while z € C\R belongs to U(Q) iff
0 €0 (Bq(z) — A).

Sketch of the proof. The representation (3.32) and the formula (3.33) follow
from Propositions 4 and 5 and Theorem 1 in [26], once it is observed that the triple
{CN.T1,T3} defined by the maps (3.28) forms a boundary triple for the adjoint op-
erator Q* (see the definition in [26]). Since o (Qo) = [0, +0o0) and the left-hand side
(Lh.s.) of (3.33) is of finite rank, the spectral properties of Q follow by using this gen-
eralized Krein formula and Weyl’s essential spectrum theorem (see Theorem XIII.14
in[28]). O

Explicit expressions for the operators (-, z) and ¢(z) appearing on the right-hand
side (r.h.s.) of (3.33) are obtained by fixing a particular basis of the defect spaces. As
has been shown in Lemma 3.2, a possible representation of NV, is given in terms of the
Green’s functions of the operator (Qo — z). Let {e; }j\;l denote the standard basis in
C¥, and consider the action of the linear map (z) on e;. Setting z = (%, (€ Ct, a
direct computation gives v(¢?) (e;) = <I>CD (,y;), and

CI)% (ynayj) ) n#]a
(3:3) (c®),,, = |
(b%(yjayj7<)+%v n:j

As already noticed in section 3.1, the notion of point scatterers, given according to
Foldy’s definition, basically describes systems of independent scatterers, in the sense
that the strength of the scattered wave from the jth scatterer depends only on the
value of the external field in y;. In the mathematical modeling, the independence
of point interactions corresponds to assuming separated boundary conditions at each
point y; (cf. [1, Appendix G]). Using the parametrization (3.32), this is equivalent to
taking

(335) Bn,j - 577,,]' 5 An,j = 0477,577,,j 3 (al yoo. aaN) S RN )

where the diagonal coefficients a; are related to the inverse of the scattering length
of the jth point interaction.

3.2.3. Direct acoustic scattering by extended and point scatterers. We
consider the scattering problem for a self-adjoint extension of () modeling independent
point interactions. Let a € R and consider the operator @, obtained from (3.32) by

fixing A and B as in (3.35). Denoting with <1>27D the Green’s kernel of (Qa — C2)71,
the resolvent formula (3.33) can be explicitly formulated as

N
(336) @ p(w,y) =5 (w,y) — D (q(¢?) — diag (), 8% (z, yn) 5 (1, ;) »

n,j=1

where (diag (a)),, ; = @ndn,;. According to the result of Lemma 3.1, <I>(iD is holo-

morphic with respect to (w.r.t.) ¢ in C* and continuously extends to C+, provided
that the limits of (¢(¢?) — diag () ! exist as (? — x? € R*.. Formula (3.36) models
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the total field corresponding to point sources ®(-,y) as incident waves. To derive the
total field corresponding to incident plane waves, we need only take the source point
y tending to infinity in the following way. The far-field pattern of the point source

®”(x,7), with respect to the second argument, is given by e =¥ § := % Precisely,
we have
(337) i drly]esp(—irly)@" (@) = € =0 @ d), di= .

Correspondingly, from (3.36) we obtain the relation

N
(3.38) u(z,d) = up(z,d) = Y (M (r,)); | ®h(w,yi) up(y;, d),

i,j=1
where the matrix-valued function M (k, @) is defined on Ry xR™ according to

(3.39) lim (¢(z) —diag(a)) = M (k, ) .

22— k2410

In this setting, up(-,d) is the total field for the scattering of the incident plan wave
e d by the obstacle D, while the function u(-, d) denotes the total field corresponding
to the incident plan wave e**? scattered by D UY. The far-field patterns are

’u%o(i%,d) = ‘m],‘li)noo 47T|{E|e*i/1|$| (UD(CE,d) _ eiﬁw»d) ’

uOO(i, d) = ‘zl‘linoo 47T|x|efm|w| (u(x, d) _ einw»d) )

Using (3.15) and (3.38), the second identity rephrases as

u™(Z,d) = up(z,d)

N
= Jim_arfelem |3 (M (5, 00)7] (@ (@) + B (90.)) un(yy.d)
i,j=1

(3.40)

Let up = uj§ +u™ and ®F (2, y, k) = lim ;|00 4m|z|e="¥1®5S (2, y, £); using (3.37)
we have
u>(2,d) = up (2, d)
N . .
(3.41) — Z (M (R, oz))i_’j1 (e 4 ®F (2, i, 1)) (€97 + uS(y;,d))

ij=1

The total field up satisfies the scattering problem
(A+ k%) up =0 in R3\D,

(3.42) up =0 on JD,

up =" fuig, (O —ir)uis(x,d) = o(1/r) for r = |z| = oc.

It is well known that (3.42) admits a unique solution which is C> (R*\ D) w.r.t. z
(e.g., in [7]). In the next proposition, we show that u is the solution of the scattering
problem

(A+£K)u=0 in R®\DUY ,
(3.43) ulap =0, Iyu = diag (o) I'u,

w = ul 4 ut (0r —ik)u(z,d) = o(1/r) for r = |z] = 0.
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PROPOSITION 3.5. Let S, denote the subset
(3.44) So ={k €R | det M (k,a) =0},

and let up(-,d) be the solution of problem (3.42). Then, for k € R\S,, problem (3.43)
has one and only one solution, and it is given by (3.38).

