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Abstract

Inverse problems are widely studied today, and appear in a large range of applications: tomography
and imaging, material constitutive property identification, non destructive control...

The present subject comes within the scope of this last prospect. It concerns the research of new
methods, fast numerically, allowing qualitative object identification (inclusions, cavities, cracks...)
embedded in linear elastic solid medium, knowing (at least partially) the surface response to dy-
namical loadings.

Most of the classical methods implemented to solve this kind of problems are dealing with an
iterative minimization process, requiring high number of direct simulations. In the present context
(three-dimensional elastic waves propagation), these are very expensive. The recent emergence of
non-iterative probing methods allows to consider the study of this type of problems in a new light.
Earlier works have shown in particular, within the framework of the hypothesis adopted in this
subject, the interest of methods such as the Topological Sensitivity or the Linear Sampling for an
approximate but fast detection.

The present study comes within the scope of the development of the two methods mentioned
with application within the framework of the mechanics of deformable solids, i.e. inverse scattering
problems in acoustic and elastic media.

This work has been done within the framework of a joint Ph.D. program between the Department
of Civil Engineering at the University of Minnesota and the Laboratoire de Mécanique des Solides

at the Ecole Polytechnique (France).
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Conventions and Notations

This section summarizes the conventions and notations used in the sequel. Possible alternate uses

of the ensuing definitions are explicitly stated where applicable.

Scalar quantities: Typeface latin or greek letters (d, ¢, w, A,...)
Vectors, second-order tensors: Boldface lower case letters (u, &,...)
Higher-order tensors: Boldface capital letters (A, C, I,...)

Summation convention: Einstein convention is used on repeated indexes

ab Contraction of tensors

A:B Double contraction of tensors

® Tensor product

* Time convolution

0ij Kronecker symbol

R4 Euclidian d-space

()i Orthonormal basis of euclidian space
t Time variable

w Frequency

k Wave number

o Plane wave incident direction

x, & ¢ Field points

z, € Scaled coordinates

é , é’ Unit tensors

I Second-order identity tensor I =d;je;®e;

X1V
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A
Zsym

ds
dv

<
i~

\-g i
S

o, P, o, P, D, ¥
@, u, ¥

N3 < Q

Fourth-order identity tensor Z =0;d;,e;0e;Q@e,@e;

Symmetric fourth-order identity tensor

IV =L1(6460+0idj)ei®e;Rep®e

Surface differential element, possibly indexed by integration variable
Volume differential element, possibly indexed by integration variable

Singular integral in Cauchy principal value sense

Background elastic or viscoelastic solid
Unknown scattering objects

Set of unit directions

Surfaces with imposed Dirichlet and Neumann conditions
Source surface

Observation and receiver surface

Fourth-order (visco-)elasticity tensor

Lower and upper bounds of (real part of) elasticity tensor
Shear modulus

Lamé’s parameter

Poisson’s ratio

Bulk modulus

Young’s modulus

Mass density

Lower and upper bounds of mass density

Sound speed

Incident (or free) fields, resp. elastic and acoustic
Scattered fields, resp. elastic and acoustic
Interior fields, resp. elastic and acoustic

Adjoints fields, resp. elastic and acoustic

Test functions

Complex-conjugated tensor fields

Cauchy stress tensor

Cauchy stress vector

Unit outward normal on surface

Sampling point
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J

Misfit cost functional
Topological derivative
Polarization tensor

Indicator function of Linear Sampling Method

nth-order spherical Bessel functions of first and second kind
nth-order spherical Hankel functions of the first kind
nth-order Legendre polynomial

(n, m)th-order spherical harmonics

Radiating fundamental solution to Helmholtz equation
ik|§—C|
G(£7 C) = Zﬂg_q

Hilbert space of functions f : O — R? verifying

) = [ 1174V <o

Sobolev space of functions f € L2(O) with Vf € L?(O) as a distribution
£ 170y = £ 7200y + IV FI1Z2(0)

Space of functions f € H'(O) such that f = 0 on 0O

Image of H'(O) by the trace operator f fioo

Dual space of H 2 (00) and associated with trace operator f — V f-n
on 00



Introduction

Context

The investigation of inverse problems that arise in the context of the mechanics of deformable solids
[34], as well as in other areas of physics involving continuous media such as acoustics, electrostatics
and electromagnetism, are motivated by the necessity to overcome a lack of information concerning
the properties of the system (in this study a deformable solid body or structure). Inverse scattering
problems [161, 176], that focus on the reconstruction of objects or inhomogeneities hidden in a
solid using illuminating waves, have been the subject of numerous investigations and have lead to
the development of a variety of mathematical and numerical tools [78, 133, 4, 27, 89, 175] with
a broad spectrum of applications such as nondestructive material testing, underground object de-
tection, seismology and medical imaging. Such inverse problems generally require the knowledge
of boundary data (provided by the measurements) that are “overdetermined” relative to what is
normally necessary for solving a well-posed forward (i.e. direct) problem. Notwithstanding the
significant progress made on the subject over the last decades, however, the development of practi-
cal and robust algorithms that are also computationally effective remains a challenge in the context
of inverse scattering problems in solids owing in part to the fact that the latter are mathematically
ill-posed, i.e. that they entail non-uniqueness, ill-conditioning or lack of stability towards the input
data [see 108, 124]. In such situations, linearization techniques [26] are often too restrictive, either
in the context of physical configurations they can accommodate or the information they can provide.
Moreover, the minimization-based approaches that exploit the data through a misfit cost function
and have a potential of overcoming the latter restrictions unfortunately bear considerable computa-
tional cost associated with repeated solutions to the forward problem [162, 177, 157, 106, 36]. Such
high computational cost associated with the solution of an inverse problem is even more prominent

in the context of global optimization methods, which are, at present, impractical in the context of

XVvii
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realistic three-dimensional configurations. More traditional gradient-based optimization is a com-
putationally reasonable alternative for solving the featured class of inverse problems, especially
when enhanced by adjoint-based shape sensitivity estimates [27, 36]. However, their performance
depends on choosing adequately the initial guess (location, topology and geometry) of a hidden
object or scatterer.

Over the past two decades, the above considerations led to the paradigm shift in mathematical
theories of inverse scattering that have, to a large degree, focused on the development of the so-
called qualitative methods [46] for non-iterative obstacle reconstruction from remote measurements
of the scattered field. These techniques, which provide a powerful alternative to the customary
minimization approaches and weak-scatterer approximations, are commonly centered around the
development of an indicator function, that varies with coordinates of the interior sampling point, and
projects remote observations of the scattered field onto a suitable functional space synthesizing the
“baseline” wave motion inside the background (i.e. obstacle-free) domain. Such indicator function
is normally designed to reach extreme values when the sampling point belongs to the support of
the hidden scatterer, thereby providing a computationally-effective platform for geometric obstacle
reconstruction. Among the diverse field of methods using approaches that can be classified as probe
or sampling techniques [80, 167], one may mention the so-called factorization method [125, 126,
129, 66], the probe method [90, 116, 117] and the point source method [165, 166] among the most
prominent examples, as well as the Topological Sensitivity Method and the Linear Sampling
Method which are the focus of this dissertation.

The concept of Topological Sensitivity (TS) — in the literature also referred to as the Topolog-
ical Gradient, revolves around the quantification of the perturbation of a given cost function due
to the creation of an object (e.g. a cavity) of vanishingly small characteristic size at a prescribed
location z inside the reference (i.e. defect-free) solid. This concept first appeared in [92] and [181]
in the context of topological optimization of mechanical structures, and has since been investigated
in various contexts as a method for defining a defect indicator function, see e.g. [98, 119] for 2D
elastostatics, [93] for 2D linear acoustics, [102] for frequency-domain 3D acoustics, [35, 101] for
frequency-domain 3D elastodynamics and [146] for 3D Maxwell equations. The particular appeal
of this approach to solving inverse scattering problems resides in the fact that the computational
cost required to evaluate a TS field is, in general, of the order of one forward solution, and therefore
minimal compared to that of standard minimization-based iterative techniques. Here it is also noted
that the concept of topological sensitivity is closely related to the broader class of asymptotic meth-

ods, where unknown defects, whose geometry involves a small parameter, are sought by means of
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an expansion of the forward solution (rather than the misfit function) with respect to that parameter,
see [7, 8].

The Linear Sampling Method (LSM) likewise represents a minimization-free, grid-based ap-
proach to the reconstruction of internal scatterers (e.g. material defects). This technique makes
use of a linear integral equation of the first kind, written with reference to the defect-free solid and
features a kernel constructed form the measurements of the scattered field. A particular property
of the latter equation, that makes it suitable for solving scattering problems, resides in the fact that
the norm of its solution, used as an obstacle indicator, remains bounded for sampling points lying
inside the support of the scatterers and “blows up” otherwise. This method, that does not require any
prior information on the geometries or physical properties of a hidden obstacles (or a set thereof),
was initially introduced in far-field acoustic inverse scattering [76, 125, 73] involving impenetrable
or penetrable obstacles, and then extended to electromagnetic [81, 75, 110, 45] and elastodynamic

problems [16, 65, 155, 105] in various configurations.

Overview of the thesis

The present study focuses on the advancement of the TS and LSM approaches to inverse scattering
within the framework of the mechanics of deformable solids, i.e. inverse scattering problems in

elastic (and elastic) media. The main lines for this research work are:

e Examination of the methods’ capabilities and performance especially when deployed in the

context of classical forward solvers such as finite element models.

e Application of the TS and LSM techniques toward combined (geometric and material) quali-
tative characterization of a variety of material defects (e.g. cracks, inclusions, cavities) “hid-

den” in a given reference solid.

e Extension of these methods toward time-domain or multi-frequency treatment of inverse scat-

tering problems.

o Investigation of the fundamental theoretical questions (e.g. those of uniqueness and existence)

raised by the development of the Linear Sampling Method.

e Investigation of the theoretical link between the Topological Sensitivity and Linear Sampling
Methods.
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In light of the above topics and issues, the present work resides at the interface of theoretical solid

mechanics and applied mathematics, while including a number of relevant numerical applications.

The research described in this dissertation has been performed within the framework of a joint
Ph.D. program between the Solid Mechanics Laboratory at Ecole Polytechnique (France) and the
Department of Civil Engineering of the University of Minnesota (USA). The work has roughly
been distributed as follows: the study of the Topological Sensitivity Method at Ecole Polytechnique
under the supervision of Marc Bonnet, and that of the Linear Sampling Method with Bojan Guzina
at the University of Minnesota. Both studies have progressed, to a large extent, independently
of one another. They, however, constitute two approaches towards a common goal, namely that
of advancing non-iterative, qualitative methods for inverse scattering. Moreover, a preliminary
comparative study is conducted in the last chapter.

This dissertation is divided into three parts. Parts I and II address the two featured qualitative
methods (TS and LSM), while Part III discusses and compares some of their common features
via selected analytical solutions. Each part includes chapters that are self-contained in the sense
that each chapter is either a published article or a journal paper in preparation. Where applicable,
appendices appearing in the referenced (“mother”) papers are also included in this thesis for clarity

and ease of reading.

Part I. The first part of this dissertation is dedicated to the Topological Sensitivity Method
for solving inverse scattering problems in solid bodies formulated in the time-domain. Chapter 1,
which essentially reproduces article [3], presents a comprehensive numerical investigation of the
method designed to evaluate its performance within the framework of a conventional finite-element
(FEM) computational platform, and employed to deal with three-dimensional identification and
reconstruction of internal cavities. Chapter 2 presents a novel topological sensitivity analysis for
the identification of three-dimensional cracks in homogeneous or bimaterial elastic bodies. The
theoretical developments presented are an extension of the method to this problem and the study
includes a set of numerical results. An early version of the work presented in this chapter appeared

in the short article [4], a full-length journal paper [5] being in the final stages of preparation.

PartII. The second part deals with the Linear Sampling Method. Chapter 3, corresponding to
the article [1], investigates a multi-frequency formulation of the method for the reconstruction of

obstacles illuminated by acoustic waves and conveniently provides a comprehensive presentation of
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how inverse scattering problems can be addressed by the linear sampling method. In the context of
penetrable scatterers, this method (as well as the factorization method) has exposed the need to study
and understand a non-traditional boundary value problem, termed the interior transmission problem.
Chapter 4, that corresponds to article [2], is dedicated to the study of existence and uniqueness of
a solution to this problem in elasticity, and highlights some of its particular features when dealing
with viscoelastic and piecewise-homogeneous materials. Chapter 5, ending Part II, represents a
generalization of the study of this problem — interpreted as an eigenvalue problem, and is currently

in its final stages of preparation as a journal article [6].

Part III. The third part of this dissertation is composed of a single chapter, Chapter 6, which
represents an attempt to deepen the understanding of the TS and LSM techniques, and to establish
a fundamental link between the two. This last investigation is based on an analytical example
of scattering by a spherical obstacle which permits both (TS and LSM) indicator functions to be

derived in an explicit form.

Summary of contributions. The main contributions of this work are:

e A comprehensive simulation campaign that aims at validating and highlighting the effective-
ness of the use of the Topological Sensitivity Method toward the elastodynamic reconstruc-
tion of material defects (cavities) from transient scattered waveforms within the framework
of finite element methods. To our best knowledge, it constitutes the first comprehensive nu-
merical study of TS-based defect identification methodology in time-dependent 3D settings

and implemented within general-purpose computational environments.

e Extension of the Topological Sensitivity Method to deal with 3D inverse scattering by cracks,
including the formulation of the required previously unavailable, polarization tensor and the

proposition of an original methodology for a qualitative reconstruction of cracks.

o Study of the interior transmission problem, a non-conventional boundary value problem un-
derpinning the Linear Sampling Method. The existence and uniqueness results, which are
fundamental for establishing the validity of the LSM, have been established and certain par-
ticular features of this problem in viscoelastic bodies have been emphasized. This study also
provides a theoretical framework that enables, for the first time, a qualitative identification of

the material properties of the elastic scatterers via the LSM.
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e Formulation of a multi-frequency approach of the Linear Sampling Method. The personal
contribution is concerned with validation, via analytical and numerical examples, of the pro-

posed methodology.

e Development of a platform that aims at exposing possible theoretical links between the TS
and LSM approaches to inverse scattering. The proposed study relies on a canonic example
allowing 1) the analytical implementation of both indicator functions, and ii) the generation
of quantitative reconstruction results which, in of themselves, permit one-to-one comparison
between the two methods. The issue of comprehensive (geometric and material) characteriza-
tion of internal scatterers, i.e. defects, is also addressed there. This attempt to provide better
understanding of the methods led to interesting preliminary results, but an in-depth analysis

is still needed for significant advances on the subject.
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Part I

Topological Sensitivity Method



Introduction and Overview

Identification of flaws embedded in three-dimensional elastic solids, in situations where overdeter-
mined boundary data are available, is a challenging problem arising in a number of applications.
Qualitative and non-iterative methods centered around the development of indicator functions of
hidden defects are of particular relevance in 3D configurations with dynamical measurements since
conventional identification methodologies, based on the minimization of a cost functional J(D)
which quantifies the misfit between a measured quantity and its counterpart for a trial defect con-
figuration D, entail high computational costs due to the need for repeated elastodynamic forward
solutions.

In this part, defect indicator functions are defined on the basis of the topological sensitivity (TS)
of the featured misfit function. Initially introduced for topology optimization [119], the TS concept
stems from the quantification of the perturbation induced to the misfit functional by the creation of a
flaw D , of infinitesimal linear size ¢ at a prescribed sampling location z inside the reference solid.
The TS concept then naturally arises from the asymptotic analysis (in terms of the vanishingly small

size of the trial defect) of the misfit functional, which takes the general form
J(D-.z) = J(0) + n(e)T(2) + o(n(e))

where 7)(¢) quantifies the asymptotic behavior of J(D- ) as ¢ — 0 and is such that lim._,¢ 7(e) =
0, and the function T(z) is the TS (or topological gradient) of J. The asymptotic behavior 7(¢)
and the precise form of the TS function T(z) depend on the assumed nature and shape of the
vanishing trial defect, with n(g) = &3 for traction-free cavities or cracks and for perfectly-bonded
penetrable inclusions. The most pronounced negative values of T(z) correspond to locations where
the nucleation of a small flaw would induce the most pronounced decrease of J, i.e. improve the fit
with the measurements. For this reason, the TS function T(z) is used as a defect indicator function.

Over the last few years the topological sensitivity method has been investigated in elasticity in



problems involving different types of defects [99, 35, 101, 70].

In Chapter 1, a time-domain topological sensitivity (TS) approach is developed for elastic-wave
imaging of media of arbitrary geometry. The TS, which quantifies the sensitivity of the misfit
cost functional to the creation at a specified location of an infinitesimal hole, is expressed in terms
of the time convolution of the free field and a supplementary adjoint field as a function of that
specified location. Following previous studies performed under (mostly) static or time-harmonic
conditions, the TS field is here considered as a natural and computationally efficient approach for
defining a defect indicator function. This study emphasizes the implementation and exploitation
of TS fields using standard displacement-based FEM approaches, a straightforward task once the
correct sensitivity formulation is available. A comprehensive set of numerical experiments on 3D
and 2D elastodynamic and acoustic configurations is reported, allowing to assess and highlight
many features of the proposed TS-based fast qualitative identification such as its ability to identify
multiple defects and its robustness against data noise.

In Chapter 2, the topological sensitivity is derived for three-dimensional crack identification
exploiting over-determined transient elastodynamic boundary data. Simple and efficient adjoint-
state based formulations are proposed in elasticity and acoustics, enhanced by the recourse to closed-
form expressions of a polarization tensor arising in the featured asymptotic analysis when the trial
small crack is circular or elliptic. This approach, which allows a qualitative reconstruction of cracks
in terms of their location and orientation, is implemented within a conventional FEM platform.

Extensive 3D time-domain numerical experiments highlight its usefulness and performance.



Chapter 1

FEM-based topological sensitivity

method for cavity identification



CHAPTER 1. FEM-BASED APPROACH FOR CAVITY IDENTIFICATION 5

1.1 Introduction

Defect identification using T'S under transient dynamical conditions have so far been the subject of
only a few investigations, notably [88] where the connection with time-reversal is explored, [29]
in which an adjoint-based form of the TS is derived for 3D elastodynamics and acoustics, [143]
and [70] where the case of penetrable inclusions in acoustic and elastic media (respectively) is
considered, and [21] which is devoted to a specialized formulation for crack identification problems.
This chapter addresses defect identification in elastic solids by means of the TS function defined for
small-cavity nucleation in the context of 3D time-domain elastodynamics. In a previous publication
[29], the TS function was obtained as a bilinear expression featuring the (time-forward) free field
and the (time-backward) adjoint solution by considering the asymptotic behavior of a system of
governing integral equations based on the transient full-space elastodynamic Green’s tensor, the
corresponding (analogous and simpler) formulation for scalar waves was derived as a by-product,
and a semi-analytical example based on transient 3D acoustic data was presented. As in many other
derivations of TS formulations published thus far, the integral-equation setting is convenient for
performing the mathematical asymptotic analysis but is then just one of several possible approaches
for doing numerical computations once the necessary formulae are established.

The intended contributions of this chapter are twofold. Firstly, on the theoretical side, the deriva-
tion of the TS field proposed in [29] is clarified and extended as follows: (a) the validity of the
previously-established asymptotic behavior of the time-domain governing integral equation (and
hence of the resulting TS formulation) is shown to depend on smoothness assumptions on the free
field, an issue not touched upon in [29]; (b) a simpler and more compact version of the derivation,
using Green’s tensors rather than full-space fundamental solutions, is presented; (c) proofs are also
given for two-dimensional problems. Secondly, a comprehensive set of numerical experiments, in-
cluding 3D elastodynamic examples, is reported and discussed. Unlike previous publications where
the time-domain TS is computed by means of specialized techniques based on Green’s tensors, this
study emphasizes the implementation and exploitation of TS fields using the standard displacement-
based FEM, and indeed the ease of doing so once the correct sensitivity formulation is available.
To the authors’ best knowledge, this chapter presents the first comprehensive numerical study of
TS-based defect identification methodology in time-dependent 3D settings and implemented within
general-purpose computational environments.

This chapter is organized as follows. The forward and inverse problems of interest are reviewed

in Section 1.2. Topological sensitivity is defined and established, in both direct and adjoint-based
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forms, in Section 1.3, the more technical parts of the derivations being deferred to 1.A for ease of
reading. Section 1.4 then discusses some important features of the methodology and introduces
additional concepts and notations pertaining to the FEM-based implementation and its exploitation
in subsequently presented numerical results. Then, the results of FEM-based numerical experi-
ments are presented and discussed in Sections 1.5 (2D scalar wave equation) and 1.6 (3D and 2D

elastodynamics).