Proof. Since the direction of the incident wave does not play a role in this proof,
the dependence of the scattering functions from d is omitted. From Rellich’s lemma
and the weak unique continuation property, it follows that the solution of (3.43) is
unique. Regarding the existence issue, we next show that the function (3.38) solves
problem (3.43). The terms up (y;,d), ®% (-,y;) on the r.h.s. of (3.38) are well-defined
smooth functions of x. Then, for any x € R\S,, the r.h.s. of (3.38) exists. According
to the definition of up and ®% (-,y;), the function on the r.h.s. of (3.38) solves the
equation (—A — /<52) u =0 in R3\ (D U Y), fulfilling the Dirichlet condition on 9D.
Moreover, the scattered field

N
(3.45) w*(x,d) = uig(z,d) = Y (M (k@) up (y,d) 5 (1)

ij=1

satisfies the Sommerfeld radiation condition since both w$$(x,d) and ®%(z,y;) do.
Let us now show that I'yu = diag (o)) I'yu. To this aim, we notice that the regularity

of the unperturbed total field implies up (y;) = (I'2up);. Thus, we can also write

(3.38) as
N
(3.46) u(-,d) = up (-,d) — Z (M (8,a)), ; (Taup (d)); D5 (- 9i) -
Set u(-,d) = ¢ — 1 with
(3.47) ¢=up (-d),
N
(3.48) o= (M7 (k) (Caup (d); @ (3:) -

The function 1) can be pointwisely approximated by elements of the defect spaces N,
as z — k2 4+ 0. Let 1, be given by

N

(3.49) b= ((ale) — diag (@) "),

9

(T20); %, (-, ui) -

ij=1
For ¢ € Ct, z = (2, this function is well defined and belongs to A, while it results in

(3.50) lim ¢, =,

z— k2410

provided that M~! (k,a) exists. Since up is Cl-continuous in R, we have I';1¢ = 0
and the following relation holds:

M, )T (6 =) = ~M (s, 0) Ty =~ Tim (q(2) — ding () 110
=— lim [Toy(,2) —diag(a))T1¢. =— lim (I'y—diag(a)o I'1)v.
2— k24130 2— k24140

(3.51) = (-T'y+diag(a)oI'1).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/03/18 to 130.63.180.147. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

SCATTERING BY EXTENDED AND POINT-LIKE OBSTACLES 1011

The nth component of the vector on the Lh.s. of (3.51) writes as
M (k,a)T1 (¢ = ¢)), = (=M (k,a) 1),
N
=— > M (k@) (T2up (d); (M (5, ) T1®} (,3:)),, -
ig=1
Recalling that I'1 ®%, (-, z;) = e;, we get

N

(M (5,0)T1 (6 =), = = > (M (5,0)),,, (M} (5,0)),, (T20); = — (T29),,

i,j=1
which implies
(3.52) M (k,a) Ty (¢ —¢) = —T'20.

From (3.51), (3.52), and (3.46), the interface condition I';u = diag(a) o I'yu fol-
lows. O

Remark 3.6. The explicit form of M (k, «), obtained by using (3.34) and the
definition (3.39), is given by

Q)'B (ynvyj) ) n#]v
(3.53) (M (k,a)), . =

n,j . )
(I)g(ijijﬁ)—’—%_aj? n=p.

Let us consider the expression of the total field obtained in (3.10) with Foldy’s ap-
proach. With the above notation, this can be written as

N

(3.54) u(z,d) = up(e,d) + Y ([ffl] diag (g))ij o5 (2, y:) up (y;, d)
ij=1 ’
where the vector g = (g1, ..., gn) fixes Foldy’s scattering coefficients. Comparing this

formula with (3.38), we deduce a condition for the equivalence of the two models:

(3.55) diag (é) F— M(k,a) .

Then, using (3.9) and (3.53), it follows that

. —1
sc K .
(356) gj:<q)D(yjayjaK:)+4ﬂ__aj> 5 jzlvaN

Under this condition, the representation of the total field, due to the obstacles DUY
using the Foldy approach with scattering coefficients g;, is nothing but the one ob-
tained using a multiple-point interaction model with independent points and choosing
frequency-dependent parameters a; according to (3.56).

In order to use formula (3.38) it is important to characterize the set S, where
this representation fails. We next show that the inverse matrix M~! (k, ) is defined
on R outside a discrete set.

LEMMA 3.7. The r.h.s. of (3.38) is well defined a.e. w.r.t. k € R, with the only
possible exception being a discrete set of points.
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Proof. Let us introduce the matrix-valued function Q(¢):

CI)% (ymyj) ) n;é],
(3.57) Q) = |
D% (v, y; Q)+ 50 n=j.

Taking into account the definition of @% (equation (3.15)) and the properties of its
regular part ®55 (-, v, () (see the proof of Lemma 3.1), it follows that Q(¢) is analytic
in C* and meromorphic in C, while, according to the definition (3.34), the identity

(3.58) a(¢*) = Q(¢),

holds for ¢ € C*. Thus, the map

Fo (¢) = det (Q (¢) — diag (a)) "

is analytic in C* and meromorphic in the whole complex plane. Moreover, from the
definition (3.39) and the identity (3.58), we get

(3.59) Mk, ) = lim (Q(C) - diag(a)) -
Im >0

Therefore, S, (see the definition (3.44)) identifies with the discrete set of the possible
poles of the meromorphic function Fy, (¢) on the real axis. a

Remark 3.8. The previous lemma says that for a fixed configuration of the
extended as well as the point-like scatterers, the set of the singular points of the
matrix M (k, ) is at most discrete. In this remark, we provide a condition linking all
the parameters of the scattering model, namely, the configuration of the scatterers,
the frequency k, as well as the coefficients «, under which the matrix M (k, a) is
diagonally dominant and hence invertible. This condition is

N -1 sc ik
(3.60) Oy mmax 0] (Y5595, 8) + - =

where d := min;,, [y; — ym| and C is the constant (depending on D) appearing in
the known estimates |®p(x,y)| < Clz —y|™!, z,y € R* \ D. Let us finally mention
the following behavior of the function ®3§(y;,v;) in terms of y; in the two regimes:

1. y;’s are far away from the extended scatterer D. In this case we have
|®35(y;,v;, k)| < Cd~(y;, D), where the constant C' depends on D. Here
d(y;, D) is the Euclidean distance between y; and D. In this case, the condi-
tion (3.60) behaves like C’% max;—i N |% —a;|™! < 1, which reflects only
the multiple scattering between the point-like scatterers; i.e., the interaction
between the point-like scatterers and the extended one is neglected.

2. y,’s are close to the extended scatterer D. In this case we have O35 (y;,y;, k) =
m +O(In(d(y;, D))), where the constant appearing in the second term
of the expansion depends on D; see, for instance, Proposition 3.2 of [25]. In
this case, the condition (3.60) is mostly satisfied. Here, the effect of the
interaction between each point-like scatterer and the extended one dominates
the effect of the interaction between the point-like scatterers.
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4. The inverse scattering by extended and point-like scatterers. In this
section we turn to studying the inverse problem of detecting the shape of the extended
sound-soft obstacle and positions of the point-like scatterers from the far-field data
corresponding to all incident plane waves at a fixed frequency. Our goal is to establish
the factorization method by Kirsch for the two-scale model under consideration.

Let u™™ be a time-harmonic incident wave. The classical scattering theory in the
absence of the point-like scatterers is devoted to finding the scattered field uj§ €
H} (R3\D) satisfying

(A +£K>)uis =0 in R3\D,
D) ¢ uss = —un on 0D,
ouss /Or — ikuss = o(1/r) as 1 —o00,r = |x|.

If the obstacle consists of both extended and point-like scatterers, we have seen in
the previous sections that the corresponding model is to look for the scattered field
u* € H! (R3\D) such that

(A + k?)u* =0 in R3»\{DuY},

(1Im) Ut = —u'm on 0D,
(Fgu)j:aj(Flu)j, (o7 eC,j=12,...,N,
ou®c/or — iku®® = o(1/r) as r— oo, r =z,

where © = u*¢ 4+ v denotes the total field and the operators I'y,I's are defined as in

(3.28).
We review several symbols employed in sections 2 and 3. If u™ is a plane
wave with the incident angle d € S? = {z : |z| = 1}, ie., u™(z) = exp(irz -

d), we denote by u5(z,d), up(z, d), u (Z, d), respectively, v*°(z, d), u(x, d),u™ (&, d),
the scattered field, total field, and far-field pattern to problem (I), respectively,
(IT). Analogously, if the incident wave is a point source, i.e., u'™ = ®"(z,y) for
some y € R?\ D, we employ the symbols ®3$(z,y), %, (z,y), P (2, y), respectively,
Qp(z,y), @5 pl(,y), @5 p (2, y) to denote the corresponding quantities.

The well-posedness of (IT) is described in the following lemma, where 4" is allowed
to be either a plane wave or a point source wave.

LEMMA 4.1. Let up = u™ +uss, where usS is the unique solution to problem (I).
Then the unique solution to problem (II) is given by

N
(41) w*(2) = up(z) = Y AIM (k@) [(C2up); — a;(Trup);] @H(@, ym)} ,

m,j=1

where the matriz M(k,a) is defined as in (3.53). In particular, if Tyup = 0, then
the expression (4.1) reduces to

N

(4.2) w(e) = u(@) = D {IM (5 @)l (L2up); (@, ym) } -

m,j=1

The proof of (4.1) can be carried out analogously to the proof of (3.46) in section
3.2.3, where (4.2) is justified under the assumption I'yup = 0. Note that Tyup = 0 if
u'™ is continuous at y;, e.g., u™ is a plane wave. However, I'yup # 0 if u™ = &% (2, y;)
for some y; € Y. By the definition of the far-field pattern, we get from (4.2) the far
field of u*¢ for incident plane waves.
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COROLLARY 4.2. Ifu™(z) = exp(irx-d), then the far-field pattern of the scattered
field corresponding to (I1) can be formulated as

u™(z,d) = up(z,d)