1.2 Cavity identification model problem

Let Q denote a finite elastic body in RY (d = 3 or d = 2), bounded by the external surface S and
characterized by the shear modulus p, Poisson’s ratio v and mass density p, and referred in the
following as the reference body. A cavity (or a set thereof) B bounded by the closed traction-free
surface(s) I' is embedded in €2. The external surface .S, which is identical for the reference domain
(2 and the cavitated domain Q(B) = Q\ B, is split into a Neumann part Sy and a Dirichlet part Sp,
respectively associated with prescribed time-varying tractions ¢y and displacements up. Under this
dynamical loading, an elastodynamic state up arises in 2(B), which satisfies the following set of

field equations, boundary and initial conditions (hereinafter referred to for generic B as P(B)):

[Lup](§,t) =0 (£€Q(B),t=20)
tlupl(§,t) =0 (el t>0)
P(B): tlup](&:t) = tn(€: 1) (€SN, 120) (1.2.1)
up(§,t) =up(&,1) (§€5p,t>0)
up(§,0) =up(£,0) =0 (£€Q(B))

where £ and ¢ denotes the position vector and the time; £ denotes the governing Navier space-time

partial differential operator defined by
Lw(E,t) = V- olw](€.t) - piv(E, 1) (12.2)

where o[w| = C : Vw denotes the elastic stress tensor associated with a displacement w, the

fourth-order elasticity tensor C being given (for isotropic materials) by

14

C=2u|Tv + I®I (1.2.3)

1—-2v
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(with Z*™ and I respectively denoting the symmetric fourth-order and the second-order identity
tensors), t[w] = o[w]-n is the traction vector associated with w (n being the unit normal on SUT

oriented outward from Q(B)), and ( ) and ( ) indicate first- and second-order time derivatives.

Cavity identification problem. The location, topology and geometry of an unknown cavity sys-
tem B"™° (or equivalently I'"®) is sought by exploiting measured values of the response of the
flawed solid Q"¢ = Q(B"™¢) arising due to the probing excitation. Specifically, the displacement
u° induced in Q" by (up, tx) is monitored over the measurement surface S°* C Sy and time
interval ¢ € [0, T'] (other possibilities, e.g. finite sets of measurement locations and/or times, being

also allowed by the ensuing treatment). Ideally, a defect configuration B"™¢ such that
utrue(g’t) — uObs(ﬁ,t) (E c SObS, 0<t< T) (1.2.4)

is sought, where u'™® solves problem P(B"™¢) defined by (1.2.1). In practice, due to many factors
(e.g. incomplete and/or inexact measurements, modelling uncertainties), the cavity is sought so as
to minimize a misfit cost functional which is naturally (in the present context) expressed as a double

integral over the measurement surface and the experiment duration:

T
J(QUB),T) = /0 /Sm olup(E,t), €, t] dSe dt (1.2.5)

where €2(B) is a trial cavitated solid defined by the trial cavity B, up solves problem P(B) de-
fined by (1.2.1), and the misfit function ¢ is chosen so as to define a distance between up and
u°%. Numerical experiments presented herein are based on the commonly-used least squares misfit

function:
1
olw, &, 1] = §Iw—'uf"’s(£,t)|2 (1.2.6)

1.3 Topological sensitivity

1.3.1 Small-cavity asymptotics

The topological sensitivity of the cost functional (1.2.5) is defined as its sensitivity with respect to
the creation of an infinitesimal object of characteristic size ¢ at a given location z in {2. Here, such
infinitesimal object is taken to be a trial cavity B:(z), defined by B:(z) = z + B in terms of its

center z, its shape specified by the unit bounded set B C RY (with boundary S and volume |B|)
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containing the origin, and its radius € > 0. The corresponding trial cavitated solid is denoted Q2. (z).
Following [183] or [99], one seeks the asymptotic behavior of J(Q.(z),T) as ¢ — 0 through the
expansion:

J(Qu(2),T) = J(QLT) + () |[BIT(2,T) + o(n(e)) (e —0) (13.1)

where the function 7)(¢), to be determined, vanishes in the limit ¢ — 0 and the topological sensitivity
T(z,T) is a function of the sampling point z and duration 7.

To evaluate the expansion (1.3.1) and find the value of T(z,T'), it is necessary to consider the
asymptotic behavior of the displacement u. governed by problem P(B.(z)). Towards that aim, it

is convenient to decompose u. as

ue(§,t) = u(§,t) +ve(§,1) (1.3.2)

where the free field w is the response of the cavity-free domain {2 to the prescribed excitation, i.e.

[Lu](€,t) =0 (£€9,t>0)
PO) - tlul(&,t) =tn(&t) (€SN, t20) (13.3)
u(§,t) = up(&,1) (€ Sp,t>0)
u(§,0) =u(§,0)=0 (£€Q)
while the scattered field v, solves
[Loc](€,t) = (£€Q,t>0)
tlve(&,1) = - [ ](§,1) (§€T:(2),t20)
tve] (&, )= (£€Sn,t=0) (1.3.4)
U5(£7t) (£€SD7t>O)
v:(£,0) =v:(£,0) =0 (£€9Q),

with I'.(z) denoting the boundary of B.(z). Since the scattered field is expected to vanish for
infinitesimal cavities, i.e. |[ve(&,t)|| = o(e), expansion (1.3.1) is sought by invoking the first-order
Taylor expansion of ¢ with respect to to its first argument. The topological sensitivity T(z,7") and

the leading asymptotic behavior 7(¢) are thus to be identified on the basis of:

/ /Sobs u(€,t),&,tve(€,t) dSe dt = n(e)|B|T(2, T) + o(n(e)) (1.3.5)
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In what follows, emphasis will be given to the 3D case.

1.3.2 Leading contribution of v. as ¢ — 0

To address this issue, it is convenient to reformulate the governing boundary-initial problem (1.3.4)
in terms of an integral equation. Let U (x, t, €) and T'(x, t, €; n) denote the time-impulsive elasto-
dynamic Green’s tensors, defined such that e -U (x,t, &) and ey - T'(x,t, §) are the displacement
and traction vectors at £ € {2 resulting from a unit time-impulsive point force acting at « in the k-th

direction at time ¢ = 0 and satisfying the boundary conditions
U(x,t,§) =0 (£€5p,t20), T(x,t,&n)=0 (£€5N,t=0), (1.3.6)

One also defines the elastodynamic full-space fundamental tensors U o (x, ¢, &) and T' oo (x, t, &; 1)
in a similar way, replacing boundary conditions (1.3.6) with decay and radiation conditions at in-
finity [91, see Section 1.A.2]. The governing integral equation for the scattered field v, then reads
(see Section 1.A.1)

L@ )+ Tl@t&m) wvoa(6)dSe = — [ Ulw,t.€) » t(&.1) dSs
2 T.(2) T.(2)
(@eT.(2), t>0), (13.7)

in which f indicates a (strongly singular) integral defined in the Cauchy principal value (CPV) sense

and x denotes the time convolution at instant ¢ > 0 defined by

t
[a*b](&,t):/o a(&,7)-b&t—T)dr. (1.3.8)

where the inner product appearing in the integral is such that a-b is a tensor of the lowest possible
order (e.g. U  t has order 1, Vu x o[v] is a scalar), and generic tensor fields a and b respectively

verify initial and final conditions
a(-,7)=a(,7) =0 (r<0), b(-,7)=b(-,7) =0 (T>1) (1.3.9)

Equations governing the leading contribution of v. on I'c(z) as € — 0 are sought as the asymp-
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totic form of integral equation (1.3.7). For this purpose, scaled coordinates Z or &, defined by

z=(x—2)/s, E€=(E—2)/e (z,£€T-(2), Z,£€8) (1.3.10)

are introduced. Consequently, the volume and surface differential elements in £-space are rescaled

according to
@ dVe=e>dVe, () dSe=¢"dS;  (£€T.(2),£€€S) (1.3.11)

where dVg, dSg denote corresponding volume and surface differential elements on 5 and S, respec-
tively. The leading behavior as € — 0 of the right- and left-hand sides of integral equation (1.3.7)

are then given by the following Lemmas 1 and 2, whose proof is given in Section 1.A.2.

Lemma 1. Assume that 7 — Vu(&, 7) is Lipschitz-continuous (uniformly for € in a neighbourhood

of z) and differentiable in a neighbourhood of T =t. Then, one has

| venertenasc=<{ [Un@@on© v biolen o) @er)
Fs(z) S

(1.3.12)
where U o (Z, €) is the elastostatic full-space (Kelvin) fundamental displacement, given by (1.A.12).

Lemma 2. Let the vector function v.(&,t) be defined by v.(€,t) = v.(&,t), with € and & related
through (1.3.10). Then, one has

][ T & (e dst :]{STOO,E(x,t,g;n)wa(g,t) dSe+o(|o(- 1)) (ETe(2))
Te(z

(1.3.13)
where T , . is the full-space elastodynamic fundamental traction tensor defined in terms of rescaled

wave velocities c /e, cr/e and ||0:(-,1)|| is a norm of & — v (€, 1), e.g. its L>-norm on S.

Lemma 1 means that the leading contribution to the right-hand side of integral equation (1.3.7)
as ¢ — 0 has a special structure wherein the time variable ¢ and the (normalized) space variable
I are separated. Lemma 2 indicates that the left-hand side of integral equation (1.3.7) is of order
O(J|ve]]) as € — 0. Lemmas 1 and 2 together thus suggest to seek the leading contribution to
v.(€,7) = v.(&,7) as € — 0 in the following form, in which the third-order tensor function
€S — V(&) is to be determined:

v.(€,t) =eV(€):olul(z,t) +o(e) (£€T(2),£€8). (1.3.14)
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Lemma 3. Let v.(&,t) be of form (1.3.14) for some V(€). Under the assumptions of Lemma 1, one

has

T(x,t,&;n)*v:(&,t) dSe = 5{]{;TOO(§3,£; n)V(€) dSg } coful(z,t)+o(e) (xel:(2))
(1.3.15)

where T o (Z, €; M) is the traction associated with the elastostatic Kelvin solution, given by (1.A.22).

Ie(2)

Proof. See Section 1.A.2. O

Combining lemmas 1 and 3, one finds that representation (1.3.14) indeed holds provided that V

solves the integral equation

1 = — p _ =z = _
2V(x)+]{STw(x,£;n)~V(£) ngz—/SUoo(a:,E)(@n(ﬁ) iS;  (z€S)  (1316)

Upon inspection, (1.3.16) can in fact be interpreted as an integral equation formulation governing

the solutions Vi = Vi, = (e ®ey):V to a set of six canonical elastostatic exterior problems

Ve (C: VeVi)(€) =0 (E€R’\B),
L ) ) 1<k<(<3 (13.17)
= —5((Eec +ne(€)er) (E€S)

(C:VeVi)(§) ()

which are independent of z, € and time. The tensor function V(&) is in fact completely defined,
through problems (1.3.17), by B.
The scattered field v. at any point of S°° (and more generally at any point away from the trial

cavity B.(z)) is given by the integral representation formula (see Section 1.A.1):

ve(ac,t)—/B(){pU(a:,t,ﬁ)*ﬁ(ﬁ,t)—i—E(ac,t,{)*a’({,t)}dVg

o TH(x,t,&n) *v(€,1)dSe (£ €S, t>0), (1.3.18)
where E(x,t,£) denotes the strain associated with U (x,t,£). Expanding the first integral by
means of (1.3.11a) and a Taylor expansion of the densities about & = z, substituting (1.3.14) and
introducing scaled coordinates £ into the second integral, one obtains the leading contribution of v,
ase — Qas:

ve(z,t) = W (x,t; 2) + o(?) (1.3.19)
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with
W(z,t;z) = |BI{ [C: E(x,t,2)] x [A:0](2,t) + pU (x,t,2) x 0z, ) } (1.3.20)

and where the constant polarization tensor A depends only on B (through V) and is defined by

A=c!- |113]{/5n<£)®v(£) dSE} (1.3.21)

Inserting (1.3.19) into (1.3.5), the TS T(z,¢) and leading behavior 7(¢) are then found to be given
by
T 8@
T(z,T) = / / T [u(é,t), &, 1) W (E,t;2) dSe dt, n(e) =& (1.3.22)
0 Gobs 8u

Expression (1.3.22) provides a useful basis for discussing some of the features of the time-
domain TS, see Section 1.4.1. It can also conceivably be used for the purpose of computing the
field T(z,T'), and is indeed so used in [70] wherein {2 is an elastic half-space with a traction-free
surface, a configuration for which the Green’s tensor is known. For arbitrary reference bodies (2, an
implementation of (1.3.22) would require a numerical evaluation of the Green’s tensor for source
points located on S° (typically taken as Gauss quadrature points associated with the evaluation of
the integral over S°) and field points taken as sampling points 2.

However, a computationally more efficient approach for evaluating the field T(z,7"), based
on an adjoint solution, is usually preferable and was used for all numerical examples presented

thereafter.

1.3.3 Adjoint field formulation

The adjoint formulation, previously presented in [29] and now summarized for completeness, stems
from treating the integral in (1.3.5) as one of the terms arising in the elastodynamic reciprocity iden-
tity. For any generic domain O and pair of elastodynamic states w1, ug satisfying the homogeneous

elastodynamic field equations in O as well as homogenous initial conditions
U1(£,0) = u1(£70) =0 and U/Q(an) = U/Q(Sao) =0 (EGO),
the following reciprocity identity holds [see e.g. 91, 2]:

{t[ul] * U2 — t[’ug} * ul}(f, t) dS& =0 (1.3.23)
00
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Defining the adjoint state & as the solution of:

[La](g,t) = (E€Q,0<t<T)

Hal€.) = Plue. T - 1.6T 1 (es™o0<i<T)

tfa)(&,t) =0 (€€ SN\S™,0<t<T) (1.3.24)
u(§,t) =0 (£€S5p,0<t<T)

a(€,0) = u(£,0) = 0 (£€9)

using relation (1.3.23) with O = Q.(z), u; = @ and uy = v, and exploiting the relevant boundary

conditions in (1.3.4) and (1.3.24), equation (1.3.5) becomes:
WEIBT(=T) +o(n(e)) =~ [ IRCCITSICORES /  (t )61 a5 1329

On inserting the asymptotic behavior (1.3.14) in the first integral, recasting the second integral as a
volume integral over B.(z) using the divergence identity, and working out the leading contribution

as € — 0 in the resulting equality, one arrives at
T(z,T) = {ofit] « (A: ou)) + puxu}(z,T), n)=e (1.3.26)

where the polarization tensor A is again defined by (1.3.21).

Remark 1. The O(c¢) asymptotic behavior (1.3.26) of J(Q:(z),T) relies on v. approaching (up
to a scaling factor) a static solution as € — 0. This requires the free-field to be sufficiently regular
at (z,t), e.g. according to the sufficient condition given in Lemmas 1 and 2. To put this another
way, the TS (1.3.26) may (invoking the Fourier convolution theorem) be formulated as the inverse

Fourier transform of the [previously established in 35] frequency-domain expression
T(z,w) = {ola]: (A: ofu]) - p’i-u}(z,w)

The Fourier integral then converges if w +— T(z,w) € L'(R), i.e. provided the high-frequency
content of the excitation is limited. Related considerations are developed in [6], where the order in
€ of the leading perturbation by a small inclusion of the fundamental solution of the transient wave

equation is shown to depend on the high-frequency content of the time-modulated point source.

Remark 2. In a previous article [29], the small-cavity asymptotics was conducted by relying on



CHAPTER 1. FEM-BASED APPROACH FOR CAVITY IDENTIFICATION 14

estimates

Ula,t,€) xal(6.1) = “Un(@,8)alz0)+0(1) (@
1 B (x, €l (2))
T(,1,&m) x b€, 1) = 5 Tocl@,& ) b(2,1) + O(1) ()

(i.e. identities (27) therein) instead of Lemmas 1 and 2, yielding the same result (1.3.26) but in a not
entirely correct way: (i) these estimates hold under smoothness conditions on a,b, similar to the
sufficient conditions given in Lemmas 1 and 2, that were not mentioned, and (ii) estimate (b) above
is in fact not directly applicable here as it is needed for b(€,t) = v-(€,t), which is not defined at

& = z. Lemmas I and 2 were therefore needed to fix this flaw in the asymptotic analysis.

Remark 3. The cavity-identification setting of the model inverse problem formulated in Section 1.2
is consistent with, but does not constitute a mathematical prerequisite for, the small-cavity asymp-
totics developed in this section. In fact, the latter procedure may in principle be applied to any cost

function of format (1.2.5) whatsoever, regardless of its physical meaning or engineering motivation.

Remark 4. The same canonical problems (1.3.17) and subsequent polarization tensor (1.3.21) also

occur in [29] and in a previous frequency-domain formulation of the TS [101].

Remark 5. The foregoing analysis has been performed for the 3D case, deemed the most important,
but can be reproduced with the necessary adjustments for the 2D case (see 1.A.4), leading to similar

results where n(e) = 2 instead ofn(e)= e3.

1.4 Discussion and implementation

1.4.1 Discussion

Topological sensitivity as a defect indicator function. T(z,T) quantifies the sensitivity of the
featured cost functional J to a perturbation of the reference medium in the form of an infinitesi-
mal cavity at z. It is then natural to consider T(z,7T’) as a possible defect indicator function, as
was previously done on several occasions (see Section 1.1), whereby actual defects are expected
to be located at sampling points z at which T(z,T") attains its most pronounced negative values,
i.e. at which a sufficiently small defect would induce the most pronounced decrease of J. In other
words, infinitesimal trial cavities placed at such sampling points improve the fit between simulated

and actual measurements, and intuition then suggests that finite defects having the same location
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also induce a decrease of the cost function. It is important to emphasize that such exploitation of
the information provided by the field T(-,T') is natural but not backed by a rigorous mathematical
proof, despite the fact that the analysis of the cost function leading to the definition and evaluation
of T(z,T) is itself mathematically rigorous. It is however substantiated by various numerical exper-
iments performed for several classes of physical settings (see references given in Section 1.1). The
present study aims at contributing to this substantiation within the present context of time-domain

elastodynamics, seldom considered in this context, through the examples of Sections 1.5 and 1.6.

Topological sensitivity allows non-iterative approximate global search. Defect identification

based on the TS field T(-, T") of a misfit function has the following important characteristics:

(a) The numerical procedure is non-iterative, as it just requires two solutions evaluated on the ref-
erence (defect-free) configuration, namely the free field (1.3.3) and the adjoint field (1.3.24).
It is thus computationally much faster than usual iterative optimization-based inversion meth-
ods. This non-iterative nature is also one of the main features of the linear sampling method
[16, 156].

(b) The approach is of a qualitative nature, as the underlying approximation (1.3.1) of J does not
lend itself to optimization with respect to €.

(c) It is global in nature, as (i) it does not require an initial guess, and (ii) it allows simultaneous
identification of multiple defects without prior knowledge of their number (see last example of
Section 1.5 and the dual-cavity example in Section 1.6.2).

(d) The experimental information about sought defects entering T(-, T") is entirely contained in the
adjoint solution (through the definition of the adjoint forces in terms of the density ).

(e) A TS field may be defined and computed using the present approach for cost functions associ-
ated to any overdetermined data, no matter how scarce, which makes TS-based identification a

very flexible approach.

Transient versus time-harmonic data; time reversal. Compared to previous works based on
wave-based imaging under time-harmonic conditions [e.g. 35, 93, 102, 146], the time-domain ap-
proach to TS benefits from richer data as it exploits measurements taken over a duration 7' (the
mathematical framework allowing to exploit other ways to collect data over time). [88] have com-
pared this approach to imaging processes based on time reversal [62], since the adjoint field
true

defined by (1.3.24) constitutes a time-reversed state related to the field v
defect B'™e,

scattered by the actual



CHAPTER 1. FEM-BASED APPROACH FOR CAVITY IDENTIFICATION 16

Influence of measurement noise. When observed values u° differ from their true counterpart
u"™ because of measurement noise or modelling uncertainties, the sensitivity of T(-,T) to such
uncertainties is directly related to the sensitivity of the adjoint solution to the same uncertainties. In
the frequently-used case of least-squares cost functionals, based on (possibly weighted) L? norms
of measurement residuals § = u — u°", the adjoint forces featured in (1.3.24) depend linearly on
. More generally, misfit functionals based on a L norm (with 1 < a < 00) lead to O(||§]|*71)
adjoint forces (the cases v = 1, co do not satisfy the required differentiability of misfit density
©). As T(-,T) also depends linearly on the adjoint solution (irrespective of the nature of the cost
functional), the perturbation undergone by the topological sensitivity of least-squares cost functions
is, when using L? norms, linear in the measurement uncertainties. This suggests that identifica-
tion procedures based on the TS field are better-behaved with respect to measurement noise than
usual inversion procedures, known to be highly sensitive to the latter unless properly regularized.
Indeed, numerical results of Section 1.6.5, based on misfit functionals without regularization term,

corroborate this expectation.