N
(4.3) — ST {IM T (8 @) (€795 4 s (g, d)) (€U 4 B (2, yim)) -
m,j=1

We are interested in the following inverse problem.
(IP): Recover 9D and y; (j =1,2,...,N) from the far-field data u> (&, d) over all
observation points & € S? corresponding to all incident directions d € S2.
The following lemma generalizes the reciprocity relation for an extended obstacle
to the two-scale model.
LEMMA 4.3. It holds that
(i) u=(2,d) = u>*(—d,—2) for all z,d € S%;
(it) w*(y, —d) = ®°p(d,y) for alld € S?, y ¢ DUY.
Proof. We have

u™(—d, —2) = up (—d, —)
=3 (M @)l (€ 4 sy, —2)) (€5 4 055 (—d,ym)) ) -
m,j=1

Comparing this identity with (4.3) and making use of the reciprocity relations for the
extended obstacle D,

(44) uODo(iﬂ d) = U’ODO(_d7 _‘%)7 ug($7 d) = CI)ODO(_da {E), (I)ODo(ivay) = (I)%o(ya CE),

for all z # y, x,y € R3\D, we finish the proof of the first assertion. The second
assertion follows from the equations

w*(y, —d) = us(y Z {IMm g (€77 p sy, —d) B (Y, ym) }
m,j=1

Cp(d.y) = 25 (d,y) Z {IM mg 5y y) (e "Vt 4 0% (d, ym)) }
m,j=1

and the last two identities in (4.4). O

4.1. Data-to-pattern operator. Given f E H'/? (0D) and ¢ = (c1,c¢2,...,¢N)
€ CV, we consider the problem of finding v € H' (R3\(D UY)) such that
loc

(A+£K*)v=0 in RN\{DuUY},
v=f on 0D

111 . ’

( ) (I‘gv)j—aj(l"lv)j:cj, ]:1,2,...,N,
Ov/or —ikv = o(1/r) as r — 00,1 = |x|.

By Lemma 4.1, problem (III) is uniquely solvable with the solution taking the
form

N

o(@) =uf@) = D {IM 7k @l [(C2uF); — ] @B (2, ym) }

m,j=1
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where u3® denotes the unique solution to (I) with the Dirichlet data u3® = f on 9D.

The far-field data v™° of v defines the data-to-pattern operator G : H/2(dD) x CN —
L?(S?) as

(4.5)  G(f,c) :=v>(&)
N
=uF (@) = Y M (k@) [(Touf); — ¢] (€Y + OF (&, ym)) }
m,j=1

with u%° being the far-field pattern of uj".

Remark 4.4. If f = —u|gp,c; = —(Dau™)j + a;(T'1u™);, then v coincides with
u®® given in (4.1).

The set D UY of extended and point-like obstacles can be characterized by the
ranges of G. Recall that the far-field pattern of the free-space fundamental solution
is given by ¢, (%) := e~ "%V,

LEMMA 4.5. The function ¢, belongs to the range R(G) of G iff y € DUY.

Proof. Assume first that y € DUY. Set f = ®"(x,y)|sp and ¢ = {¢;} € CV
with

(4.6) cj = (20%(2,y)); — a; (127 (,y)),
D" (y5,v) ify e D,

= q)ﬁ(yjaym) ify:ymeyam#ja
ik/(4m) — o ify=vy; €Y.

Then we see the unique solution to problem (IIT) is v = ®"(x, y) and hence G(f,c) =
v = ¢y

Now suppose that ¢, = é(f, ¢) for some fe H'Y2(0D) and &é € CV. Let @ be
the solution to (III) with f = f and ¢ = & so that 9 = ¢,. Applying Rellich’s
identity and the unique continuation of solutions to the Helmholtz equation, we get
O(z) = ®"*(x,y) forall x ¢ DUY. If y € D or y € R3\(D UY), one can readily
derive a contraction from the boundedness of the limit o(z) — 0(y) as * — y and the
singularity of ®*(z,y) at £ = y. This implies y € DUY". d

However, the above characterization cannot be numerically implemented, since
knowledge of the data-to-pattern operator is not available from our measurement
data. The essence of the factorization method is to connect the ranges of G with the
far-field operator F : L2(S?) — L2(S?) defined as

(4.7) (Fg)(2) = /S2 u®(&,d) g(d) ds(d), g € L*(S?).

To do this we shall factorize F' in terms of G in the subsequent section. It is obvi-
ous that the spectrum of F' can be straightforwardly extracted from u(z,d) for all
#,d € S2. Below we show some properties of G which will be used in section 4.4 for
establishing the relation between R(G) and R(F).

LEMMA 4.6. Assume that k2 is not a Dirichlet eigenvalue of —A in D. Then the
data-to-pattern operator G is one-to-one, compact with dense range in L?(S?).

Proof. Define G : HY/?(0D) — L*(S?) as the data-to-pattern operator in the
absence of the point-like scatterers. It is seen from (4.5) that the compactness of
G follows from the compactness of G, shown in [19, Lemma 1.13], since Pouf is
smoothing. The injectivity and denseness can be proved in the same way as in [19,
Lemma 1.13] for G. 0
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4.2. Factorization of the far-field operator. Introduce the Herglotz wave
function

(Ho)(w) 1= [ e g(@asta). g€ 12(E).

The far-field operator F defined in (4.7) is nothing else but the far-field pattern of
the scattered field to problem (II) with the incident wave u""(x) = (Hg)(x). Define
the bounded operator H : L?(S?) — H'/2(dD) x CV as

Hg = (Hglop, (c1,...,cn)), ¢ = (T2Hg); —a;(T1Hg); = (Hg)(y;)-

Then the factorization

F=—-GH

holds. Introduce the single-layer potentials
S = [ @ ae)ise). @ eR

(4.8) J(p)(x) = /a @ (@)elu)ds(s). @€ 0D,

for o € H=/2(0D) and the function
N
(K(0))(x) =Y b ®"(x,y;), «#y;, b=(b,bs,....bx) € CN.
j=1

Clearly, the sum S(p) + K(b) =: S(p,b) is a radiating solution to the Helmholtz
equation in R3\(DUY). Define the operator S : H~'/2(dD) x CN — H'/?(dD) x CN
as

(4.9)  S(p,b) == (S(¢,b))|op, {c;}1), ¢ = T25(p,b)); — a;(T15(p, b));.
Then the unique solution to problem (III) with (f,c) = S(¢, b) is given by
v(z) = S(p,b)(z), zeR3\(DUY).
This implies that, for any (¢, b) € H~1/2(dD) x CN,
N
GS(p.b) = v(@) = [T a(ys(y) + 30 e, = (o),

j=1

where the last equality is derived from the definition of H. Hence, we get H = S*G*
and

(4.10) F=-G8 G*.

Remark 4.7. In the absence of the point-like scatterers, i.e., Y = (3, there holds
H=H,G=G3G, and S = J; see [19]. If there is no extended obstacle, i.e., D = 0,
then the factorization (4.10) can be reduced to the case of the MUSIC algorithm as
considered in [6] or [19, Chapter 4].
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4.3. Properties of the middle operator. Define the entries of the matrix
O(k, ) = [O]y,; in the following way:

- ) _ " (ym,y;) i m#
(4.11) Om.j = Omj (1, ) = { ik/dT —a; i m=j.
Note that O(k, «) differs from M (k, @) only in the diagonal terms. Let B(y;) := {x :

|z — y;| = €} for some € > 0. Assume that f(z) is a continuous function at = = y;.
Using the mean value theorem, one can easily prove that

, . _ | —fly) i om=],
a2 am [ e = { 102

where the normal v on B.(y;) is directed into the region |z — y;| > €, and

(4.13) Ajnale) = / ( )EK(x,yl)aV@ﬁ(x,ym)ds(x)
Be(y;

o(e) it m#j,
=q —®(m) tole) it m=j#L
(ik — 1/e)/(4) if m=j=I,

where o(e) — 0 as € = 0.
The properties of the middle operator S are shown below.
LEMMA 4.8. Assume that k2 is not a Dirichlet eigenvalue of —A in D and that
the matriz © is invertible. Then the following hold:
(i) The operator S : H=/2(0D) x CN — H'Y/2(9D) x CN is an isomorphism.
(ii) We have

Im ((p,b),S(p, b)) <0

for all (p,b) € H~/2(dD) x CN, » # 0, |b| # 0, provided Ima; < 0 for all
j=1,2,....N.

(iii) There exists a self-adjoint and coercive operator Sy : H='/2(0D) x CN —
HY?(0D) x CN such that S — Sy : H-Y/2(dD) x CN — H'/?(dD) x CN is
compact.

Proof. (i) From (4.6) and the definitions of T';,(m = 1,2), K(b), and O, we see

(28()); — a;(T18(9)); = (T2S(9));,  {(T2K(b)); — a;(T1 K (b)); /" = Ob.

This enables us to rewrite the operator S in (4.9) as the matrix form

(4.14) S(p,b) = (r;’ " g) (ﬁ).

If k2 is not a Dirichlet eigenvalue of —A in D, the single-layer operator .J is an
isomorphism from H~'/2(9D) to H'/?(dD). Since © : CV — CV is invertible and
K : CN — H'Y2(dD), I'yS : H-Y/?(dD) — CN are compact operators, it can be
concluded that & is a Fredholm operator with index zero. Consequently, S is an
isomorphism, provided it is injective.

Suppose that S(¢,b) = 0 and that S(p,b) is the unique solution to problem
(ITT) with (f,c) = S(p,b). The uniqueness of solutions to (IIT) gives S(p,b) = 0 in
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R3\(D UY). Again using the fact that 2 is not a Dirichlet eigenvalue of —A in D,
we see that S(¢,b) =0 in D. Then ¢ = 0 follows from the jump relations of S(p, b)
over 0D. Inserting ¢ = 0 into (4.14) and using S(¢,b) = 0, we arrive at © b = 0.
Finally we get |b| = 0 as a consequence of the invertibility of ©. This together with
the Fredholm alternative yields the unique solvability of S(p,b) = (¢,c) for any
(¢,¢) € HY/?(0D) x CN.,

(ii) From (4.14) and (4.9),

(4.15) Im (¢, b), S(¢, b)) = Im (. S(¢, b) op) + Im (b, (I'25) + Ob).