Dynamical versus static measurements. Expression (1.3.22) shows the value of T(z,T") to be
influenced by that of W (-,;z). The latter, defined by (1.3.20) in terms of the elastodynamic
Green’s displacement and strain tensors, is a decreasing function of the distance d(z, S°%) of z
to S°%. Hence, sampling points located close to S°° are more apt to lead to high (negative) values
of T, increasing the risk of false identifications there when seeking a buried defect. Moreover, it
is instructive to compare the behavior of T for sampling points remote from the observation sur-
face according to whether T is evaluated under dynamic (i.e. time-dependent) or static (i.e. time-
independent) loading conditions. Indeed, W (-, -; z) behaves like [d(z, S°**)]~! in the former case,
but like [d(z, S°)]~2 in the latter case: (i) this behavior is directly observed for E(-,-; z) on the
full-space Green’s tensor, see equations (1.A.4ab) and remark 6, and is also explicit for scalar half-
space Green’s functions, constructed from their full-space counterpart using the method of images;
(ii) the second term in (1.3.19) vanishes in the time-independent case. The static TS is thus a priori

less sensitive than its dynamic counterpart to defects that are remote from the measurement surface.

Computational issues. Anticipating on the finite element implementation discussed next, all nu-
merical results of Secs. 1.5 and 1.6 are based on solving linear dynamical problems in the time
domain, using an unconditionally-stable version of the Newmark time-marching algorithm. Such

linear evolution problems have well-established convergence properties with respect to decreas-
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ing mesh size and time step, and hence do not raise mesh dependency issues. Note however that
discretization error affecting displacement solutions affect quadratically the TS due to the bilinear
structure of formula (1.3.26). The meshes and time steps used thereafter are chosen solely so as
to adequately model geometry and represent expected spatial and time variations in the computed
“true”, free and adjoint solutions. Also, no attempt to improve the accuracy of computed stresses
through refined postprocessing of displacement solutions has been made (although such procedures
might conceivably improve TS evaluation), so as to show the usefulness of the TS concept within a

standard FEM framework.

1.4.2 Implementation and numerical experiments

In spite of the previously-mentioned current lack of a mathematical proof to validate rigorously
the heuristic idea of a TS-based defect indicator function, it is nevertheless useful to evaluate its
practical efficiency through numerical experiments. This study aims at establishing the ability of
the time-domain TS to identify defects (here mostly taken as impenetrable objects such as cavities
in elastic solids), emphasizing the computational efficiency of the approach and its ease of imple-
mentation within a standard finite element framework, and discussing the main features of such
wave-based imaging approach. In the sections to follow, results from numerical experiments will
be presented for the 2D scalar wave equation (Section 1.5), then for 2D and 3D elastodynamics
(Section 1.6).

Discretization. Aiming at a FEM-based implementation of the time-domain topological sensitiv-
ity of J, let €}, and Q,(B) denote FEM discretizations of the reference domain €2 and any cavitated
trial domain 2(B), whose meshes are assumed to coincide over the (discretized) observation surface

S;’Lbs. Then, a discretized least-squares cost function is be set up in the form

nobs nr
1
In(@n(B),T) = 3> S llupa€ity) — up™ ()| (14.1)
i=1 j=0
where n°% denote the number of nodes located on S,Olbs, {to =0,...,t,, = T} is a sequence of

discrete time instants (a constant time step At being assumed for simplicity), and up ;, 4™ denote

the FE-computed trial displacement and the observed displacement sampled at the nodes of S,
respectively. For the purposes of computing the TS field, it is necessary to set up the discretized

reference domain €2, whereas the discretized trial domain €2 (B) is introduced for the purpose of
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a consistent definition of Jj, but is not actually needed.

In the numerical results to follow, the data uzbs is generated synthetically, using a discretized
version que of the “true” domain with the defects (or set thereof) to be identified. In that case, the
meshes of Q"¢ and S;’Lbs are not required to coincide over S;’Lbs.

All forward and adjoint solutions are performed using an unconditionally-stable Newmark time-

marching scheme with parameters 5 =1/4,v=1/2 [115].

Discretized time convolution. A discrete version of the time convolution (1.3.8) is also adopted

as
k

[wn * Wi (& tr) = ALY v4(€ t))wn (st — t;)  (0<E<ng). (1.4.2)
j=0

Then the adjoint state i, corresponding to the discretized cost function (1.4.1) is defined on {2}, and

results from time-dependent nodal forces F, over S,‘;bs defined by
Fi(&,t) = un(&;, tr — t)) —uf™ (&, tr — 1) (1<i<n®™, 0<k<ny) (1.4.3)

Truncated topological sensitivity. To focus on areas of {2 where T attains sufficiently low (neg-
ative) values, a thresholded version T, of T depending on a cut-off parameter « is used in some of

the following examples. It is defined by

T(z,T) (T<aT™"), .
(1) ( ) with T = minT(2,7), a <1, (1.4.4)

Tal= 1) = { 0 (T > oT™") z

with the implicit assumption that T™" < 0. Moreover, let Beq () denote the geometrical support of
To(2z,T),i.e. the region of €2 defined by

Beg(a) = {z€Q | Ta(2,T) <0} . (1.4.5)

Thus an estimation of the unknown cavity (or set thereof) suggested by the thresholded TS may be
defined in terms of Beq(cx). The following additional definitions will also be useful: the character-

istic radius Req(cv) of Beg(c), given by

1 1/2 3 1/3
Req = <W\Beqy) (2D), Req = (M\Be(ﬂ) (3D), (1.4.6)
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where | Beq| stands for the volume of B, and the distance d(ca) between the centroid Teq of Beg (o)

and the true cavity centroid ™ € Q, i.e.

d=]x" — xeq| Withzeq = £dVe (1.4.7)

@ Beq
1.5 Defect imaging using acoustic time-domain data

In this set of examples, the reference domain €2 is the unit square, i.e. Q = {0 < &,& < 1}
(Fig. 1.1). The primary field is governed by the two-dimensional scalar wave equation of e.g. linear
acoustics. The identification of a set B""® of impenetrable obstacles, such that a homogeneous Neu-
mann boundary condition describing a zero normal velocity is prescribed on the obstacle boundary
I're, is considered, based on four (simulated) experiments of duration 7. The free pressure field

u®) associated to experiment number k is defined through the boundary-initial value problem

(£eQ, 0<t<T)
~ \T

(EeSk, 0<t<T) (L5.1)

(€S (L#£k), 0<t<T)

(

£€Q)

where each Sy is one of the sides of the square boundary of {2, numbered according to Fig. 1.1, and
A denotes the two-dimensional Laplacian operator. Note that the wave velocity is set to ¢ = 1, so
that the travel time of waves propagating vertically from .Sy to S3 or horizontally from Sy to Sy is
one unit of time. All simulations presented in this section were performed using a finite element
method based on a piecewise-linear interpolation, i.e. three-noded triangular elements. The cost

function .
1
e = [ (€. 1) — ull) (&, 0) dse t
2 0 S1+S2+S3+S54

is then introduced (in a discretized form similar to (1.4.1)), where ut(r]fl)e denotes the pressure field

k)

arising in Q"¢ = Q\ B"™* from the external excitation defined in (1.5.1), u(()bs

(possibly polluted) observation, and u%k) is the predicted measurement for an assumed configuration

is the corresponding

B of the obstacle. The topological sensitivity T(z,T") of J (k). such that

JF(Q.(2),T) = JF(Q,T) + 2|B|T(2,T) + o(c?)
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Figure 1.2: Identification of a single scatterer: meshes used for generating the synthetic data (left) and
computing the topological sensitivity (right).

is given (following an analysis similar to that of Section 1.3) by

T(2,T) = { 27V a® x Vo) 4 %%Uf) o u® }(z, )

Identification of a single scatterer. Let B"™° denote the ellipse with parameters as given for
scatterer 1 in Table 1.1 (where “inclination” refers to the angle between the £;-direction and the
major principal axis). The meshes used for generating the synthetic data ut(r]fl)e and for computing
u,w and T(-, T") (Fig. 1.2) feature 16,268 and 9, 841 DOFs, respectively.

Figure 1.3 shows the distribution of Ty (-,7") obtained for the above-defined single-scatterer

identification problem (having used T'=2, a = 0.5 and At = 2.5 10~2). The region Beg(v) clearly
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Scatterer # Semiaxes Centroid Inclination
1 v/26/100, 3v/26/500 (0.30,0.65) tan—'(1/5)
2 v/29/100, 34/26/400 (0.60,0.35) tan—'(5/2)
3 V17/100, 3v/17/200  (0.25,0.30) tan~'(1/5)
4 V13/100, 3v/13/200  (0.55,0.75) tan~1(5/2)

Table 1.1: Identification of a multiple scatterer: geometrical parameters.

pinpoints correctly the location of the defect, while its size gives a reasonable estimation of the
actual defect size. Figure 1.4 moreover shows, by means of a sequence of blow-ups of the region
surrounding the actual defects for o ranging from 0.1 to 0.9, that Bey () is relatively insensitive to
the choice of a within a fairly wide range of values (approximately 0.2 < a < 0.6 for this example).

Figure 1.5 then illustrates how the choice of experiment configuration and duration affects the
results. Figure 1.6(a), which repeats Fig. 1.3, is based on the single experiment £ = 1 and a duration
T = 2 large enough for a wave emanating from .S to hit the defect and send scattered signals back
to various parts of the boundary. Hence, the cost function contains enough data about the object
to make an identification possible. In contrast, under the same conditions but with data collected
only until 7" = 1, the scattering of a wave emanating from S seldom has sufficient time to send
information to the boundary, and the defect is not identified (Fig. 1.6(b)). Using the same reduced
experiment duration 7" = 1 but with an incident wave emanating from surface Sy, located closer to
the defect, some of the scattered signals reach the boundary before ¢ = 1 resulting in an identification
(Fig. 1.6(c)) that is not as good as in Fig. 1.6(a) but still acceptable. Finally, maintaining 7' =1 and
using a multiple experiment £k = 1,2,3,4 (with experiments k = 3,4 contributing most of the
usable data due to the chosen duration) yields again a satisfactory identification (Fig. 1.6(d)). These

observations entirely conform with what one would expect based on physical intuition.

Simultaneous identification of a multiple scatterer. The simultaneous identification of a set
of four elliptical scatterers, whose characteristics are gathered in Table 1.1, is now considered.
The mesh used for generating the synthetic data ut(ﬁ now features 24,098 DOFs. The resulting
distribution of Ty (-,T) obtained for a multiple simulated experiment k = 1,2, 3,4 with duration
T = 2 and a cut-off & = 0.5 is shown in Fig. 1.6. The corresponding region Beq(«) is split into
four connected components, each one correctly located at one of the defects. The identification
is simultaneous in that the topological sensitivity is computed at once on the basis of the free and

adjoint solutions, with no prior information about the number of defects fed into the computation.
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1.6 Defect imaging using elastodynamic time-domain data

1.6.1 Methodology

Synthetic experiment configuration. The reference elastic domains considered are the unit cube
Q={0<&,&,& < 1} or the unit square 2 = {0 < &, &2 < 1}. The material parameters u, v, p

are set so that the longitudinal wave velocity (which is fastest) is unity:

oL =V p/pr? =1 (1.6.1)

(with k defined by (1.A.5)), so that "= 1 corresponds to the travel time of longitudinal waves prop-
agating between any two opposite faces of Jf2 in a direction normal to them. For both 3D and 2D
cases, a single synthetic experiment is considered throughout this section, whereby a compressional
loading ty = —H (t)es (where H(t) denotes the Heaviside step function) is applied on the face
& =1 of 9 while a homogenous Dirichlet condition is prescribed on the face Sp = {2 =0}. The
observation surface is taken as the whole Neumann surface: S;’Lbs = SN =0\ Sp.

The reference mesh €2, is based on an isoparametric piecewise-linear interpolation employing
three-noded triangular elements and 1, 988 nodes (2D case) or four-noded tetrahedral elements and
19, 683 nodes (3D case). Moreover, to guard against the “inverse crime” [78], the synthetic data u°®
is computed by means of a finer discretization, with Q}/*° discretized into isoparametric piecewise-
quadratic elements, i.e. six-noded triangular elements (2D case) or ten-noded tetrahedral elements
(3D case), arranged for convenience so that the elements of €2, and Q¢ coincide on S°bs - The
simulated displacements at the vertex nodes of Q"¢ on 5P are then retained (and the values at the

midside nodes discarded), which provide the nodal values of u°® on Sgbs used in the discrete cost

function (1.4.1).

1.6.2 Single or dual cavity identification

In this section, the effectiveness of the topological sensitivity indicator is assessed on 2D or 3D
single- or dual-cavity configurations, with the simulated experiment duration set to 7" = 1.

The thresholded TS T,(-,7") for a single unknown circular cavity and a set of two unknown
circular cavities are presented, for two configurations in each case, in Figs. 1.7 and 1.9, respectively
(with details on cavity geometry provided therein). In each figure, case (a) corresponds to unknown
cavities close enough to the excitation surface, so that the experiment duration 7' =1 lets sufficient

amount of information reach the observation surface, leading to satisfactory identification for both
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the single- or dual-cavity cases. In contrast, case (b) for each figure features a cavity located in such a
way that little information about its presence can reach the observation surface within the time frame
T =1, and these cavities are poorly located by the Ty, (-, 7") distribution. In addition, a computation
on two finer meshes of the thresholded TS of Fig. 1.8(a), keeping the same measurement grid and
definition (1.4.3) of adjoint nodal forces, indicates that T, (-,7") is only moderately sensitive to
mesh size (Fig. 1.8).

Then, similar numerical experiments are conducted for the 3D case, with results for single- or
dual-cavity configurations shown in Figs. 1.10 and 1.11 (where details on cavity geometry are again
provided therein, and the correct cavity boundaries are depicted as blue spheres). Moreover, the
regions Beq(cr) defined by (1.4.5), plotted respectively in Figs. 1.12 and 1.13 for the single- and
dual-cavity cases, are seen to indicate the correct location and number of sought cavities based on

obs

the sole information ©4°** and do not predict other, spurious, defects.

1.6.3 Influence of experiment duration

The duration 7" over which data is collected will obviously have a major effect on the results,
an effect which is now investigated. For this purpose, in addition to the previously-defined unit
cube or square {2, an elongated variant ' of Q such that —1 < & < 1 is also considered, with
Sh, = {&§&2 = —1} and all other dimensions and boundary conditions defined as before, and the
corresponding observation surface S'°% set as S7°% = S, = 90\ Sp.

Figures 1.14 and 1.15 plot d(0.75) and Req(0.75) as functions of the simulated experiment
duration 7" for the identification of a single cavity of radius R = 0.1 embedded in domain £ or
(Y. Both the 2D case (with [ = (0.5, 0.5) in Q or §"® = (—0.5, 0.5) in ') and the 3D case
(with 2" = (0.5, 0.5, 0.5) in © or x§"¢ = (0.5, —0.5, 0.5) in ') are considered. These results
can be divided into three cases (indicated on Figs. 1.14 and 1.15 using circled ‘1°, 2’ and ‘3’
symbols) according to the value taken by 7'. For 0 < T" < 17 (where 77 is typically the time for
the wave to reach the cavity), the identification is not satisfactory, as was to be expected since the
scattered waves do not have time to reach S°" and be recorded in the cost function. Next, the case
Ty < T < T (relatively narrow in terms of the range of T") corresponds to d decreasing, and Req
increasing, with 7" i.e. estimations of defect location and size that are sensitive to the experiment
duration (figures 1.15(b), 1.15(c), 1.15(d)) and hence also not reliable. Finally, in the case T' > T5
(with T, large enough for a substantial amount of information to reach S°), d reaches small values

(indicating a correct identification of the cavity location) while R, the estimated cavity size, attains
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stable values.

1.6.4 Influence of observation surface configuration

All results so far were based on dense and full-aperture measurements (for a single experiment).
The effect of relaxing either the measurement grid density or the measurement aperture is now

considered.

Influence of measurement grid density. The influence of using coarser measurement grids fea-
turing N x N points on each face of Sy is now considered. Figure 1.16 illustrates the effect of a
decreasing measurement density (i.e. decreasing V) on the computed field T, (-, 7"). The numerical
value of T, (-, 7") is seen to decrease, reflecting the fact that the definition (1.4.1) of J and that of
the adjoint forces (1.4.3) is strongly influenced by the number of measurement points. This in itself
is of secondary importance, as (i) the support of T, (-, 7T"), not its numerical value, is of primary
importance, and (ii) one could easily renormalize the definition of J. However, one also notices
that a decreasing measurement density induces a qualitative deterioration of the identification pro-
vided by T, (-, 7). This observation is confirmed by Fig. 1.17, where the reconstructed cavity is
taken to be the support Beq(a) of Ty (-, T") and which shows that o must decrease with IV to have
Beq(v) reasonably estimating B"™ for all grid densities. Remarkably, the cavity location remains
correctly estimated even as the shape of Beq(«) becomes irregular due to the decreasing number of

observation points.

Influence of limited aperture. Here, the effect of restricting the observation surface to a portion
S°bs C Sy of the boundary is examined. Figure 1.18 shows the identification result in terms of
Beq(a) for two cases with limited aperture. For data collected on the top face {2 =1 (Fig. 1.19(a)),
the observation surface is orthogonal to the propagation direction of the compressional wave in the
reference solid, and the horiozontal location of the sought cavity is correctly found while its vertical
estimated position is offset compared to the correct one. For data collected on the lateral face {3 =0
(Fig. 1.19(b)), the TS field does not resolve correctly the unknown cavity. Moreover, plots of Beq(cv)
corresponding to observations surfaces S = {& = 1} and S = {£3 = 1} (chosen closest to
B"*¢ to yield sufficient usable data) indicate satisfactory reconstruction of B'™¢ (Fig. 1.19). For
the two cases shown, By is better estimated along the direction orthogonal to 5°bs with the best
identification obtained in Fig. 1.19(c) corresponding to S°" orthogonal to the propagation direction

of the incident wave.
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1.6.5 Influence of data noise

In this section the influence of data noise is studied by considering noisy simulated data of the form

() = (o) o™, = { ma (W€ 1) - i€ty ] o) e

(1.6.2)
where x is a Gaussian random variable with zero mean and unit standard deviation. Figure 1.20
depicts the behavior of the imaging method for increasing noise level . Remarkably, the cavity
location is correctly estimated even for high noise levels (Figs. 1.21(c) and 1.21(d)). TS-based
identification thus still yields usable results if applied to noisy data, as anticipated in Section 1.4.1
based on the mathematical structure of the TS formula, even though no regularization is used in
the cost functional. This feature is very promising for applications. Note that the reference u"

e The discretization

used in (1.6.2) is itself “noisy”, being a FEM-based approximation of u
error level thus superimposed to the simulated data noise is expected not to exceed a few percent
in the examples presented here (and thus to be much lower than the noise levels of Figs. 1.21(c)
and 1.21(d)). For instance, synthetic data evaluations for the 2D elastodynamic examples presented
a 2.11072 relative discrepancy (in L?-norm) when performed on meshes featuring 2420 and 5453

nodes.

1.6.6 Identification of non-cavity defects

To conclude this series of numerical experiments, the identification of a crack and an inclusion is
now considered, whose geometrical or material characteristics do not conform to those assumed in

deriving the topological sensitivity.

Crack identification. The identification of a penny-shaped crack (radius R = 0.1, unit normal
n = —sinfe; + cos fes) leads to results that are satisfactory in terms of crack location and size,
as shown in Fig. 1.21 for two choices # = 0 and 6§ = 7/4 of the crack inclination, while lacking
sensitivity to the crack inclination. A recently-proposed specific formulation for crack problems
[21] features a polarization tensor that depends explicitly on an assumed crack orientation, thus

offering (not yet investigated) possibilities for finding the crack orientation on that basis.

Inclusion identification. The identification of a penetrable spherical inclusion characterized by

the radius R = 0.1 and material parameters u*, v* = v, p* = p is now considered. The TS de-
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fined for cavities is found to identify satisfactorily soft spherical inclusions (such that p* < p),
see Fig. 1.22. However, employing this method for stiff inclusions (such that p* > ) leads
to an contrast inversion in the TS field, the defect location now corresponding to a maximum of
T(-,T). Moreover, the TS defined for spherical elastic inclusions with assumed material parameters

w*, Vs, p*, given by
T*(2,T) = {o[a] * (A* : ou]) + (p — p*)uxu}(z,T) (1.6.3)

with the polarization tensor ,A* given by (1.B.2) and established in [70], has also been imple-
mented within the present FEM approach. Then, the TS field T* computed for the correct values of

w*,v*, p* is seen in Fig. 1.23 to allow a correct identification of a stiff inclusion.

1.7 Conclusion

In this study, the concept of topological sensitivity (TS) is developed for elastic and acoustic-wave
imaging of media of arbitrary geometry using data in the time domain. On seeking the limiting form
of the boundary integral equation governing the scattered field caused by a cavity with vanishing
size €, the TS field is found to be expressed in terms of the time convolution of the free field and an
adjoint field. The £ asymptotic behavior of the cost function revealed by the analysis, identical to
that established earlier for identification in static of frequency-domain settings, requires a degree of
smoothness of the free field with respect to the time variable. The main analysis is devoted to 3D
configurations, but 2D time-domain formulations are addressed as well.

While its derivation and formulation results from a mathematically rigorous asymptotic analy-
sis, subsequent applications of the TS concept to the identification of finite-sized defects remains
heuristic. Here, a comprehensive set of numerical examples is presented so as to substantiate the
usefulness of the TS in applications and assess its performances. In contrast with the relatively
involved analysis required to arrive at the correct formulation of the TS field, subsequent numeri-
cal implementations are quite simple. To emphasize the ease of application of the TS concept, all
examples presented in this chapter rely on straightforward FEM formulations of the free and ad-
joint field, rather than more-specialized integral-equation techniques previously used by the same
group of authors. Several important features of the method are discussed through these examples,
including its ability to identify multiple defects or to withstand significant data noise, and the effect

of restrictions on the data through insufficient experiment duration or partial aperture. It is impor-
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tant to note that most examples consider identification based on a single (simulated) time-domain
experiment.

From this study, it can be concluded that computing and exploiting the TS field constitutes a
powerful and efficient tool for defect identification, as it is very simple to implement, computation-
ally much faster than minimization-based inversion methods, and allows multiple defect identifica-
tion without prior information. The present “one-shot” TS-based identification is qualitative rather
than quantitative in nature. In addition to the stand-alone one-shot T'S-based procedure emphasized
in this chapter (of a qualitative rather than quantitative nature, and hence useful if speed or ease of
implementation is more important than accurate defect sizing), the TS may also be implemented
using an iterative matter removal strategy of the kind used in topology optimization [5, 99], or be
used in computing good initial guesses for subsequent refined inversion (perhaps based on exploit-
ing Beg(r) and Req(cv) defined by (1.4.5) and (1.4.6)). Quantitative defect identification may also
be achieved on the basis of time-domain versions (to be developed) of higher-order topological

expansions along the lines of [30, 31].
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Figure 1.5: Identification of a single scatterer: influence of experiment configuration and duration.
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Figure 1.6: Identification of a multiple scatterer, with k = 1,2,3,4 and T = 2: TS field T (left) and its
thresholded version T, with o= 0.5 (right).
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(a) R=0.1, 2" = (0.5, 0.5) (b) R=0.1, " = (0.5, —0.5)
Figure 1.14: Influence of experiment duration: identification under 2D conditions.
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Figure 1.15: Influence of experiment duration: identification under 3D conditions.
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Figure 1.16: Influence of measurement grid density on thresholded TS field T, (=0, R=0.1)
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Figure 1.18: Influence of limited aperture: distribution of T, for two choices of S°*.
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1.A Asymptotic behavior of elastodynamic integral operators

1.A.1 Elastodynamic governing BIE

The integral representation formula for the scattered field v, reads [91]
ve(@ t) = — | {T(e,t,&n) % v-(6,0) + Ulw, t,6) s tlu](€,8) } dSe (LA
I(2)

In the present situation, where the free field featured in the right-hand side of (1.A.1) is also defined

inside the cavity region B.(z), one has

[ Ulat,€) « tlul(&, 1) dSe = / [0U (2,1, €) i€, 1) + Bz, 1,€) » o u)(€,1)] dVe
I(2) B:(z)

by virtue of the divergence formula (note that —n in (1.A.1) is the ourward unit normal to B.(z))
and the field equation (1.3.3a) verified by u. Integral equation (1.3.7) then follows by invoking
the following property of time convolution (1.3.8), easily established using integration by parts and

conditions (1.3.9):
[axb](&,1) = [a*b(&,t) = [@xb(& 1)

1.A.2 Elastodynamic fundamental solutions and proof of Lemmas 1 to 3

The time convolutions featured in integral equation (1.3.7) can be expressed as

U(x,t,&)xt(&,t) =Ulx,t,Ele;- t(&, )] e (1.A.2a)
T(mvtas;n)*ve(£>t) T[watvg;n‘ei'vs(ga')}'ei (1A2b)

where Uz, t,&|f] and T'[x, t, &; n|f] are the time-modulated elastodynamic Green’s tensors, de-
fined such that e;-U and e - T are the displacement and traction vectors at £ € € resulting from a

point force acting at x in the k-direction with prescribed time-varying magnitude f(t). The latter



CHAPTER 1. FEM-BASED APPROACH FOR CAVITY IDENTIFICATION 42

solve the boundary-initial value problem

LUz, t, €| f]+6(E—z)f(t) I =0 (£€Q,t>0) (1.A.3a)
Tz, t,&n|f]=0 (€€ SN,t=0) (1.A.3b)
Ulz,t,£|f]=0 (€€ Sp,t=0) (1.A.3¢)
Ulz,0,¢|f] = Ul=,0,€|f] = 0 (£eQ) (1.A.3d)

Similarly, let Uz, ¢, &| f] and T'o [z, t, €; 1| f] denote the time-modulated infinite-space funda-
mental solution, which satisfy equations (1.A.3a) and (1.A.3d) with Q = R3 and radiation conditions
instead of boundary conditions (1.A.3b) and (1.A.3c¢), and is given by [91]

Unclot€1f] = o[ Ale. 4. €)1+ Bla .61 (7 07) (1.A42)
Bla.t€lf] = g [ Blovt 6111 91) + Dl t €1fI(T™7) + 2B ot €l (07 07)
(1.A.4b)
Toola,t,8n|f] = ﬁ Clat.€1f) (Fon) + Dl t.€l] (F on + ()
+ 2Bz, t, £|f] (n-f«)f@f«} (1.A.4c)
where r = (£ —x), r =||r||, # =7 /r, k is the ratio of bulk wave velocities as defined by
9 é _1=-2v p
A c? S 2(1—-v)  A+2u (1.A.5)
and with A= Az, t,&|f], ... defined by
Y PR S TP
Aot =1 (1= 2) + [ ar(=")an
T r
Bla,1.€l1] = —3Alw. 1€ f] + 27 (¢ ) + w21 (- )
r T T
Cla.1.€]] = 2Bl 1€/ = (L= 22 F (t= ) + F (=) } (1.A.6)
r ro. T
Dlw.1.€lf] = 2Ble,t.€1f] = (1= ) = —f(t- )
r ros r
Elaw,1.€lf] = —3Ble.t.€|f) - Dle.t.€7] — {7 (1= ) + f(t- )}
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Define now the time-modulated complementary elastodynamic Green’s tensor U ¢ by

Ulz,t,€|f] = Uncla, t,€|f] + Ucla, £, €| f] (1LA7)
By virtue of superposition arguments, U ¢ is governed by the boundary-initial value problem

LUclx,t,€[f] =0 (£€Q,t>0)
Tclw,t,&n|f] = —Tulz,t,&nlf] (§€5n,120)
Ucle,t,£|f] = —Us[z,t, €| f] (€ Sp,t=0)
Uclz,0,¢|f] = Uclz,0,¢|f/] =0 (£€Q)

(1.A.8)

One can then show (using e.g. an integral representation formula) that Uc[x, ¢, &| f] is bounded in
the limit & — x, i.e. that the singular behavior of U[x, ¢, &|f] at £ = « is identical to that of its

full-space counterpart U o [, t, €| f]. Hence, one has
Uclz+ez,t,z+e€|f] = O(1) (e —0) (1.A.9)

Proof of Lemma 1. 'With decomposition (1.A.7) of Uz, ¢, &| f] in mind, consider first the evalu-

ation of the leading contribution to

Ueoo(,t,€) x (€, 1) dSe (1.A.10)
Te(z)

as ¢ — 0, where U (x,t,&) * t(€,t) is, by virtue of (1.A.2a), given by (1.A.4a) with f(t) =
e;-t(&,t). Setting f(7) = f(t) + (f(1)— f(t)) = f(t)+Af(7) in (1.A.6), one obtains

12 2
SO0 + Al €8], Bletglf) =1

Alzx,t, &|f] = f(t) + Blx,t, E|Af].
(1.A.11)
The cofactors of f(¢) in (1.A.11) correspond to a constant point force of unit magnitude, and hence

yield, through (1.A .4a), the elastostatic full-space Green’s tensor (i.e. Kelvin’s solution) U o (Z, £):

Uy (Z,€) = 87T1M [(1+£HI + (1-r*)rer] (1.A.12)
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Moreover, the Lipschitz-continuity assumption made on t — o[u](€, t) implies that
f&) =@ < Klt=7], [f(0) <K 0<7<t
(with K the Lipschitz continuity modulus of f) and hence that
Alzx,t,E|Af] < KCar/er, Blz,t,§|Af] < KCgr/er (1.A.13)
with appropriate constants C'y, Cg. Combining (1.A.4a), (1.A.11) and (1.A.13), one thus obtains

Uco(,1,€) (£, 1) = (zc §)-t(&:1) + Uoo(®,1,£) + AL(E, 1),
| Usol,t, &) At(€,1) || < (1.A.14)

where C'y is a constant. Hence, upon introducing scaling (1.3.10), (1.3.11) into (1.A.10), noting
that U (€, ) is homogeneous of degree —1 in £ — &, making use of the expansion o [u](§,t) =
o|u](z,t)+0(1), and invoking (1.A.14), one obtains

Us(z,t,8) xt(€,t) dSe = 6{/‘5Um(§3,£)®n(£) ng} coful(z,t) +o(e) (1.A.15)

Ie(2)

Finally, Lemma 1 follows from (1.A.7) and (1.A.15) together with the following estimate stemming
from (1.A.9):

Uc(z,t,€) x t(&,t) dSe = O(?). (1.A.16)
Ie(z)

Remark 6. The presence of r f (t—r/cLr) in expressions (1.A.6) of C, D, E implies that the funda-
mental strains E[x,t, €| f] and stresses behave as O(r~") in the time-modulated case (f # 0) but
as as O(r~2) in the static case (f =0).

Proof of Lemma 2. The proof again exploits decomposition (1.A.7). First, upon introducing
scaled coordinates (1.3.10) into expression (1.A.4c) of T, and definitions (1.A.6) of C[x, ¢, &| f],
Dz, t,&|f] and E[x,t, €| f] (wherein f(t) = e;-v(&,t) according to 1.A.2b), it is a simple matter

to show that
1 _ _
Too(z,t,§;m) % v (€, 1) = ?Tm,e(i,t,ﬁsn) * 0 (&, 1) (1.A.17)
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where T’ . is defined by (1.A.4c) and (1.A.6) with wave velocities ¢, cr replaced by rescaled
values ¢ /¢ and er/e. Equation (1.A.17) and scaling (1.3.11) then imply

Too(x,t,&m) x v (€, 1) dSe :][ Tooc(®,1,&n) x 0 (€, ) dS; (1.A.18)
FE(Z) S
Moreover, owing to the boundedness (1.A.9) of the complementary Green’a tensor U ¢, one has,

upon using again coordinate scaling (1.3.10):

( )Tc(m,t,g;n) *v:(€,t) dSe = O(e?)||v(-, 1) || (1.A.19)
I:(z

where ||, (-, t)|| is a norm of £ — v.(,t), e.g. its L?>-norm over S. Lemma 2 then follows from
combining (1.A.18) and (1.A.19).

Proof of Lemma 3. The proposed ansatz (1.3.14) is, by assumption in Lemma 1, Lipschitz-
continuous with respect to t. It is therefore appropriate to investigate the behavior of T', as defined
by (1.A.4c) and (1.A.6) for a Lipschitz-continuous time-modulation f. Proceeding along the lines
of Lemma 1, and in particular invoking again the decomposition f(7) = f(t) + (f(7) — f(¢)) =
ft)+Af(r), one has

Cla,t,&|f] = K*f(t) + Clz,t, E|Af]
D[z,t,€|f] = —k*f(t) + D[z, t, €| Af] (1.A.20)
Ble, €1 = —5(1- k) (t) + Bz, £, §Af]

Substituting the above values into (1.A.4c) and (1.A.6), one obtains the decomposition

Tool®, t, €| f] = Too(®,&; 1) f(t) + Too[®, 1, €| A f] (1.A21)
with T (Z, £; m), the traction associated with the elastostatic Kelvin solution U o (Z, ), given by
1 A R A - .
To(@.€m) = [K2 (Fon—nor— (F-n)I) +3(x2— 1)(7’"-n)7‘®n} . (1L.A22)
T

Decomposition (1.A.21) is in particular applicable to T'w c[. .. | f] defined by replacing velocities

cL, cr by the rescaled values cp /e, cr/e in T'|. . . | f]. Owing to the assumed Lipschitz continuity
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of f, one easily shows that
| Tooc[2,t,E|AS]|| < CrKe (e —0)

where K is the Lipschitz constant of f and Ct is a constant. Consequently, using the fact that

T (Z,&;m)f(t) is unaffected by the wave velocity rescaling, decomposition (1.A.21) implies

Toocl®,t.€|f] = Too(z, &) f(t) +0(1) (¢ —0)

Lemma 3 then follows from equating f(¢) to the components of eV(§) : o[u](z,t), according

to (1.A.2b), in the above estimate.

1.A.3 3D Scalar wave equation

The reference domain €2 C R? is now filled by an acoustic fluid characterized by the wave velocity
c. The acoustic pressure field up generated by given excitations p(&,t) (proportional to normal
wall acceleration) and @ (€, t) (applied pressure) in the presence of a (possibly multiply-connected)

sound-hard obstacle occupying a region B bounded by I' is governed by the following set of equa-

tions:
[Loup](€, t) =0 (£€,t>0)
qlup](§,t) = (€T, t>0)
P(B) : q[up](&,t) = (&, 1) (€€ SN, t20) (1.A.23)
up(§,t) =u(§,1) (§€Sp,t>0)
up(§,0) =up(€,0)=0 (£€9Q)

where w — ¢[w] = Vw-n is the normal derivative operator and L., defined by

[Lew] (6,1) = AwlE, 1) — (&1 (1A24)

is the governing partial differential operator of linear acoustics. Objective functions of format (1.2.5),
with densities now having the form ¢ [u B(&,t), &, t] , are again considered. Define a small scatterer
B.(z) of size ¢ as in Section 1.3, and let u denote the free field (which solves P(0))) and v, the scat-
tered field (such that the total field u. = u+ v, solves problem P(B:(z))). The governing integral
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equation for the scattered field v, reads

Sulw )+ f Hle,t &mlun(€,1)] dSe = / Gla,t, & mlglu] (€, 1)) dS¢
Le(z2)

(€T.(2), t20), (1.A25)

where the time-modulated Green’s function G|z, t, €| f] solves the boundary-initial value problem

LeeGla,t,€]f] =0 (€€Q,t>0)
G[matv£|f] =0 (£€SD7t>O)7 (1A26)
H[il?,t,&’f] =0 (£€SN7t>O)7

Glz,0,€|f] = Glz,0,€|f] =0 (£€Q)

and with H[x,t,&;n|f] = VGlx,t,&|f]-n(§). Moreover, let Goo[x,t,£|f] denote the time-
modulated full-space fundamental solution, given by [91]
1 T
ol b, €lf] = rf (t-5) (1.A.27)

VeGoolz, b, €| f] = [f(&t )+ f(t—g)}“ (1.A.28)

4r2

and define the complementary Green’s function G¢, bounded in the limit £ — x, by G¢[x, ¢, &| f] =

Glz,t,&|f]— G|z, t, €| f]. The counterparts of Lemmas 1 and 2 then correspond to estimate
G(x,t,&) * qlu] dS¢ = 5{ / Goo(Z, &) ®n(€) dSg } -Vu(z,t) + o(e), (1.A.29)
Fs(z) S

assuming 7 +— Vu(x,7) is Lipschitz-continuous and differentiable in a neighbourhood of 7 = ¢,

and

( )H[m,t,ﬁ;n\vg(f,t)] dSe = / Hoo o (2,&;m)0:(€, 1) dSg +o([|vc]]) (e — 0) (1.A.30)
Te(z S

(With Heo (2, &; 1) = VGoo (2, €) - n(£), Hooc defined by (1.A.28) with ¢ replaced with ¢/e, and
v-(&,t) defined by v.(€,t) = v-(&,t) with £ and £ related through (1.3.10)). Estimates (1.A.29)
and (1.A.30), established following the steps used for Lemmas 1 and 2, suggest the following
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asymptotic behavior for v, (&,1):

U-(€,t) = eV(€,1)-Vu(z,t) +o(e) (£€T.(2),£€8) (1.A.31)

Upon substituting (1.A.31) into the right-hand side of (1.A.30), making use of the assumed Lipschitz
continuity of 7 — Vu(x, 7), and retaining only the leading O(¢) contributions as € — 0 according
to (1.A.29) and (1.A.30), V is readily found to verify an integral equation that corresponds to the

following canonical exterior problem for the vector Laplace equation:

AgV(€) =0 (EcR\B),  VV(€)n() =-n() (£c9) (1.A.32)

The scattered field v. at any point of S°® is then found (inserting (1.A.31) into the integral repre-

sentation formula associated with integral equation (1.A.25)) to have the expansion
ve(x,t) = 53|B|{ VG(x,t,2) % [A-Vu](2,t) + pU (2,1, z) x 0(z,1) }+ o(e®)  (1.A.33)

where the constant second-order polarization tensor A = A(3) depends only on B and is defined

by

1 - _
A—T- ‘B‘{ / n(€) @ V(E) ng} (1.A.34)
S
Finally, upon defining the adjoint solution @ as the solution of the initial-boundary value problem
[Lca](€,t)=0 (£€N0<t<T),
A ) i
qla](&;t) = %[u(&T— t),€ T~ (£€5°,0<t<T),
q[a](€,t) = (€€ Sy\S,0< t<T), (1.A.35)
u(§,t) = (£€5p,0<t<T),
,[L(an) - A(£>O) =0 (SEQ)a

using reciprocity identity (1.3.23) suitably modified for linear acoustics, and exploiting the relevant
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boundary conditions, expansion (1.3.5) with u and v, respectively replaced with « and v, yields

(©)|BIT(z,T) + / /S PPl 1), & 1€, ) dSear
= / {qla] x v + qu] x @} (&, ) dSe
I:(2)
=3B{ Vi (A-Vu) + lﬁ * U} (2,t) + o(e?) (1.A.36)

c2

with the polarization tensor A still defined by (1.A.34). Hence, the TS T(z, t) and leading behavior
n(e) are found to be given by

T(z,t) = { Vi* (A-Vu) + c%ﬁ*u}(z,t), n(e) =& (1.A.37)

1.A.4 Two-dimensional case

The time-modulated full-space fundamental solution is given by [91]

1 [t 1 24 p211/2
el = o [1 e (-
1 n*(ryt) 1 (2 +r2]1/2
VeGolz,t,&|f] = 27Tr/0 {[172+r2]3/2f<tc2> -
o, "+
Mf(t—c>}dn (1.A.39)

where &,  now denote points in the two-dimensional space spanned by (e1, e2), and the upper
bound n*(r,t) of the above integrals stems from the causality condition f(7) = 0, 7 < 0 and is
given by

n*(r,t) = [(ct)? — r2]1/2 (1.A.40)