The first term on the r.h.s. (4.15) will be calculated as follows. Set w(z) = S(p,b)(x),
x € R3\(DUY). Choose R > 0 sufficiently large and € > 0 sufficiently small. Using
the jump relations of w over 9D and integration by parts, we get

_ ow—  OwT\ _
(¢, S (¢,b) |ap) = /ap <W - W) wds

(4.16) = / |Vwl? —/<52|w|2dx—/ w— ds + / w— ds,
DUDg. Br(0) OV Z Be(yj)

where Dp. = {z : 2 € R®\D,|z| < R, |z — yj| > ¢,j = 1,2,...,N}. In view that
w(z) = S(¢) + K(b), using (4.12) we find that

/B€< wa_wdS:/B(y] {%aK—MJrWaK(b)}dero(e) 0

ov ov

since S(y) is continuous at each y;. From (4.12) and the definition of K (b), it follows
that

/ 5
Be(y;)

as € — 0. By (4.13), it holds that

O LN o B 1
/Be(yj)K(b) ov ds = Z blbmAJ’m,l(E)—? i~ ~ _l

I,m=1

= 00" (2, ym) . o
Jds - zbm [ TR s = b Fa) + 000

N

b b; (y;, yi).-
=11#j

Hence, summarizing over j and recalling the definitions of I's and ©,

N

(4.17) Z/ w?—fds- —(b,T28¢) — (b, Ob) — |b|?/(4rme) — Zaﬂb 1>+ ofe
j=1"Be(

Since w satisfies the Sommerfeld radiation condition, letting R — oo we get

ow ik o0
(4.18) /B wEdS—m/ lufPds +o(R) = ¢ 0| + of1/ ),
R( z|=

where w* denotes the far-field pattern of w. Inserting (4.17), (4.18) back to (4.16),
taking the imaginary part, and letting R — oo, e — 0, we get

(4.19)
N

m (9, 5(, b)lan) = —Tm (b, (T28) + Ob) — i/ (4 |0y + D b Tm .
j=1
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Now, it is seen from (4.15) and (4.19) that

N
Im ((¢¢,b), S(, b)) = —k/(47)*[|w™|32c2) + Y _ [bj* Ima; <0

Jj=1

under the assumption that Ima; <0 for j =1,2,...,N.

If Im ((, b),S(¢, b)) = 0, then we have w> = 0, and by Rellich’s lemma, w(z) =
S(p,b)(z) =0 for z € R3\(DUY). Arguing the same as in the proof of assertion (i)
we obtain ¢ = 0,b = 0. This implies that Im ((¢,b),S(p,b)) < 0 for all ¢ # 0 and
b 0.

(iii) Denote by .Jy the single-layer operator defined as in (4.8) with the x =i. It
was proved in [19, Lemma 1.14] that Jy is a self-adjoint and coercive operator from
H~'/2(0D) to H'/?(dD), i.e.,

<907 JOQO> 2 CO||90||%171/2(8D)7 ¥ € Hil/z(aD)v

for some positive constant cg. Moreover, J — Jy is compact from H~'/2(9D) to
H'/?(9D). To prove (iii), we define the operator So : H~/2(dD)xCN — HY?(9D) x
CY as

So(p,b) = (Jow,cob), ¢ € HY/?(OD), beCN.
Then Sy is coercive, i.e.,
{(¢,b),So (0, b)) = co (|lell3-1/2(5py + [BI?)-
With such a choice, the difference
(8 = So)(p,b) = ((J = Jo)p + K(b)|op, 2S¢ +Ob — ¢y b)

is compact, since J — Jy, K, 125, and the multiplication operator by © or ¢y are all
compact. a

4.4. Uniqueness and inversion algorithms. The properties of the data-to-
pattern operator G and the operator S (see Lemmas 4.6 and 4.8) put us in a position
where we can directly apply the following range identity (see [19, Theorem 2.5.1]) to
the factorization of the far-field operator established in (4.10). Recall that the real
and imaginary parts of the operator F' over a Hilbert space are given by

ReF = (F + F*)/2, ImF = (F — F*)/(2i).

Obviously, both Re F' and Im F' are self-adjoint operators.

LEMMA 4.9 (range identity). Let X C Y C X* be a Gelfand triple with Hilbert
space Y and reflexive Banach space X such that the embedding is dense. Furthermore,
let Y be a second Hilbert space, and let F': Y — Y, G: X - Y, andT : X* - X
be linear and bounded operators with F' = GTG*. Suppose further that the following
hold:

(a) G is compact and has dense range.

(b) There exists t € [0,2m] such that Re[exp(it)T] has the form Re [exp(it)T] =

To+ Ty with some compact operator Ty and some coercive operator Ty : X* —
X i.e., there exists ¢ > 0 with

(4.20) (p, Tow) > clloll®> Ve X*
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(¢) Im T is nonnegative on R(G*) C X*, i.e., (p,ImT) > 0 for all p € R(G*).
(d) Relexp(it)T] is one-to-one or ImT is strictly positive on the closure R(G*)
of R(G*); i.e., for all ¢ € R(G*) with ¢ # 0 it holds that {p,ImTy) > 0.
Then the operator Fy := |Re exp(it) F| + |Im F| is positive definite and the ranges
of G: X =Y and Fﬁl/2 1Y = Y coincide.
To apply Lemma 4.9, we set
t=m, F=F G=G, T=-8 Ty=380, T =Re(S—S),
Y = L3(S?), X = H '/2(8D) x CV.