Proof of lemma 1. Assume that 7 — V4(&,7) is bounded for 0 < 7 < ¢ uniformly in a neigh-
bourhood V'(z) of z, which implies that 7 — Vwu(&, 7) is Lipschitz-continuous for 0 < 7 < ¢

uniformly in V'(z). Hence, for some positive constant K, one has
IVa(e, 7| < K, ||Vu(&,7)—Vu(€, )] < K|7—7| 0< 7,7 <t, £E€V(z) (1.A4])

Here, the tail effect, i.e. the fact (reflected in the integration bounds of (1.A.38) and (1.A.39), and

typical of 2D time-domain fundamental solutions) that a time-impulsive source generates at (&, 1)
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a nonzero response over a continuous time interval, entails a proof method that is slightly more
involved than for the previously-addressed 3D cases. First, the main quantity of interest is recast

into a domain integral along the lines of Section 1.A.1:

— Goo(,t,8) * qu] (&, 1) dS¢
Fe(2)

:/ {VgGoo(a:,t,E)*Vu(ﬁ,t)+C%Goo(m,t,ﬁ)*u(ﬁ,t)}dVg (1.A.42)
B.(z)

Now, setting f(7) = f(t)+Af(7) in (1.A.39) and equating f(7) to the components of Vu(&, 7)

in the resulting equality, one obtains
VeGoo(,t,€) x Vu(€,t) = Goo(x,€)-Vu(§,t) + VeGoo(x,t,§) x VAu(E,t), (1.A43)

where G (z, ) is the static 2D full-space Laplace fundamental solution, given by

IR 1 1 1

Goo(x, &) = _%T/o de =5 Inr, VeGoo(z,§) = ~5a"
(1.A.44)

(with the second equality established via analytical integration). Moreover, utilizing the assumed
Lipschitz continuity of ¢ — Vwu(&,t) for bounding the last term in (1.A.43) yields (noting that

n*(r,t) <ct)

r 2K [T dy _
‘VfGoo(watag)*VAu(Eat)| < %T . ?’]2—|—7“2 = Rtan

2 1/2
[ K
72 2¢

(1.A.45)
with the last inequality stemming from the fact that —7/2 < tan~'z < 7/2 for any z. Next, intro-
ducing the scaled coordinates (1.3.10), one obtains (by virtue of VG (x, §) being homogeneous

of degree —1 in  — &)
oo, €)-Vu(£, 1) = %Goo(:ﬁ,é)-[Vu(z,t) +o(1)] (1.A.46)

Finally, upon integrating decomposition (1.A.43) over B, applying estimates (1.A.45) and (1.A.46),
and noting that dV, = g2 dVg for the present 2D case, one obtains (with the last equality stemming
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from applying the divergence formula):

VeGoo(z,t,&) x» Vu(€,t) dVe = 5{/ VgGoo(fE,é) dVg}~VU(£,t) + o(e)
Be(2) B

Finally, assuming in addition that (&, 7) is uniformly bounded, i.e. |ii(&, 7)| < M for some positive
constant M, for £ € V(z), 0 < 7 <, one has

Gt &) wi(e0) | = | Gufm,telie ]| < 2 [T 14
‘ oo(wa 75)*“’(57 )|_‘ Oo[wa 75’“’(57 )H A 271'62/0 W n

M
=52 In [ct + n*(r, t)] —Inr (1.A.48)

which implies, for £ small enough to have B.(z) C V(z) and after effecting scaling (1.3.10):

Goo(x,t,&) x (€, t) dVe| < £50(5 Ine) = o(e) (1.A.49)

‘ B, (z) 27TC2

Hence, combining (1.A.47) and (1.A.49), one arrives at an estimate formally identical to (1.A.29)

where of course B is now the unit disk and G, the 2D static fundamental solution.

Proof of lemma 2. Introducing the scaled coordinates (1.3.10) into (1.A.39), performing the
change of variable 1 = &7 in the resulting integral and noting that its upper bound 77*(7, t) is given
by (1.A.40) with r and c respectively replaced by 7 and ¢/e. The 2D analog of Lemma 2 is then
readily obtained by invoking again the decomposition G|z, t, €| f] = G|z, t, &| f] + Gc[x, t, €| f]
and noting that

/ HC[w7t7£’v6(£7t)] dS§ = 2’5\/ HC[‘%?tvE’Q_)E(Evt)] de = 0(5”778('7t)H)'
Le(2) S

Proof of lemma 3. The proposed ansatz (1.A.31) is, by assumption in Lemma 1, Lipschitz-
continuous with respect to ¢, which leads to investigating the behavior of H, as defined through
(1.A.39) for a Lipschitz-continuous time-modulation f. Proceeding along the lines of Lemma 1,

and in particular invoking yet again the decomposition f(7) = f(t)+ Af(7), one finds
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where the cofactor Ho, (&, &) of f(t), established via analytical integration, is the normal derivative
of the static fundamental solution (1.A.44). Moreover, exploiting the Lipschitz-continuity of f in

the now-familiar way leads to

Fo2K [ dp .
= —tan

Ho|z,t, E|Af]] < = —
‘ oo[wv 75‘ fH 22 ¢ 0 772+f2 JpS

Two-dimensional elastodynamics. The infinite-plane time-modulated fundamental solution for

two-dimensional elastodynamics is given by [91]:

Uz, t, €] = pi%GToo[CCat,ﬁf]I

1 t—r/cr, t—r/cr
+ 4pVng{/ TGLoo[x, t — T, &| f] dT—/ TGroo|X, t — T, €| f] dT}T’ (1.A.50)
a 0 0

where G, GToo are defined by (1.A.38) with ¢ = ¢ and ¢ = cr, respectively. Lemmas 1 to 3 can

then be established by adapting the proof for the scalar case, a task left to the reader.

1.B  Summary of explicit formulae for polarization tensors

Explicit formulae for polarization tensors A have been established in earlier works [e.g. 183, 99,
101] for many situations. Moreover, the recent book by [9] presents a comprehensive study of the
concept of polarization tensor in connection with small-defect asymptotics and homogenization.
For the case of spherical or (resp. circular) cavities nucleating in 3D (resp. 2D) isotropic elastic
bodies, one has |B| = 47/3 (3D) or |B| =7 (2D)

31-v) ym 1450

=5 | T ag et ®l 3D 1.B.1
2#(7—v)[ 21tv) } (3D) (1.B.1a)

1 ; 27 —v+1

a2 Ier 2D plane st 1.B.1b
w(l+v) |: 2(1+v)(1—v) ® ] (2D plane stress) ( )
1- 1

A= m = [Zzsym — mI ® I] (2D plane strain) (1.B.1c)

The polarization tensor associated with the nucleation of a small spherical elastic inclusion with

assumed elastic constants p*, v* is given [see 70] by

1
A = Ay IT™ + §(A3ph - Adev)I QI (1.B.2)
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having set
Ao 30=2)  (1-nE-1
T O )R- D 80 ) )0
1 B0-wE-1) pi+)i—2 "7
e T (8 — 100) (i — 1) + 15(1 — v)

The second-order polarization tensor associated with the nucleation of a small spherical sound-hard

obstacle in an acoustic medium is given by

(a) A = gI (3D), (b) A=2I (2D) (1.B.3)
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2.1 Introduction

The reconstruction of cracks embedded in a solid using transient elastic waves is a classical inverse
problem that arises in a number of applications such as nondestructive material testing or seismic
imaging [38, 184]. Among the most prominent qualitative and non-iterative approaches, relevant
for the problem of crack identification in elastodynamics, stand the probe method [118], the linear
sampling method [78, 43, 155], the reciprocity gap principle [24, 15, 39], and the concept of topo-
logical sensitivity considered herein.

The topological sensitivity analysis has been broaden to identification problems under transient
dynamical conditions within time-domain formulations [29, 8, 14] showing analogies with time
reversal methods [88, 187]. A growing variety of inhomogeneities has been the subject of investiga-
tions, see [99, 104, 9] in elasticity, but in the context of crack identification only a few studies have
been done, notably [13] for 2D Laplace equation, [10] and [12] for 2D and 3D Helmholtz equation
respectively, and [98] in 2D elastostatics. This chapter is devoted to crack identification in three
dimensional elastic solids using time-domain topological sensitivity. The asymptotic behaviors of
functionals, characterizing their topological sensitivities, relatively to the nucleation of a crack of
infinitesimal size are addressed in elasticity and acoustics, using adjoint-based approach [27] to pro-
vide simple and efficient formulations. To the authors’ best knowledge, this study constitutes the
first analysis of the topological sensitivity method applied to the identification of cracks within a 3D
elastodynamic context.

The chapter is organized as follows. The analysis of the topological sensitivity is presented for
the elasticity case in Section 2.2, and in acoustics in Section 2.3 in adjoint-based formulations. In
each case, the asymptotic analysis is detailed, and closed-form is addressed featuring the nucleation
of infinitesimal circular plane crack while alternative proof or technical considerations are deferred
in 2.A.2. Finally, a set of FEM-based numerical examples are included Section 2.5 for illustration

and discussion.

Consider a crack identification problem where the reference homogeneous, linearly elastic, solid
Q with boundary S, containing a crack '™ (or a set thereof), is interrogated by means of a dynamic
excitation. The reference medium is characterized by its mass density p and elasticity tensor C

which, for isotropic materials, is given in terms of the shear modulus o and Poisson’s ratio v by

cz2u[Isym+$I®I}, @2.1.1)
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I being the second-order identity tensor and Z*¥™ the symmetric fourth-order identity tensor. To
identify the hidden crack I""™¢, transient excitations are applied in the form of tractions applied over
SN C S and displacements prescribed on the complementary external surface Sp = S\ Sn, with
initial rest conditions assumed at time £ = 0. Letting I" denote a trial crack, the prescribed excitation
gives rise to elastodynamic displacement fields u (the free field) in the reference (uncracked) domain
Q and ur in the cracked domain Qp = Q\T".

The identification of the crack '™ is here based on the assumed availability of over-determined

obs o the measurement surface

data on the external boundary, in the form of the measured value u
S < Sy and during the time interval [0, 7] of the displacement induced in the flawed solid
by the prescribed excitation (other possibilities can be considered with minimal changes to the
formulation). The discrepancy between a trial configuration {2r and the correct configuration 2puwe

is evaluated by means of a cost functional J defined in terms of a misfist density function ¢:

T
J(QFa T) = /0 /Sobs SO[UF(£7 t)v 57 ﬂ dSE dt. (2.1.2)

The misfit function ¢ is chosen so as to measure the gap between measurements u°® and the
displacement wr arising in a trial cracked solid 2. Numerical experiments presented in this work

are based on the commonly-used least squares misfit function:

1
plw, &, 1] = Sllw —u™ (& 1) 2.13)

2.2 Elastic topological sensitivity

2.2.1 Preliminaries

The topological sensitivity of the cost functional (2.1.2) is here defined as its sensitivity with respect
to the creation of an infinitesimal crack of characteristic size ¢ at a given location z € {2, defined by
I.(z) = z + [ in terms of of a normalized open surface I' containing the origin and specifying a
chosen crack shape (e.g. I is a unit disk for a nucleating penny-shaped crack) and its characteristic
radius € > 0. The corresponding trial cracked solid is denoted €). .. Following earlier works on
topological sensitivity, e.g. [183, 99, 35], one seeks the asymptotic behavior of J(€ »,T) ase — 0

through the expansion:

J( 2, T) =J(Q,T) +n(e)T(2,0,T) + o(n(e)) (¢ —0) 2.2.1)
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where the function 7)(£), to be determined, vanishes in the limit ¢ — 0 and the topological sensitivity
T(z,T,T) is a function of the sampling point z and experiment duration 7.

The prescribed dynamical loading applied on €, . gives rise to an elastodynamic state u. . that
can be conveniently decomposed into u. » = u + v, », where the free-field w is the response of the
reference domain (2 while the scattered field v, . is governed by the initial-boundary value problem
(IBVP)

V- [C: Vv (€ t) = pb:2(€t) (§ € Qezyt 20)

o2 (€,1) = —tT[u](§, 1) (el t>0)

tlvez](€,1) =0 (€ 5Nt =0) (2.2.2)
vez(§,t) =0 (& € Sp,t>0)

ve,2(€,0) = 0:2(£,0) =0 (€ € Qe 2),

where the two crack faces Fi support scattered displacements v, and the traction vector t[w] =

£,2°
(C:Vw)-n = o[w]-n (tesp. tT[wt] = o[w*]-n¥) is associated with a displacement w and the
outward normal 7 on .S (resp. n® on I‘gz). In (2.2.2) and hereinafter, the symbols ’-* and ’:” denote
single and double tensor contractions, with the convention a:b = a;;b;; used in the latter case.

Expanding the cost functional (2.1.2) about u. » = w to first order w.r.t. v, , = u. », —u, one

obtains

H(Qn, T) = J(OQ,T) + / / (€, 1),6,1] - Ve 2(€,1) dSe dt + o[V ]| g2 sy (2.2.3)
Sobs

Then, since the scattered field is expected to vanish for infinitesimal cracks, i.e. lim. g ||v. 2| = 0

the topological sensitivity T(z,T',T) and the leading asymptotic behavior 7)(e) = o(|ve | 12 (som))

featured in (2.2.1) are to be found by identification from

/ /Sob; u(§,1),€, 1] - v-2(€, 1) dSe dt = n(e)T(2, T, T) + o(n(e))- (2.2.4)

This requires finding the leading asymptotic behavior as ¢ — 0 of the left-hand side of (2.2.4).
One possible way, along the lines of the so-called direct differentiation approach of parameter or
shape sensitivity analysis [112], consists in seeking the asymptotic behavior of v, , on 5°bs and
plugging the result into (2.2.4). As previously discussed on several occasions [29, 22], however,
a more compact formulation for the actual evaluation of T(z, T, T') can be set up using an adjoint

solution and is adopted here.
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The adjoint formulation stems from treating the integral in the left-hand side of (2.2.4) as one
of the terms arising in the reciprocity identity linking two elastodynamic states [188, 2], in which
one state is the scattered field v, , while the other is, like in [29, 22], chosen as the adjoint state &

governed by the following IBVP

V- [C:Va(g 1) = pu(&,t) (E€Q0<t<T)

i€ ) = Pfule, T 10,67 1] (EeS™0<t<T)

t[a)(¢,t) =0 (€ € SN\S™™,0<t<T) (2.25)
W&, t) =0 (€ 5p,0<t<T)

w(€,0) = w(£,0) =0 (Eeq).

Now, for any generic domain O and pair of elastodynamic states w;, uy satisfying the homogeneous

elastodynamic field equations in O as well as initial-rest conditions
U1(£,O) = u1(£70) =0 and U2(€a0) = UQ(f,O) =0 (660)3
the following reciprocity identity holds [188, 2]:

ao{t[’ul] *x U — t[UQ] * ul}(g, t) ng =0 (2.2.6)

in which x denotes the time convolution at instant ¢ >> 0 defined, for generic tensor fields a and b

assumed to be at rest at all negative times, by

laxbl(€,1) = /0 al€, 7)-b(E,t — 7)dr, 2.2.7)

the inner product appearing in the integral being such that a-b is a tensor of the lowest possible
order (e.g. u * o[v] has order 1, Vu x o[v] is a scalar). On writing the reciprocity identity (2.2.6)
for the domain O = €. , (with boundary 0€). ., = S U I ) and elastodynamic states w; = @ and

U = V¢ 5, (2.2.4) is recast as

T
/0 /1“ tla)(&, T —t) - [ve 2] (€,t)dSe dt = n(e)T(z,T,T) + o(n(e)), (2.2.8)

where [v. .] = v, —v_, denotes the crack opening displacement (COD), the traction vector ¢ (]
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is defined on I% - in terms of the unit normal n = n~, and having used the boundary conditions in
problems (2.2.2) and (2.2.5) and the continuity of the adjoint displacement u across I; .. Finding
T(2,I',T) and () from (2.2.8) now requires determining the leading behavior of the COD [v. ]

ase — 0.

2.2.2 Asymptotic analysis
Small-crack asymptotics of the COD

This issue is conveniently addressed by reformulating the governing IBVP (2.2.2) in terms of an
integral equation, as the geometrical support of the latter is the vanishing crack surface. Let
U(x,t,€) and X(x,t,£) denote the time-impulsive elastodynamic Green’s tensors, defined such
that e -U (x, t,€) and ey - X(x, t, £) are the displacement and stress at £ € €2 and time ¢ resulting
from a unit time-impulsive point force applied at € €2 in the k-th direction at time ¢ = 0 and

satisfying the boundary conditions
U(x,t,£) =0 (£€5p,t=0), Y(x,t,§) n=0 (£€5N,t20), (2.2.9)

One also defines the elastodynamic full-space fundamental tensors U o (, t, €) and X (2, ¢, €) by
replacing boundary conditions (2.2.9) with radiation conditions at infinity [91], see 1.A.2. Taking
into account the homogeneous boundary conditions in (2.2.2), the COD verifies the singular integral

equation [28]

tlu)(x,t) :]{ [n(m)-C-E(m,t,E)] * D[v. 2] (&,t)dSe
+ pn(z)-C: {/F [U(w,1,&) % [5- 2] (€, 1)] @n(€) ng} (@elL,, 0<t<T) (2.2.10)

where w — Dw = Vw ®n —n® Vw defines a (tensorial) tangential differential operator (upon
splitting the gradients into sums of tangential and normal parts, all normal derivatives cancel out),
whose value hence depends only on the surface trace of w, and f indicates a strongly singular
integral defined in the Cauchy principal value sense.

The asymptotic form of integral equation (2.2.10) as ¢ — 0 is now sought. For this purpose,

and following customary practice for such asymptotic analyses, scaled coordinates £ are introduced
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so that
(a) € = z+¢€, (b) dS¢ =c?dS; (€l £eT). (2.2.11)

Assuming that the free field is such that  — o [u|(x, t) is continuous at = z, one has

tul(§ 1) = oful(z,t)-n(€) +o(1)  (§€lz) (2.2.12)

Investigating the small-crack asymptotic behavior of the right-hand side of (2.2.10) is more in-

volved, and is helped by the following lemma, whose proof is given in 1.A.2:

Lemma 4. Let the vector function v. »(€,t) be defined by v. »(€,t) = v »(&,t), with € and &
related through (2.2.11a). Then, one has

i [n(w) -C-X(x, t, E)] * D[v. 2] (€, ) dSe

1 ~ —
_ {][F [n(2)-C Boo (2,1, €)] * D[ve 2] (€, 1) dSg + 0(|[[vs,z]]('vt)||L2(F))}

g
(2.2.13)

/ [U (a1, €) * [6- 2](€.1)] @ n(€) dSe

£,z

—<{ [[Usc(o.t. 8« o A€ D) @n(@ asg +ollEoualCDlzar) |
(2.2.14)

where U o ¢, X ¢ is the full-space elastodynamic fundamental solution defined in terms of rescaled

wave velocities cp /<, cr/e.

The left-hand side of equation (2.2.10) is O(1) as ¢ — 0, with its leading contribution linear in
o|u](z,t) as seen in (2.2.12). The combination of this remark and Lemma 4 suggest to consider the
following ansatz for [0, .](§, 7), in terms of unknown vector fields V% (€) (1 < 4,5 < 3) defined
onT:

Ve z(€,1) = coyj[u](z, ) VI (E) +o(e)  (£€T. ., E€T). (2.2.15)

This ansatz indeed causes the first and second integrals in the right-hand side of (2.2.10) to be O(1)

and o(1) as ¢ — 0, respectively:

Lemma 5. Assume that T — Vu(€, 1) is twice differentiable in a neighbourhood of T =t, and let
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Ve 2 (&, t) be of form (2.2.15) for some V'*I. Then:

} [n(@)C-S(a.t.)] + Dlo-.(€. 0] ase

£,z

= oy5lul(z, t)][_ [n(2)-C- oo (€~ )] : D[V]Y (€) dSg + o(1), (2.2.16a)
T
where X (T) is the stress associated with the elastostatic Kelvin solution, given by (2.B.13), and

/F [U(,t,€) * [6-.2](€, )] @n(€) dSe = O(2) (2.2.16b)

Proof. See 1.A.2. O

Combining (2.2.12) with lemma 5 allows to set up the asymptotic form of integral equation
(2.2.10) in the small-crack limit (it is in particular noted that the second integral of (2.2.10) does not
contribute to the limiting integral equation as its order in ¢ is higher than that of the first integral).
On enforcing the limiting integral equation for any choice of 0;;[u](z,t), the asymptotic behavior

of the COD is found to follow the representation (2.2.15), with the V'¥/ solving the integral equation

(ei®e;+ej@e) n(x) = ]£ [n(z)-C-To(§—2):D[V]7(€)dS;  (zel) (22.17)

N

which is readily recognised [28] as governing the exterior elastostatic problem for the crack I' em-
bedded in an infinite elastic medium and subjected on its faces to tractions t* = —% (ej Rer +
e ej) -nF(Z). The left-hand side of (2.2.17) being symmetric in i, j, there are six distinct such
equations, governing six canonical solutions V¥ (€) (1 < i < j < 3) which are time-independent.
Like for the previously-considered small-cavity asymptotics in the time domain [29, 22], the func-
tions V' depend only on the chosen (crack) shape T'; in particular, they depend neither on the shape
of the solid  being probed, nor on the location of the sampling point z. Finding the V¥ (£) en-
tails in the worst case the numerical solution of the elastostatic integral equation (2.2.17), using e.g.
boundary elements, for six different sets of prescribed tractions, with analytical solutions known for
simple crack shapes (see Sec. 2.2.2).

Once the V' (€) are known, and arranging for notational convenience the vector fields V' (£)
into a third-order tensor field V(&) such that Vi = Vijkex, the asymptotic behavior of the COD

can be readily evaluated, using (2.2.15), at any sampling point z and for any given stress history
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ou](z,t), to obtain

[0:21(€,t) = eolu](z,t):[V](€) + o(e) (2.2.18)

Topological sensitivity

Now, inserting expansion (2.2.18) into the left-hand side of (2.2.8) and invoking (2.2.11b), one

obtains

T

| e -0 fooade as

0 I: 2
_a [ ou)(& t): ([VI€)on()):ola)(§,T —t)dSgdt + o(c*). (2.2.19)
= [ [ ouen: ol € : e

A comparison of (2.2.19) with (2.2.8) then readily allows to identify T(z, T, T) and 7(¢), leading

to the main result of this section:

Proposition 1. The topological sensitivity T(z,T,T) of J and its small-crack asymptotic behavior
n(e) are given by

(a) T(z,1,T) = olu] x (A7 :o[a])(2,T) (b) n(e) = €3, (2.2.20)
=Vux (A:Va)(z,T),

in terms of the free and adjoint solutions w and u. Moreover, the fourth-order polarization tensors

A’ and A are given, in terms of the third-order tensor function YV (€) defined in Sec. 2.2.2, by
A7 () = /F V@) on@dS, A=C:.A7C. (2.221)
A’ and A are shown in 2.A.2 to have major symmetry, which implies
olu]x (A7:old]) = ola] x (A7:0u]),  Vux(A:Va)=Vix(A:Vu).

The topological sensitivity (2.2.20a) depends on the canonical solutions V through .4 or A’
and is therefore intrinsically related to the assumed crack shape I'. As previously mentioned, the
tensor field V(&) can be computed (at least numerically) for any assumed shape I, with analytical

solutions available for simple shapes of I as discussed next.
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Polarization tensor for a penny-shaped crack

Closed form solutions for V are available in the case of a penny-shaped crack [120, 68], i.e. a
circular plane crack for which I is the unit disk with normal . Selecting the orthonormal basis

(e1, ea, e3) such that e3 = n, the [V]¥ are given by

[V]9(€) = m_y))m n-(e;®e; +e;®e;) [2I —vnen] (EeT), 2222

(2 —v
- 27
/ v/ 1— \ﬁlzng = —, (2.2.23)
n 3

the tensor A’ defined by (2.2.21) reduces to

Using that

_ 8(1—-v)
C 3u(2-v)

(e

n® (2l —vnen)®n (2.2.24)
In view of the relationship (2.2.21) between A and A, one may equivalently use the following
version of \A% which, unlike (2.2.24), has the minor symmetries:

401 —
- M([n@ea +e,dn@MRe, +e,®n]+22-v)ne@nenen), (2.2.25)

AO'
where o € {1,2}. This form corresponds to the result given in Proposition 2 of 2.A.2. Then,
using (2.1.1), (2.2.21) and (2.2.25), one finds

8u(1 — 20 \2 4
A= M(g V)[<1_V2y) I91+ —  [nenal+Inen]+inonenan

— 4V

2
2—) MRe,+e,dn|@MNRey,+ e,n]|.

Polarization tensor for an elliptic crack

The case of an elliptic crack is also amenable to analytical treatment, based on using the exact
solution for an ellipsoidal cavity (which is itself a special case of Eshelby solution for an ellipsoidal
inclusion [152]) and considering the limiting case where the cavity becomes infinitely thin. The
details of this approach, being somewhat lengthy, are deferred to 2.A.3 and lead to the following

result:

Proposition 2. The polarization tensor for a normalized elliptical crack whose major semiaxis (1
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and minor semiaxis {o = (1 — m2)1/2€1 (with 0 < m < 1) are respectively aligned with the e; and
es directions of a Cartesian frame is given (see Eq. (2.2.21)) by A = C : A’ : C, where the only
nonzero entries of A are given (using the functions o(m), 3(m) defined by (2.A.12)) by

1-v)
G AT AT — AT — (3(1 —m2)}/2 ul 2226
1313 = A3113 = A3z = Afy3 = 1(1—-m7) Su(valm) + (1—1)3(m)) ( a)
1—v)
Ay = Ay = Ay = Ay = E3(1—m?2)1/2— 2.2.26b
2323 3223 2332 G232 = L1(1—m7) 30(3(m) —va(m)) ( )
Ar(1—v)
o 31 231/2
.A3333 El(l m ) 3Mﬁ(m) . (2226C)

As explained in 2.A.3, this result reduces as expected to (2.2.25) for the special case of a circular

crack of unit radius, corresponding to m =0 and ¢; = 1.

2.3 Acoustic topological sensitivity

For completeness, the case where the reference medium is an acoustic fluid characterized by the
wave velocity c is now treated. In this context, a “crack” supporting homogeneous Neumann con-
ditions models a thin rigid screen across which the acoustic pressure may be discontinuous. The
scattered acoustic pressure field v, . arising in ). . due to the presence of a screen of small size ¢

and shape I located at z is governed by the following IBVP:

Ave 2(€,1) = ¢ 20 2(€,1) (€ € ezt 2 0)

¢ v =~ W(&t) (el t>0)

qlvez] =0 (€ € Sn,t20) (2.3.1)
Ve,2(€,t) =0 (& € Sp,t > 0)

0:2(£,0) = 0:2(£,0) =0 (€ € Q:.2),

where u is the free field, w — g[w] = Vw-n is the normal derivative operator (with the superscript
= referring where necessary to the relevant crack face and its unit normal). Then is the same fashion

as in equation (2.2.3) the topological sensitivity is defined for scalar wave through

T 0y _
/0 /SO,,S Fa[1&: 1), & 1ve 2(€, 1) dSe dt = () T(z, I\ T) +o(n(e)).  (23.2)
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Introducing the adjoint field # solution of the IBVP

AG(€,t) = ¢ 2a(é,t) (EeN0<t<T)

dlil = SEM(e, T~ 0,6 T 1] (€€5™0<t<T)

gla] =0 (€ € SN\S™,0<t<T) (2.3.3)
a(€,t) =0 (€ 5p,0<t<T)

(g,0) = u(§,0) = (&€,

and invoking the scalar dynamical reciprocity identity, equation (2.3.2) reduces to

B T
WOTED) +olne) = [ [ dlileT -0k dEndsear, @34

where [v. -] = v, — vz, denotes the acoustic pressure jump through the screen and the flux ¢[]

is defined on I  in terms of the unit normal n =n"

Leading contributions as ¢ — 0. To determine the leading contributions of v, . in the limit
e — 0, it is convenient to reformulate the scattering IBVP (2.3.1) as a singular boundary integral

equation [28]:

) (@, 1) = n(w)-{ [ VG(w.1.6)+ Dlue](.0 a5,

1

_|_ J—
2
I,

n(§)G(x,t, &) * [V 2] (&, 1) ng} (xeli,, 0<t<T) (2.3.5)
with the tangential differential operator D defined by w — Dw = Vw®n —n ® Vw and where
G(x,t, &) is the acoustic Green’s function, i.e. the pressure at & and time ¢ created in € by a

time-impulsive point source acting at € 2 and ¢ = 0 and satisfying the boundary conditions

Proceeding along the same lines as in Sec. 2.2.2, one arrives at a representation of v, , of the

form

[v=21(&,8) = € 5—(2,1)-[V]'(§) + ole) (2.3.7)

ou
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and at the following expansions, which are the acoustic counterparts of (2.2.16a,b):

VG(@.t.€) + Ploos16.045¢ = 5 (= 0{ { VO €~ 0) DIVT @ ase + o(1)
(2.3.8a)

/F n(€)Gla, 1, €) * [ 2] (€, £) dSe = O(?) (2.3.8b)

Fa,z

(with Goo(7) = 1/4m||7|| denoting the full-space Laplace fundamental solution). Thus, deriving
the limiting form of integral equation (2.3.5) as € — 0 and enforcing the result for any value of

Ou/0z;(z,t) yields governing integral equations for the [V]':

n(z)-e; =n(z) § VG (§—z) D[V]'(§)dS;  (zel) (2.3.9)

r

which correspond to exterior Laplace problems for the normalized screen I' whose faces are sub-

jected to fluxes ¢ () = —n*(z)-e;.

Topological sensitivity. Inserting (2.2.18) into the right-hand side of (2.3.4), one finally obtains
~ T
(@ T(z,I,T) = / Vi(z,T —t)-B-Vu(z,t)dt, (b) n(e) =&°, (2.3.10)
0

with the second-order polarization tensor B defined, upon arranging the V* into a vector field V =
Vie,, by

B= /FHVH(£)®n(§) dSe. (2.3.11)

An argument similar to that of 2.A.2 shows that the tensor B is symmetric.

Polarization tensor for the elliptic screen. The polarization tensor for an elliptic sound-hard

plane screen has the following closed-form expression (see 2.A.4 for details):

_Am (1 —m?)

=y 2.3.12
B 5 B(m) n®n, (2.3.12)



CHAPTER 2. QUALITATIVE IDENTIFICATION OF CRACKS 67

with ¢1, m as defined in Proposition 2 and E(m) defined by (2.A.13). The case of the circular plane

screen of unit radius then corresponds to m = 0, {1 =1 and E(m) =7/2, i.e.:

B= %n@n. (2.3.13)

2.4 TS-based crack identification: heuristics and implementation

Topological sensitivity as a crack indicator function. Since T(z, T, T) quantifies the sensitivity
of the featured cost functional J to the appearance at z of an infinitesimal crack in the reference
medium, it is natural to consider z + T(z,T,T) as a possible crack indicator function. This
heuristic approach consists in seeking actual crack(s) at locations z at which T(z,T',T') attains its
most pronounced negative values (i.e. such that infinitesimal trial cracks placed there improve the
fit between predicted and actual measurements). A simple shape (usually circular) will be assumed
for T, with its orientation chosen so as to minimize T(z, T, T)) as explained later in this section.
While intuition (and previous studies on the same approach carried out for other types of defects)
suggests that finite defects having the same location also induce a decrease of the cost function,
this proposed exploitation of the TS field T(-, T', T') is not backed by a rigorous mathematical proof
(whereas the analysis of the cost function leading to the definition and evaluation of T(z,T,T)
is itself mathematically rigorous). This proposed heuristic identification approach, whose main
features are discussed in the remainder of this section, will be tested against numerical experiments
in Sec. 2.5.

Evaluation of the topological sensitivity field. Computing the field T(-,T', T) using (2.2.20) en-
tails the evaluation of a time-convolution integral. Performing the latter operation requires storage
of the entire histories for the free and adjoint fields (which may be discarded once the convolu-
tion is computed). To hold this memory space over the shortest possible time in the course of the

computation, it is useful to recast T(z, ", T) into the equivalent form
T(z,T,T) = I(z,T)::.A%(T) 2.4.1)

where the fourth-order tensor field I1(z,T") is defined by

1
(2, T) = /0 3 {ou|(z, T —t)@ou](z,t) + olu](z,t)@clu|(z,T —t)} dt. (2.4.2)
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The computational advantage of (2.4.1) over (2.2.20a) is materialized by evaluating II(z,7") im-
mediately after solving the free and adjoint IBVPs, after which the discretized free and adjoint
solutions are no longer needed and may be discarded from the memory. This treatment has at least
two advantages. First, when the featured cost function additively aggregates several experiments, in
which case the IT,,(z,T') associated with the m-th experiment can be computed sequentially and

the topological sensitivity for the whole set of experiments is given by
T(z,T,T) {Z IL,, } - A (D). (2.4.3)

Second, TI(z,T') does not depend on the shape or orientation of I', which affect only the constant
polarization tensor A’ (T"). This makes it easier, and computationally inexpensive, to evaluate the
influence of the choice of T on the value of T at a given sampling location z.

In the scalar (acoustic) case, similar remarks apply, with T(z, ", T) recast in the form
T(z,I',T)=1I(z,T):B(") 244

in terms of the second-order tensor II(z,7") defined by

T
II(2,T) = ;/0 [Vi(z, T —t)®@Vu(z,t) + Vu(z,t) @ Vau(z, T — t)] dt. (2.4.5)

e corresponding to the crack '™ can be known beforehand,

In practice, a local orientation n
so that the methodology suggested is to seek the crack at point z where T(z,n"™¢,T) attains its

most pronounced negative values.

Crack orientation. An important feature of the sought crack is its orientation, which is normally
not known a priori. Let R denote an affine rotation that leaves the origin in £-space (i.e. z in the
physical space) invariant and is otherwise characterized by the orthogonal matrix R € SO(3). Then,
for a fixed shape of the trial infinitesimal crack I, T(z, T, T') depends on the chosen orientation of
I via A (or \A%) through

Aijke(R(T)) = RirRjj Rk Rep Ay (D), (2.4.6)

by virtue of the fact that evaluating (say) Vu : A(R(T')) : Vi can be achieved by expressing
Vu, Vi in the rotated frame (E1, E, E3) such that E; = R 'e; and employing the original
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polarization tensor LA(T). Then, in keeping with the previously-presented heuristic, it is natural to
seek the orientation such that, for a given sampling point z and crack shape, T(z, T, T) is lowest.
Acordingly, define
TP (2,T) = in T(z,R(),T
(2,T) L (2, R(I'),T)

n°®(z,T) = arg min T(2, R(T), T)
ReS0(3)

(z € Q). (2.4.7)

If the trial crack T is penny-shaped, the minimization (2.4.7) reduces to a minimization w.r.t.
the unit normal n € S (where S is the unit sphere); the topological sensitivity will in this case be
denoted T(z,n,T') for emphasis. Furthermore, since A (or .A”) is in this case an even function
of n, the search space for 7 may be limited to one-half of S. In the acoustic case, where the
polarization tensor is of second-order, the minimization problem w.r.t. 1 is solvable exactly using
an algebraic argument similar to that of [13]. On noting w™®(z, T') the eigenvector corresponding

to the smallest (real) eigenvalue of the symmetric tensor II(z,T'), the solution to (2.4.7) is
T (2,T) = T(z, 7™ (2, T),T), n®(z,T)=7""(2,T) (2€9Q). (2.4.8)

Thus, using indicators T (2.4.9) and I'y (2.4.10) that focus on the spatial reconstruction of the
crack '™, the identification of the optimal normals in the sense of the local minimization of the
topological sensitivity (2.3.10) are obtain by diagonalization of (2.4.5) varying z € €.

The argument leading to (2.4.8) cannot be easily carried over to the elastic case, involving
fourth-order polarization tensors, so that the minimization w.r.t. m is at the moment carried out
numerically. As a side remark, the similar (but not identical) problem of finding directions of

anisotropy that yield a pointwise optimal strain energy density is addressed in [179].

Thresholded topological sensitivity. To focus on sampling points z € () where the topological
sensitivity T°P'(z, T') reaches sufficiently low (negative) values, a thresholded version T of TP is
defined as

TP (2,T) if TPz, T) < AT™»

Tx(z,T) = , with T™® = min TP(2,7), (2.4.9)
0 if TP (2, T) > AT™™" 20
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where A > 0 is a cut-off parameter and wi e implicit assumption tha in < ). Moreover, le
(where A >0 t-off p t d with th plicit ption that T™™" < 0). M let

' € Q denote the support of T (-, T), i.e.
Ty ={z€Q|T\(2T)<0}. (2.4.10)

Thus an estimation of the unknown crack (or set of cracks) suggested by the thresholded topological
sensitivity may be defined in terms of I'.
Moreover, assuming that T is the unit circular crack, let S°?'(z,T') C S denote the half-sphere

oriented by n®(z,T), i.e.
SP(z,T) ={neS, n®(2,T)n>0} (z € Q). (2.4.11)

and, with reference to the thresholded topological sensitivity (2.4.9), let the subset S;pt(z, T) of
S°PY(z,T) be defined by

S (2,T) = {n € S(2,T) | T(2,n,T) < AT™"}, (2.4.12)

Then, the average optimal normal 15" is defined at sampling points z € 'y by

n(z,T) = /0[ n dSg (zeTy), (2.4.13)

S¥(=.T)
with the condition z € Ty ensuring that Sy*(z,T) is not empty. Although this is not a priori
required, the cut-off parameter A entering the definitions of I') and nipt will for simplicity be

asssumed to coincide.

2.5 Numerical examples

In this section, numerical experiments are presented to evaluate the topological sensitivity method
efficiency. Using a generic FEM code, synthetic data will be produced for different meshes contain-
ing a crack and topological sensitivities corresponding to cost functionals (2.1.2) with least-square

misfit function of format

PlulE, 1,61 = L Ju& 1) — u™ (€, 1) 251)
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will be computed.

The evaluation of the field T requires the knowledge of the tensor field II resulting from the
computation of just two solutions, namely free and adjoint fields, that are both defined on crack-free
configuration. Elastodynamic solutions are computed using isoparametric piecewise-linear inter-
polation in four-noded tetrahedral elements and unconditionally-stable Newmark algorithm with
parameters 3 = 1/4, v = 1/2 [115]. Related space and time discretized version of (2.1.2), (2.2.20)
and (2.3.10) are implemented using analytical formulations of the polarization tensors correspond-
ing to the nucleation of infinitesimal penny-shaped crack, i.e. (2.2.24) and (2.3.13) respectively.
Finally, the computations are time-adimensionalized by a parameter ¢, to be adjusted in each exam-

ple, implying that, in a unit time, the length traveled by waves propagating at velocity ¢ is unity.

2.5.1 Cubic domain

The reference domain €2 considered in this section is a unit cubic mesh containing 27840 nodes.
A penny-shaped crack I'"™ of radius R = 0.1, centered at '™ = (0.65,0.65,0.7) in a cartesian
coordinate system (1, z2, x3) and oriented by the normal n"™¢ = — sin fe; +cos fes (see Fig. 2.1)
constitutes the crack to be identified. The surface Sy with imposed Neumann conditions is given by
Sn = {x3 = 1}, and no Dirichlet condition is imposed during the simulations so that Sp = (). The
observation surface S°P considered coincides with the whole discretized external boundary of the

domain {2 and the duration of the experiment is set to 1" = 2.

/

T
“n
~

*
z3

g S e

T1

Figure 2.1: Cracked cubic domain



CHAPTER 2. QUALITATIVE IDENTIFICATION OF CRACKS 72

Acoustics. In the numerical experiment considered, a uniform normal gradient Vur«(§,t) - n =
—H (t) (where H(t) denotes the Heaviside step function) is applied on Sy and the computation
time adimensionalization parameter correspond to the sound speed c, i.e. the velocity of isotropic

compressibility elastic waves

Figure 2.2: Acoustic field T
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Figure 2.3: Acoustic domain T"),

Elasticity. A uniform constant compressional loading t[ur«](&,t) = —H (t)es is imposed on SN

and the computation is adimensionalized by the longitudinal wave velocity

|2 =v)
c=cL = o= )" (2.5.3)
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(b) 6=7, A=0.85

min

Figure 2.4: Acoustic normals ny

2.5.2 Cylindrical shell

The reference domain €2 considered is an elongated thin cylindrical shell with radii interior R; =
0.9, exterior R, = 1 and length H = 4 which mesh involves 40650 nodes. A cracked configu-
ration contains a helicoidal crack centered at "™ in a cylindrical coordinate system (r, 6, z) and
parametrized by fixed lengths h and [, and a varying oriented angle « as indicated on Fig. 2.8.
Geometrical parameters are such that possible crack breaks through the interior surface of the shell

but not its exterior. Finally, the observation surface is given by S° = {r =1, 0 < z < 4}.