In our settings, all the conditions in Lemma 4.9 are satisfied. In fact, conditions (a)
and (b) follow from Lemmas 4.6 and 4.8(iii), respectively. Conditions (c) and (d) are
guaranteed by Lemma 4.8(i) and (ii) under the assumption that Ima; < 0 for all
j=1,2,..., N. Combining Lemmas 4.5 and 4.9, we conclude the following.

THEOREM 4.10. Assume that k2 is not a Dirichlet eigenvalue of —A in D, the
matriz O () is invertible, and Ima; <0 for all j =1,2,...,N. Then

(i) the function ¢,(Z) belongs to R(Fﬁl/z) iffye DUY;

(i) the far-field data u(,d) for all &,d € S? uniquely determine the shape of the

extended obstacle and positions of the point-like scatterers.

Note that the uniqueness described in Theorem 4.10(ii) is only a corollary of the
first assertion. By Picard’s theorem (see, e.g., [7, Theorem 4.8]), the set D UY can
be characterized through the eigensystem of the far-field operator as follows.

COROLLARY 4.11. Suppose the assumptions in Theorem 4.10 hold. Let (A;, ;)
be an eigensystem of the (positive) operator Fy := |Re F| 4+ [Im F|. We have the
following characterization of DUY :

—1
e}

(4.21) yeDUY <« W(y Z ¢ya¢a L2(sz)| 0,

where ¢, (%) := exp(—ikd - y) for & € S?.

Thus, the function W(y) on the r.h.s. (4.21) can be regarded as an indicator
function for the unknown scatterer D UY, where the variable y is the sampling point.
The values of W for y € DUY should be much larger than those for y € R3\{DUY}.
We complete this section with the following remarks.

Remark 4.12.

(i) Note that the matrix ©(x, @) is the same as the matrix M(x, «) in section 2
(see Remark 3.8) when the extended obstacle is absent. Hence a condition
similar to that in Remark 3.8 is enough to invert ©(k, «). Precisely, if
—1

K
<1,

(4.22) —;mlaxN el

then ©(k, o) is diagonally dominant and hence invertible. Note that we took
the constant C' appearing in Remark 3.8 to be C' = (47)~! and h = 0 since
D = ), and hence |®p(x,y)| = |®%(x,y)| = (47)" !z — y|~!. Actually, in
the case of absence of extended obstacles, we have a weaker condition than
(4.22) to ensure the invertibility of ©(k, «). Namely, there exists a positive
constant ag such that if

max;j—1,.. N |4 — a;| !

d

(4.23) < ap and n;éin cos(kly; — Ym|) >0
Jj#Em
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then O(k, ) is invertible. Note that this last condition is independent of
the number of obstacles N. Such a condition is derived in the framework of
scattering by many small obstacles in [6], where the coefficients |2 — a; |~
are replaced by the diameters of the small obstacles.

(ii) The condition Im «; = 0 is needed to have the self-adjointness of the scatter-
ing operators in section 2. Indeed, we know that (Q.)* = Qu, and hence we
need a* = «, which implies that Im «; = 0 if we take o := diag(aq,...,an).

(iii) Our arguments apply to the case where the extended scatterer D is of sound-
hard or impedance type, or is a penetrable medium. For the forward problem,
the waves u%5, up, and ®%, in (4.1) should be redefined according to the un-
derlying extended scatterer D. Concerning the inverse problem, our approach
in section 4 extends to these cases with an additional complexity from how to
factorize the far-field operator with an appropriate middle operator and then
to justify the conditions in Lemma 4.9. We believe that this can be achieved
taking into account the various versions of the factorization method in [19]
for extended penetrable or impenetrable scatterers only.

5. Numerical results and discussions. This section is devoted to reporting
numerical examples for testing the accuracy and validity of the factorization method
in R?. We first list the necessary changes for carrying over the mathematical analysis
of the direct and inverse scattering from three to two dimensions. The free space
fundamental solution to the Helmholtz equation (A + x%)u = 0 in two dimensions is
given by

o 1
" (x.y) = 7 Hy (sle —y)), = #v,

where Hél)(t) denotes the Hankel function of the first kind and of order zero. In R2,
the Sommerfeld radiation condition has to be replaced by

lim 7(0,u —iku) =0, r=|x|,

T—00

uniformly for all directions /|z|. With some normalization we defined the far-field
pattern as

w-rarnse )} -

The operators I'; (j = 1,2) introduced in (3.28) have to be replaced by
(5.1)

(T'u); = lim — 2n (x), (Fou); = lim (u(x) + % In |z — z;] (I‘lu)j) .

o Tnfe — o] v
Then, using the expansion of ®"(z,y;) (see, e.g., [7, Chapter 3.4]), we see

. . i 1.k C
(@ (@, y)); =1, (D2®%(2,5)); = 5 — 5-Ing — o=,
where C' denotes Euler’s constant. Consequently, we define the matrix

D% (Y, yj) it m#j,
M(E,Q)|m.; = b J . :

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/03/18 to 130.63.180.147. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1022 GUANGHUI HU, ANDREA MANTILE, AND MOURAD SINI
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F1G. 1. Reconstruction of a kite and N point-like obstacles lying on a line segment. In (a) and
(b), N =4;in (c) and (d), N = 6; and in (e) and (f), N = 8.

in place of the one given in Lemma 4.1. Then the well-posedness of the forward
scattering and the factorization method for the inverse scattering can be established
in the same manner as for three dimensions.