Single experiment

A first set of results is presented in this section for a configuration involving a single crack centered
at '™ = (0.945,0,1.75) and characterized by h = 0.5 and [ = 0.09. Synthetic data are produced
using a unique experiment during which Neumann conditions have been imposed on Sy = {r =
1,(6,2) € [0,27] x [3.9,4]} while Sp = 0, and using an experiment duration set to 7' = 8.

For further references, let g(t, m, d) denote the Gaussian function of parameter ¢ with mean m
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Figure 2.5: Elastic field T
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Figure 2.6: Elastic domain I,
and standard deviation d such that
_ (t=m)>
g(t,m,d) =e 2a% | (2.5.4)

and verifying g(0, m,d) = 0.

Acoustics. In the acoustic case, synthetic measurements are produced by applying a normal gra-

dient Vur«(€,t) - n = —g(t,1,0.3) at points of Sy, and again it is chosen that ¢ = c.

Elasticity. A loading corresponding to a combined traction and torsion is applied on Sy as t[ur+]
(&,t) = (—sinbe; + cosbey + e3)g(t,1,0.3). In the elastic case, the choice of a relevant adi-
mensionalization velocity ¢ for the present geometry of a thin cylindrical shell impose to take into

consideration geometrical effects on the wave propagation. It is known from [100] that if transverse
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Figure 2.7: Elastic normals ™
shear forces and bending and twisting moments can be assumed to be negligibly small then longi-
tudinal and flexural (i.e. radial) elastic waves at frequency w propagate at a velocity c verifying the

dispersion relation

R2002 — (2
c=cp R — 2 (2.5.5)
where R is the mean radius of the cylindrical membrane, cg = /2u(1 + v)/p the longitudinal bar

velocity and cp = /2u/p(1 — v) the thin-plate longitudinal wave velocity. Moreover, torsional

(i.e. tangential) waves propagate at the shear wave velocity

o = \/ﬁ (2.5.6)
p

Thus, owing to assumption of the positiveness of the Poisson’s ratio v, one has cp > cp > cg which

leads to the choice of an adimensionalization using ¢ = cg the lowest reference wave velocity.
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z3

Figure 2.8: Cracked cylindrical shell

Cumulated experiments

In this section, four different experiments are considered and combined to image a single crack
characterized by "™ = (0.945,0,1.75), h = 0.5, ] = 0.09 and a fixed angle & = 7/4. Dur-
ing the experiment number k, the excitation is applied on a squared patch Sy of area equals to
1.6 - 1073| 5P| (where |S°%| denotes the area of the observation surface) and containing 25 nodes
centered at a point Pj, with parameters given in Table 2.1. The duration experiment is set to 1" = 4.

Moreover, if K denotes the number of experiments combined in the identification procedure,
then the corresponding acoustic (2.4.5) and elastic (2.4.2) tensors II(x, T") are computed as

(z,T) =Y Iz, T), 2.5.7)

] >

k=1

where each I} is synthesized using quantities relative to the experiment number k. Thus the com-

putational cost of the topological sensitivity itself is independent of the number of experiments.

Table 2.1: Multiple excitation: Geometrical parameters

Excitation point P Py Ps Py
r 1 1 1 1
6 /3 —w/3 2n/3 —27/3

z 35 0.5 1.25 2.75
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Figure 2.9: Single experiment: Acoustic field T

Acoustics. Synthetic measurements are produced by a prescribed Vur«(&,t) - n = —g(t,1,0.3)

on Snk, with ¢ = c.

Elasticity. In elasticity, the applied boundary condition on the patch Sy is again given by Vur«
(&,t)-m = (—sinfe; +cosfes + e3)g(t, 1,0.3) and the adimensionalization parameter is ¢ = cg.
Dual crack identification

In this section, a unique experiment is used to image a configuration containing two cracks centered
at ™ = (0.945,0,1.25) and x5 = (0.945, 77/9, 3), respectively characterized by the angles
a1 = w/2 and oy = —7/4, and lengths h = 0.5, [ = 0.09. The loading and time parameters are

then identical to those described in Section 2.5.2.
Acoustic.
Elasticity.

Elliptical crack in the elastic case

In previous elastic examples, the crack identification analysis has exploited the topological sen-

sitivity employing a polarization tensor corresponding to the nucleation of a circular planar (or
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Figure 2.10: Single experiment: Acoustic domain Iy

penny-shaped) crack. In order to highlight the influence of the choice of the shape T, the elastic
polarization tensor for an elliptical crack (see Sec. 2.2.2) has been used in the single experiment
described in Section 2.5.2 in a configuration where the crack is characterized by an angle o = 7 /4.

In the results presented Figure 2.25, the topological sensitivity (2.4.1) is computed employing
the correct normal n"™¢ = (0, —h/L, «R/L), and tangential vectors 7" = (1,0,0) and 75" =
(0,aR/L,h/L) in cartesian coordinates and where R = (R; + R.)/2 and L = v/h2 + o2 R?. The
polarization tensor (2.2.26) associated with an elliptical crack with its principal axes lying in a plane

(TY"e, 75%) and a varying ratio of major and minor semiaxes is then employed.

2.5.3 Discussion

The results that are presented in this section are in accordance with the heuristic of the topological
sensitivity method. The maps of topological sensitivity in acoustics (Figs. 2.2, 2.9, 2.15, 2.22(a))
and in elasticity (Figs. 2.5, 2.12, 2.18, 2.24(a)) reveal global negative minima in the areas of the
cracks sought. The use of a truncation parameter A to reveal possible cracks geometries gives satis-
factorily results in that the domains I'y are correctly located (Figs. 2.3, 2.6, 2.10, 2.13, 2.16, 2.19,
2.22(b), 2.24(b)), and the field nf\nin of normal vectors coincides reasonably well with the orienta-
tion of the cracks (Figs. 2.4, 2.7, 2.11, 2.14, 2.17, 2.20, 2.22, 2.24). Also, as illustrated by Figures
2.21-2.24, the topological sensitivity method is of global nature since it enables a simultaneous

identification of multiple cracks without prior knowledge of their number.
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Figure 2.11: Single experiment: Acoustic normals nf\“i“

Analysing the cracked cylindrical shell configuration, the examples shown suggest that the pro-
nounced negative values of the acoustic topological sensitivity describe the geometry of the crack
more accurately than its elastic counterpart: Compare couple of Figures 2.10-2.13, 2.16-2.19 and
2.22(b)-2.24(b). Nevertheless, it appears also that the reconstruction of the normal vector field is
more sensitive in elasticity than in acoustics: Compare couple of Figures 2.11-2.14, 2.17-2.20 and
2.22-2.24.

It is noticeable that the computation of the topological sensitivity field may lead to signifi-
cant negative values spread out around a direction nearly orthogonal to the cracks’ planes (See
Figs. 2.3(c), 2.9, 2.13(a), 2.13(b)) possibly due to waves reflecting on these planes. If these values

can possibly lead to an inaccurate identification of the cracks geometries (see e.g. Figs. 2.14(a),
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Figure 2.12: Single experiment: Elastic field T

2.14(b)), the reconstruction of their local orientations through the computation of the field nﬁ\ni“
allows to resolve the ambiguity (see corresponding Figures 2.15(a), 2.15(b)). It appears also in
practice that the indicator function T computed in the elastic case is relatively sensitive to the nature
of the illuminating waves and thus to the loading applied to generate the measurements.

The method proposed leads to a qualitatively correct identification of cracks even in situations
where a single experiment is used (Figs. 2.2-2.14). The exploitation of a growing number of
experiments, that are combined linearly to compute the topological sensitivity as in equation (2.5.7),
significantly improves the quality of the reconstruction (Figs. 2.15-2.20). In this later examples, the
pronounced negative values of the topological sensitivity that can appear away from the crack are
in reality located around the loading application points, and can thus be clearly set aside in the
identification procedure.

Finally, owing to the examples in elasticity illustrated by Figures 2.25, the use of a polarization
tensor associated with an infinitesimal elliptical plane crack to compute the topological sensitivity
does not lead to significant difference if the featured major semiaxis of the infinitesimal crack coin-
cides with the direction of privileged elongation of the crack I'"™® (Fig. 2.26(b)) or orthogonal to it
(Fig. 2.26(c)) compare with the reference circular case (Fig. 2.26(a)).
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Figure 2.13: Single experiment: Elastic domain T"y

2.6 Extension to interface cracks

In this section, the previous analysis is extended to the identification of interface cracks in a bima-

81

terial domain. Interface cracks appear in a number of applications and can be seen as delamination

cracks in composite materials, due for example to fatigue behaviors of laminates, but also as matrix-

matrix and fibre-matrix interface debonding zones. In this context, the reference domain €2 consid-

ered is constituted by two homogeneous linear elastic subdomains Q% such that Q = QT U Q~

and characterized by the corresponding mass densities p*, shear moduli ;* and Poisson’s ratios

vE. Moreover, let S™ = 90N N~ denote the interface of the two subdomains, which location
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and orientation is generally known beforehand in applications, and which contains a crack (or a set)
'™ to be sought.

The topological sensitivity analysis can be reproduced in this situation and previous reasoning and
developments of Section 2.2 still hold by employing the elastodynamic Green’s and fundamental
tensors of the relevant composite full-space. Thus, the topological sensitivity is given by the re-
lation (2.2.20) and the corresponding polarization tensor A9 is defined by the counterpart for the
bimaterial domain of the integral (2.2.21).

2.6.1 Polarization tensor for a penny-shaped crack

As it has been shown previously, the polarization tensor A7 can be found analytically for the simple
case where I is a circular plane crack. This can be achieved by employing the analytical form of the
canonical crack opening displacement [V] corresponding to a penny-shaped crack on the interface
of two linear elastic half-space as given in [189] and which developments, employing the Radon
transform, are partially reproduced hereafter for the ease of reading.

For a given (i,5) € {1,2,3} the COD related to the corresponding canonical solution is noted
® = [V]¥ for brevity, and from definition (2.C.1) and notation of the unit circle as C = {n €
R? and |n| = 1}, its Radon transform is given by

®(r,n) = / ®(&)o(r—m-£)dS;  (rel[-1,1,n€C) (2.6.1)
r

since ®(£) = 0if € ¢ T.

Then the integral (2.2.21), can be advantageously recast in terms of the Radon transform & using

property (2.C.2), i.e. that

1
/F P(£)dS; = / ®(r,n)dr (2.6.2)

—1
where the right-hand side term turns out to be independent of 7.
The Radon transform of the COD corresponding to a penny-shaped crack at the interface between
the two elastic half-spaces Ri and R3 with respective shear moduli ;1 and ;~, and Poisson’s

ratios v and v~ can be found in [189] in the form of the expansion

3
S(rm)=1-r)> ®,¥,(rm) (rel[-11,nel) (2.6.3)
n=1
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where for all r € [—1,1] and p = (n1,72) € R? such that In| =1

—12 —me(r) ms(r)
Ui(r,m)=| m Uo(r,m) = | —nac(r) Ws(r,m) = | n2s(r) (2.6.4)
0 s(r) c(r)

with the real-valued function c and s defined by

o(r) +is(r) = (€™ — e ™) <1 ; ::) (2.6.5)

which depend on the following material parameters

1—vt 1—v™ 1—-2vt  1—-2u~ 1 a+ 3
= = — =—1 2.6.6
@ 2t + 2w~ b drpt A~ Mo 08 <a — ﬁ> ( )
Thus with reference to integral (2.6.2), expansion (2.6.3), and equation (2.6.5) one has
! 8
/ (1 —rHe(r)dr = gﬂ'/ﬁ(l + k%)
! (2.6.7)

1
/ (1—rHs(r)dr=0

-1
Moreover, in the case of a uniform loading applied on the crack I, which corresponds to the def-
inition (2.2.17) of the canonical problems, the coefficients in the series (2.6.3) are given analytically

by

_ 4n%(1 4 R (0? — )

I iy ij
1= (a—0)mr(1+rK2)+ 0 (n2ty —mts)

by = 2r(a” - 57) T 268
P2 = (Oé — (5)71'5(1 + I€2) + ﬂ(nltl + 2ty ) ( )
®; = —%(a2 — gt

using notation

. 1
9 — ) (ei Rej+€e;® ei) n (2.6.9)
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and material parameters

v v_ ay + 3
S §= O+t
2mpy 2 a+y

(2.6.10)

Then using property (2.6.7), parameters (2.6.8) and the fact that |n| = 1, the integral (2.6.2)

reduces to

£ 0
Ao S o 2 2 2 2 i 1
/F(I)(S)dsg_ 3" A1+ )" = F) (a = 0)7mr(1+K2)+ ty +ﬂ 0
0 ty
(2.6.11)

With reference to the applied loading (2.2.17) defining canonical solutions, the polarization
tensor A7 can finally be deduced from (2.2.21) and (2.6.11) in the form

8 k(1 4+ k?)(a? — 3?)
3 (a—0)mr(l +rK2) 4+

(a —8)mr(1+K2) — B
B

AT n®{2[+ n®n}®n (2.6.12)

Again, the following version of A% which has the minor symmetries can equivalently be used:

mRe,+e,dn|@Ne,+e,@n] 2
+-nnnIn ;,

(a—8)mr(l1+k2)+ 03 I6;
(2.6.13)

Al = §7T2H(1 + k%) (a? — 5?) {

where a € {1,2}.

Remark 7. Polarization tensors (2.2.24) and (2.2.25) corresponding to the case of a homogenous
domain containing a penny-shaped crack, can be respectively recovered from previous expressions
(2.6.12) and (2.6.13) with y* = u~ = pand v = v~ = v, i.e. in the limit 3 — 0.

2.6.2 Numerical examples

This section provides the illustration of the ability of the topological sensitivity to identify inter-
face cracks. Within the framework described in Section 2.5 of FEM-based simulations, dynamical
measurements corresponding to one or two circular cracks in a parallelepipedic bimaterial domain

= {€ € [0,1] x[0,2] x[0,0.4]} with the interface lying in the plane &3 = 0.2 as described on
Figure 2.26 and characterized by material parameters v+ = v~ = v = 0.3, p* = 2u~ = 7.7

and pT = 2p~ = 10 are synthesized. The domain is loaded by a uniform compressional traction
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tlur+|(€,t) = —g(t,0.5,0.3)es imposed on its top face and the computation is adimensionalized
by the longitudinal wave velocity.

In this application, it is considered that the geometry of the interface is known, in particular in this
example, the topological sensitivity field defined by (2.4.8) is employed with n°?'(z, T') = es, then
its thresholded version (2.4.9) at the interface, where the crack is a-priori supposed to be located, is

plotted on Figure 2.27.

2.7 Conclusion

The topological sensitivity method proposed constitutes a non-iterative global qualitative approach
to the problem of elastodynamic crack identification. The adjoint-based formulation employed,
which entails the cost of only two direct problems with the computation of free and adjoint fields
defined on crack-free configuration, are computationally efficient compared to minimization-based
inversion methods. The indicator function proposed is of global nature is that it evaluates possible
location of crack at every point independently without requiring any initial guess. On the basis of
the heuristic that motivates the method, the use of closed-form solutions corresponding to circular-
plane cracks featured in the asymptotic analysis, allow qualitative evaluations of cracks in terms of
locations and orientations. Finally, implementation within a classical FEM platform, assesses for

the simplicity and efficiency of the method.

2.A Polarization tensors

2.A.1 Matrix representation of fourth-order tensors

Consider a tensor relationship of the form
B=9Q:A, (2.A.1)

where A, B are second-order symmetric tensors and Q is a fourth-order tensor having minor sym-
metry but not necessarily major symmetry, e.g. @ =& (Eshelby tensor, which does not have major
symmetry) or @ = C (elasticity tensor, which has major symmetry). Tensor A (and also B, of

course) has six independent components, which can be arranged into a 6-vector A according to the
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convention:

. |A? . )
A= LP] , Al = (A1 Aoy As3]T, A% = V2[A1 Ajz Agg)T.

Then, relation (2.A.1) can be recast into the following equivalent matrix relation between Aand B

A~

B=QA, (2.A.2)

where the (6 x 6)-matrix Q representing the tensor Q is given in block-matrix form by

3 _ [QH QlQ] with { Azljl = Qiijju Qil(2k£) = \/iQiikfv
921 22 A A
Q Q Q%le)k = \/igijkkv Q%fj)(u) = 2Qz’jkl7

(1<i<j<3, 1<k<¢<3) having used the indexing convention (12) =1, (13) =2, (23) =3.
Note in particular that this convention (and particularly the /2 and 2 factors that enter the definition

of A and Q) ensure consistency between quadratic forms written in tensor and matrix forms, i.e.
A:Q:A=A"QA,

Using this convention, the matrix representation of the symmetric fourth-order identity Z°™ is

simply the 6-dimensional identity matrix, i.e.

(isym>11 _ (isym) 22 _1 (isym)m _ (fsym) 21 o,

while the elastic compliance tensor D = C~* for an isotropic material is such that

N 1 R 1 N N
D = i) | 1 —v|, D®?»=_—1, DZ=D"=o0. (2.A.3)
v —v 1
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Finally, for the Eshelby tensor associated with an ellipsoidal cavity whose principal axes coincide

with those of the Cartesian frame, one has [152]

Sti11 Stz S1133 251212 0 0
S' = |Sy1 Syama Sopsz| 572 = 0 251313 0 ; Sz =82 =0,
S3311 53322 53333 0 0 2599233

(2.A.4)
in terms of the nonzero entries of S.
2.A.2 Major symmetry of polarization tensor

Lemma 6. The polarization tensor A has major symmetry: for any second-order symmetric tensors
B, B, one has
B:A:B' =B':A:B. (2.A.5)

Proof. The proof rests upon exploiting a governing weak formulation for the third-order tensor

function V(&), which is such that for any given second-order symmetric tensor o the vector field o :
V(&) solves the elastostatic exterior problem for the normalized crack I' whose faces are subjected

to applied tractions t* = —o-n*. As aresult, o: V() obeys for any o the weak formulation
/ [o:VV(E)]:C:Vw(§) dV; = / o:([w](§)@n(§)) dS; Ywe H'(R*\T), (2.A.6)
R3\T r

where [w] denotes the jump of the trial function w through T\
Now, recalling expression (2.2.21) of .A7 and taking the inner product of Eq. (2.2.21) by o (on
the left) and o’ (on the right), one obtains

0:{/[[V]](E)®nd5§}:a": o: A0, (2.A.7)

T

Then, using variational formulation (2.A.6) with w = o’ :V, noting that
0:C:(d':VV)=(c':VV):C:0,

by virtue of the major symmetry of C, and exploiting the known symmetry of the bilinear form in
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the left-hand side of (2.A.6), one obtains

o { /F[W]](&)@"dsé} o = /R [TV E:C: e VY] av
- /R 3\f[a’ VV(E)]:C:[o:VV(E)] dV; = a:{ /F [V]](E)@nng}:a’. 2.A8)

The major symmetry of LA then follows from (2.A.7) and (2.A.8). Finally, the major symmetry of
A stems directly from that of A? through A =C:.A7:C. O

Remark 8. The symmetry property (2.A.5) is also established in [11], following a more involved

proof which assumes isotropic elastic properties for both reference and inclusion materials.

Remark 9. The major symmetry of A or A° defined for cracks instead of cavities follows from

Lemma 6 by considering a crack as the limiting case of an infinitely thin cavity.

2.A.3 Elliptical crack

Polarization tensor of an ellipsoidal cavity. For an ellipsoidal cavity, an equivalent-inclusion

argument allows to express A7 (B) in terms of the Eshelby tensor S of B [152], resulting in [35]
A°(B) = |Blc™: [z — 8T ! (2.A.9)

where, for any fourth-order tensor @ having minor symmetry, the transposed tensor Q7 is defined

so that @ : B = B: QT for any second-order tensor B, and is represented by the matrix Qr.