In the following experiments, unless otherwise stated we always set the wave
number k = 1. The far-field operator F' is discretized by 64 incident directions and
64 observation directions equivalently distributed in the unit disk.

Ezperiment 1. We use the inversion algorithm (4.21) to reconstruct a kite-shaped
obstacle and a finite number N of point-like obstacles equivalently lying on the line
segment {(z1,72) € R? : &1 = —6,22 € [-3,3]}. The numerical results are shown
in Figure 1. We take o;j = 1. The number N is set as N = 4,6,8 in Figures 1(a),
1(c), and 1(e), respectively, where the plots of the indicator functions are visualized
from the direction (0,0,1). Figures 1(b) and 1(d) show the recovery of the point-
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F1G. 2. Reconstruction of a kite and one point-like obstacle located at (a,a). We seta = 8,4,1.5
in (a), (b), and (c), respectively.

like obstacles corresponding to Figures 1(a) and 1(c) from the viewpoint (—1,0,0),
while Figure 1(f) is the view of (e) from the point (1,—3,0.5). We conclude from
Figure 1 that the factorization method works well only if the point-like scatterers are
well separated. When the number N increases, neither the positions of the point-
like obstacles nor the shape of the extended obstacle can be precisely retrieved; see
Figures 1(e) and 1(f), where the minimum distance between the pointwise scatterers
is less than the wavelength. In the well-separated case, e.g., Figures 1(a) and 1(b),
the point-like scatterers that are closer to the extended obstacle are less resolved than
those further away from the extend obstacle (see also Figure 1(c)).

Ezxperiment 2. We show the sensitivity of the factorization method to the distance
between the point-like and extended obstacles. The recovery of a fixed kite and one
point-like obstacle with different locations at (8, 8), (4,4), (1,5, 1,5) are illustrated in
Figures 2(a), 2(b), and 2(c), respectively. We set & = oj = 1 in each test. The shape
of the extended obstacle can be identified only if the point-like obstacle keeps some
distance from it (see Figure 2(a)). In Figure 2(c), neither of them is well reconstructed
since they are getting too closed. The location of the point-like obstacle in Figure 2(a)
or 2(b) can be visualized from the XY-plane rather than from the direction (0,0, 1).

Experiment 3. Figure 3 illustrates the sensitivity of the factorization method to
the values of o;. We fix the kite as in Experiment 2 and also the position of the point-
like obstacle at (2.5,2.5). We set a@ = a; = 10,1, 0.05 in Figures 3(a), 3(c), and 3(e),
respectively. These figures are visualized from the direction (0, 1,0) in Figures 3(b),
3(d), and 3(f), respectively. If « is big, e.g., in Figures 3(a) and 3(b), the position of
the point-like obstacle cannot be located. If « is too small, e.g., in Figures 3(e) and
3(f), the reconstruction of the extend obstacle becomes distorted and unreliable. It
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(e) ()

Fi1a. 3. Reconstruction of a kite and one point-like obstacle located at (2.5,2.5). In (a) and
(b), @ =10; in (c) and (d), o =1; and in (e) and (f), o = 0.05.

can also be observed that the values of the indicator function around the point-like
obstacle grow as the value of « decreases, i.e., the point-like obstacle is more visible
for small a.

Experiment 4. The factorization method can be applied to the case where only
partial far-field data are available, i.e., u*(&,d) for 2,d € S C {z : |z| = 1}. For
details we refer the reader to [19, Chapter 2.3]. In this experiment, we consider the
reconstruction from limited aperture data §* = {(cos#,sinf) : § € [—7/2,7/2]}.
This implies that the obstacles are illuminated by incident plane waves only from the
r.h.s., and the far-field data are measured on the same side. To make the numerical
results comparable to the case where the full far-field data are used, we discretize the
corresponding far-field data by 32 incident directions and 32 observation directions
equivalently distributed in the right half of the unit disk. We put N point-like ob-
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6 5 -4 -3 -2 - 0 1
x

(b)

F1G. 4. Reconstruction of a kite and N point-like obstacles lying on a half-circle using limited
aperture data. In (a), N =0. In (b) and (c), N =3 and 5, respectively, and o;j = 0.3. In (d), (e),
and (f), we set aj =2, 0.75, and 0.3, respectively, and N = 4.

stacles equivalently lying on the half-circle {(x1,z2) : 21 = cos8 — 3,20 =sin 3,3 €
[7/2,37/2]}.

Figure 4(a) illustrates the recovery of the extended obstacle in the absence of
the point-like scatterers (i.e., N = 0). It can be observed how the reconstruction
of the unlighted (left half) part of the kite deteriorates due to the limited incident
directions from the r.h.s. The shadow part can be well reconstructed in Figures 4(c)
and 4(f) by virtue of the multiple scattering effect between the point-like and extend
obstacles. In Figures 4(d), 4(e), and 4(f), we fix the number of point-like obstacles
(i.e., N =4) and change the value of the coefficients ;. It is seen that the visibility
of the unilluminated part also depends on «;. However, numerical experiments show
poor reconstructions for a; less than 0.2.
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