Elliptic crack as limiting case of ellipsoidal cavity. Consider an elliptic crack embedded in an
infinite isotropic elastic body. By defining appropriately the Cartesian frame, the crack can be
assumed to lie in the x1 2-plane, with its principal axes aligned with e1, e and its semiaxes such
that /1 > {5, and hence to have its unit normal given by n = es. The polarization tensor for such
crack may be derived by considering the limiting case as  — 0 of a thin ellipsoidal cavity with

¢3 =nf1, n < 1. The Eshelby tensor for such thin ellipsoid is given by [152]

S(n) = 8o+ S1n+o(n), (2.A.10)
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with Sp and &1 given in block-matrix form, following the conventions of 2.A.1 for the matrix

representation of fourth-order tensors, by

~

0
Sit=1 0
v

) v+2(l-v)a+B  —y+(1+2)a-B  (2v—1)a
81 = 5 [ - 2@-B) y2e-ME-a) (-2 a-5)| |
—a—2u0 a—(14+2v)p (2v—1)p3

. " 1
S2% = Diag[0, 1, 1], 8%% = I

—V

Diag[ﬂqtaf v, —va—(1-v)p, va fﬁ] ,
SiP=583'=81=57 =0, (2.A.11)
with Diag|[a, b, ¢| denoting the (3 x 3) diagonal matrix whose diagonal entries are a, b, c. Moreover,

the constants «, 3, appearing in (2.A.11) are given by

—m2)1/2 E(m o=
“:W(Fm)—E(m)% »3=<1_£nz§1/z’ 7:2m26’

(2.A.12)

where F'(m) and E(m) are the complete elliptic integrals of the first and second kind, respec-

tively [1]:

w/2 /2
F(m) = / (1—m?sin?¢) " dp,  E(m) = / (1—m?sin?¢)"* dp, (2.A.13)
0 0
and the modulus m is given by
m:(l—a%/a%)lﬂ, (0<m<1).

Noting that the volume of the thin ellipsoid is |B| = (47/3)¢3(1 —m?)'/?n, formula (2.A.9)

becomes

A% () = 4%5‘?(1 —m?)V2pe -t [T - ST(n)] (2.A.14)

The task at hand is to find the limit as 7 — 0 of the polarization tensor .A(n) = C:.47(n): C by
exploiting (2.A.14). A natural approach consists in expanding n[Z%™ — 8" (n)] ~!in powers of 1
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about = 0. However, care must be exercised as Z%™ — S} is not invertible. Owing to the block-
diagonal structure of S and the major symmetry of Z%™, inverting [I sym ST(n)] ! is reduced to
separately inverting I — §'(n)) and I — §%2(n) (where I is the (3 x 3) identity matrix). As neither
I - S’(l]l nor I — 5'32 are invertible, some care must be exercised. First, using formulae (2.A.11),
one obtains

170 -ouale (o (5 <)

Each diagonal matrix in the above formula is invertible for nonzero 7, which ensures invertibility of

the expansion for sufficiently small > 0. Upon performing this inversion, one obtains

1-v 1-v
va+(1-v)3’ B—va

n[I — 922(77)]_1 = Diag[ 0, } +o(1).

Similarly, using again formulae (2.A.11), one finds
I- Sll(n) - [RO - Rln]Dlag[ 17 17 Y2
where the matrices Ry and R, are given by

1 0 «
Ry = 0 1 B—al,
—v —v
B

1-v 1—v

Y+2(1-v)a+f  —+(1+2w)a—F 0
R =5y [+ A-2)(@=p) 7+22-v)(5-a) 0
—a—2v03 a—(1+2v)8 0

The matrix Ry is invertible (one readily finds Det(Ry) = /(1 — v); then, as (3 is given
by (2.A.12) and E(m) # 0 for any 0 < m < 1, Det(Ry) # 0), which implies that Ry — Rn
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is invertible for sufficient small 7. One therefore finds

2(1—-v)
1—-2v

n[I - §"(n)] " = Diag| n. . (85" + o(1)] +0(1)

2(1—
= 20 g 0, 0. 1] Ry + o)
00 0
_2(1-v)
=Gz |0 0 0 +o(1).

v v 1—v

Finally, using matrix representation (2.A.2) for the inverse elasticity tensor C~!, one obtains

A 1 1 . 1—v 1—v
n[I — 8*(n)] DQQ:ﬂDlag[O, vat(1—0)3 B—va +o(1),
0 00
n[I—S‘“(n)}‘lﬁﬂz(l_ﬁy) 0 0 0f+o(1),
g 0 0 1

and expressions (2.2.26a-c) follow by taking the transpose of the above result, applying the matrix-
tensor equivalence of 2.A.1, inserting the obtained value of n[Z%™ — ST (n)] “into (2.A.14) and

taking the limit 7 — 0 (i.e. removing the o(1) remainder).

Penny-shaped crack as a special case of elliptic crack. To find the value of (2.2.26a-c) for the
special case of a penny-shaped crack (for which ¢; = ¢, i.e. m = 0), one invokes the following

expansions [1]

T m2  9m?

F(m) =5 1+j+67]+0<m4>, E(m) = 5|1 - — = | +o(m"),

which, inserted into (2.A.12), readily yield

+mn,ymn:—£+qm

On inserting these values into (2.2.26a-c), one easily verifies that expression (2.2.25) for the penny-

shaped crack is recovered.
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2.A.4 Elliptical sound-hard screen

The polarization tensor B for the elliptic sound-hard thin screen can also be derived as a limiting
case of that for the ellipsoidal sound-hard scatterer. The latter is given, using the present notations,
by [102]

3
1
Beltipsoid = |B| Y ————F——e;®e (2.A.15)
ellipsoi qz:ll—[q/477 q q

with the I, defined as in [152], Eq. (11.14). In the flat-scatterer limit » = ¢3/¢; — 0, the I, are
given [152] by

I = 4mna(m) + o(n), Iz =4m(B(m)—a(m))+o(n), I3 =4r(1—nB(m))+ o(n)

with the functions «(m), (m) again defined by (2.A.12). Hence, the sought polarization tensor B
is obtained (recalling that |B| = (47/3)¢3(1 — m?)1/2n) as

) 4 (1—m?)1/? o
B= 717% Belhpsmd("?) = ?ngeS K es, (2.A.16)

Expression (2.3.12) finally follows from substituting the definition (2.A.12) of 3(m) into the above

formula.

2.B Elastodynamic fundamental solutions and proof of Lemmas 4,5

The time convolutions featured in integral equation (2.2.10) can be expressed as

U(z,t,8)«[V::](&,t) =Ulz,t,€|e;- [V::](&,)]-€; (2.B.1a)
(n(z)-C-X(x,t,§)) » D[v- 2] (&, ) = (n(z) C- Xz, t, §|(eg® € @ €;): D[ve [ (€, )])

(2.B.1b)

i(eg®e;®ey) (2.B.1¢)

where Uz, t, €| f] and X[z, t, &| f] are the time-modulated elastodynamic Green'’s tensors, defined
such that e - U and e - X are the displacement vector and stress tensor at £ € €2 resulting from
a point force applied at x in the k-direction with prescribed time-varying magnitude f(¢) and sat-
isfying boundary conditions (2.2.9). Homogeneous initial conditions at ¢ = 0 and vanishing time

modulation f(¢) for ¢ < 0 are assumed, so that Uz, ¢, &|f] and X[z, t, £| f] have quiescent past.
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Similarly, let U [, t, €| f] and X[z, t, &; 1| f] denote the time-modulated full-space fundamen-
tal solution, which satisfy radiation conditions instead of boundary conditions (2.2.9), and is given
by [91]

1
Uoo[ma t, £|f] = W |:A[£C, t, E’f] I+ B[wv t, glf] ("A'@?Ad) (2.B.2a)
Yoolx, t,&|f] = - [C[m,t,&]f](f@I) +2D[x, t, &|f](#-T™) + 2E[x, t, £|fl(F @7 @)
(2.B.2b)
where r = (£ —x), r = ||r||, 7 =r/r, k is the ratio of bulk wave velocities as defined by
9 é o 1-2v
TTE T 1-w) T At (283
and with A= Az, t,&|f], ... defined by
B r K nr
Aot = 1(t=2) + [ (=) an
- _ _r 2e(p_
Bla,1,€|f] = ~3A[w,t,€|] + 2/ 1 CT) +r2f (1 CL)
r T r
Cla.1.€]] = 2Bl t.€1/] = (L= 2" {F (t= ) + —F (=) } (2B.4)
r ro. r
Dl t,€lf] = 2Bl t.€l7] ~ £ (1= ) = (1= )
Ela,1.€]] = =3Bl 1,€l7] ~ Dl 1€l — w*{ £ (1= =) + (1= ) |
Next, define the time-modulated complementary elastodynamic Green’s tensor U ¢ by
Ulw,t,£|f] = U, t, €| f] + Uc[z, t,£| f] (2B.5)

By virtue of superposition arguments, U ¢ is governed by an IBVP with vanishing body forces and
initial conditions, and (when x ¢ .S) smooth boundary data involving boundary traces U [z, t, &| f]
(€ € Sp) and B[z, t, €| f]-n(€) (€ € SN). Thus, Uc[z,t, £|f] is bounded in the limit £ — =,
i.e. the singular behavior of Uz, t, &|f] at £ = « is identical to that of its full-space counterpart
Uz, t,£&|f], and one has

Uclz+ezx,t,z+e€|f] = O(1), Zclz+tez,t, z+e€|f] = O(1) (e —0) (2.B.6)
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Proof of Lemma 4. The proof exploits decomposition (2.B.5). First, upon introducing scaled
coordinates (2.2.11a) into expression (2.B.2a) of X, and definitions (2.B.4) of A[x,t,&|f] and
Blx,t,&|f] (wherein f(t) = [V, 2] (&, ) according to 2.B.1c), it is a simple matter to show that

U, 1,€) x [62.21(6,1) = ~Unc(,1,€) # [ ] &1 2B)

where U . is defined by (2.B.2a) and (2.B.4) with wave velocities ¢, cr replaced by rescaled
values ¢, /e and er/e. Equation (2.B.7) and scaling (2.2.11b) then imply

Ux(z,t,€) * [V:2](€,t)dSe = 5/ U o(Z,t,8) * [v:2] (€, 1) dSg (2.B.8)
Fs,z I
Moreover, owing to the boundedness (2.B.6) of the complementary Green’s tensor Uc, one has,

upon using again coordinate scaling (2.2.11b):

Uc(z,t, &) x [0:2] (€, 1) dSe = O(e?)[[[0=2] (- )| 2 ry (2B.9)
Fe,z
The desired identity (2.2.14) then follows from combining (2.B.8) and (2.B.9). Identity (2.2.14) is

establish in a similar way, noting that

[n(m)-C-EOO(az,t,g)] * Dlv: ] (&, t) = E%[n(m)C.EOO’E(:E,t,E)] * D[v. 2] (&, 1)

with the e 3 behavior resulting from the combined effect of the ||& — || =2 singularity of X, and

the following behavior of the operator D under the scaling (2.2.11a):

Duw(e, 1) = é’va({,t) (2.B.10)

Proof of Lemma 5. Since the proposed ansatz (2.2.15) is, by assumption, differentiable w.r.t. #, it
is appropriate to investigate the behavior of U o, defined by (2.B.2a) and (2.B.4) for a differentiable
time modulation f. Introducing the decomposition f(7) = f(t) + (f(7) — f(t)) = f(t) + Af(7),
one has
Clz,t,€|f] = k*f(t) + Clz.t, E|Af]
D[&,t,€|f] = —K*f(t) + Dlz, t, §| Af] (2.B.11)
3

Elz,t,€|f] = —5(1-r")f(t) + E[2,,£[Af]
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Substituting the above values into (2.B.2b) yields the decomposition
Too[®, 1, €| f] = Too(§ = @) f (1) + B[, 1, | A ] (2.B.12)

where 3 (7) is the elastostatic Kelvin fundamental stress, given by

oo () = [;{2 (F@T — 2 TY™) + (52— 1)%@%@%] (2.B.13)

A2

Decomposition (2.B.12) in particular holds for X .[. .. |f] defined by replacing velocities ¢, ct

1

with the rescaled values e ~'cp, e ler in o [. .. |f]. Owing to the assumed differentiability of f,

one easily shows that
| o2, 1, E[Af] || =O(e) (¢ —0)

Since ¥ (7) f(t) is unaffected by the wave velocity rescaling, decomposition (2.B.12) implies
Booel®, . Elf] = Boo(®,€) (1) +0(1) (e —0) 2B.14)

Consequently, noting that combining ansatz (2.2.15) with (2.B.10) implies

Dlv::](€.1) = o[ul(2,1): D[V](€) + o(1), (e —0)

equating f(t) to the components of the above expansion of D[v. ,] (€, t) according to (2.B.1c), and
using (2.B.14) one finds that

]{ [1(&)-C-So e (&1, €)] + D[i- 2] (€. 1) dS;
= oij[ul(z, t)]£ [n(z)-C- S (§—2)|+ DIV]Y (£) dSg + o(1)

The desired expansion (2.2.16a) finally follows from combining the above estimate with iden-
tity (2.2.14).
The estimate (2.2.16b) stems directly from plugging ansatz (2.2.15) into (2.2.14) and the as-

sumed twice-differentiability of f.
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2.C Radon transform

On introducing the unit circle as C = {n € R? and || = 1}, the Radon transform (r, 1) € RxC —
f(r,m) of the tensorial function & € R? — f(£) is given by

b = [ F@5—n-€dse  (eRne) ac

where ¢ is Dirac delta function.

For any m € N, the following property holds

|- erf©ase= [ iomar (2.C2)
R2 R

which has as a consequence that / rmf (r,m) dr is a polynomial of degree m in 7.
R
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Figure 2.14: Single experiment: Elastic normals n}
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Figure 2.17: Cumulated experiments: Acoustic normals n
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Figure 2.19: Cumulated experiments: Elastic domain Iy
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Figure 2.23: Dual crack elastic identification
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Figure 2.24: Dual crack identification: Elastic normals ni'i
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Introduction and Overview

In the context of inverse scattering theories that have, over the past two decades, witnessed the
inception and growth of a range of non-iterative techniques for obstacle reconstruction, Part II of
this dissertation is concerned with the study of the Linear Sampling Method (LSM) whose principles
and fundamental results are (in the context of the Helmholtz equation) summarized in Chapter 3.
On introducing the basic notions and theorems, this chapter investigates, for the first time, the
possibility of multi-frequency reconstruction of sound-soft and penetrable obstacles via this method
involving either far-field or near-field observations of the scattered field. On establishing a suitable
approximate solution to the linear sampling equation and making an assumption of continuous fre-
quency sweep (in terms of experimental measurements of the scattered field), two possible choices
for a cumulative multi-frequency indicator function of the scatterer’s support are proposed. The
first alternative, termed the “serial” indicator, is taken as a natural extension of its monochromatic
companion in the sense that its computation entails space-frequency (as opposed to space) L?-norm
of a solution to the linear sampling equation. Under a set of assumptions that include experimental
observations down to zero frequency and compact frequency support of the wavelet used to illu-
minate the obstacle, this indicator function is further related to its time-domain counterpart. As a
second possibility, the so-called “parallel” indicator is alternatively proposed as an L2-norm, in the
frequency domain, of the monochromatic indicator function. On the basis of a perturbation analysis
which demonstrates that the monochromatic solution of the linear sampling equation behaves as
O(|k?>—k2|~™), m>1 in the neighborhood of an isolated eigenvalue, k2, of the associated interior
(Dirichlet or transmission) problem, it is found that the “serial” indicator is unable to distinguish the
interior from the exterior of a scatterer in situations when the prescribed frequency band traverses
at least one such eigenvalue. In contrast the “parallel” indicator is, due to its particular structure,
shown to be insensitive to the presence of pertinent interior eigenvalues (unknown beforehand and

typically belonging to a countable set), and thus to be robust in a generic scattering configuration.
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A set of numerical results, including both “fine” and “coarse” frequency sampling, is included to
illustrate the performance of the competing (multi-frequency) indicator functions, demonstrating
behavior that is consistent with the theoretical results.

The interior transmission problem (ITP), which plays a fundamental role in the LSM and re-
lated studies involving penetrable defects, is investigated in Chapter 4 within the framework of me-
chanical waves scattered by piecewise-homogeneous, elastic or viscoelastic obstacles in a likewise
heterogeneous background solid. For generality, the obstacle is allowed to be multiply connected,
having both penetrable components (inclusions) and impenetrable parts (cavities). A variational for-
mulation is employed to establish sufficient conditions for the existence and uniqueness of a solution
to the ITP, provided that the excitation frequency does not belong to (at most) countable spectrum
of transmission eigenvalues characterizing the “obstacle-background” pair. The featured sufficient
conditions, expressed in terms of the mass density and elasticity parameters of the problem, rep-
resent an advancement over earlier works on the subject in that i) they pose a precise, previously
unavailable provision for the well-posedness of the ITP in situations when both the obstacle and the
background solid are heterogeneous, and ii) they are dimensionally consistent i.e. invariant under
the choice of physical units. For the case of a viscoelastic scatterer in an elastic solid it is further
shown, consistent with earlier studies in acoustics, electromagnetism, and elasticity that the unique-
ness of a solution to the ITP is maintained irrespective of the vibration frequency. When applied to
the situation where both the scatterer and the background medium are viscoelastic i.e. dissipative,
on the other hand, the same type of analysis shows that the analogous claim of uniqueness does not
hold. Physically, such anomalous behavior of the “viscoelastic-viscoelastic” case (that has eluded
previous studies) has its origins in a lesser known fact that the homogeneous ITP is not mechani-
cally insulated from its surroundings — a feature that is particularly cloaked in situations when either
the background medium or the scatterer are dissipative. A set of numerical results, computed for
ITP configurations that meet the sufficient conditions for the existence of a solution, is included to
illustrate the problem. Consistent with the preceding analysis, the results indicate that the set of
transmission values is indeed empty in the “elastic-viscoelastic” case, and countable for “elastic-
elastic” and “viscoelastic-viscoelastic” configurations. The analysis of the conditions of existence
and uniqueness of a solution to the ITP is then generalized in Chapter 5 to account for a wider
class of elastic material configurations. In the latter study, interior transmission problem is seen as
an eigenvalue problem and an extensive study of the material (and excitation frequency) conditions,
under which the ITP maintains its well-posedness, is exposed. Further, the existence of transmission

eigenvalues and their corresponding lower bounds are established for the first time in elasticity.



Chapter 3

Linear sampling method for

multi-frequency obstacle reconstruction

110



CHAPTER 3. MULTI-FREQUENCY OBSTACLE RECONSTRUCTION 111

3.1 Introduction

Among the range of non-iterative point-probing algorithms for obstacle reconstruction, techniques
such as linear sampling, factorization or point source methods, commonly operate within the frame-
work of monochromatic i.e. single-frequency obstacle illumination which postulates that the squared
wave number, computed with reference to the background medium, is not an eigenvalue of the as-
sociated interior (e.g. Dirichlet or transmission) problem. For common scattering configurations
such eigenvalues form an at most countable set, with no accumulation points other than infinity
[163, 180, 48, 159, 128, 59, 54], which makes the featured restriction manageable if not desirable
in the context of practical applications.

Besides (and before) the choice of an appropriate reconstruction technique, the critical issue for
most inverse scattering problems is the richness of the observed data set. In general the latter can
be extended either spatially, in terms of the aperture of experimental observations, or temporally, by
considering multi-frequency or time-domain scattered waveforms. Notwithstanding the fact that the
latter alternative is often far more tractable in terms of experimental implementation, the literature
dealing with point-probing algorithms that transcend the customary monochromatic framework is
relatively scarce. In particular, one may mention the multi-frequency and time-domain treatments
of the point source method in [139, 137, 140] as well as the time-domain formulation of the linear
sampling method [67] which, by making reference to the space-time Sobolev spaces of order four,
voids the need to use the Fourier transform and thus to deal with associated causality issues. What
largely remains unclear, however, is the role of the eigenvalues of the germane interior problem
(defined over the support of a hidden scatterer) toward the performance of point-probing methods
in situations where the former are traversed by a given frequency sweep or the Fourier spectrum of
a prescribed transient signal. So far, the only light in this direction was shed in [140] who demon-
strated that the regularized solution density, affiliated with the point source method, is uniformly
bounded with respect to the wavenumber over compact subsets of the real axis.

To help bridge the gap, this study focuses on the multi-frequency reconstruction of Dirichlet and
penetrable obstacles via the linear sampling method entailing either far-field or near-field observa-
tions of the scattered field. On assuming that the (monochromatic) sampling equation is solved
over a compact connected set of real-valued excitation frequencies w, two possible choices for a
cumulative, multi-frequency indicator function of the scatterer’s support are considered. In the first
proposition, the indicator function is taken as a reciprocal space-frequency L?-norm of the featured

solution density. Upon subtle modification this “serial” construct is shown, via the use of Plancherel
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identity and hypothesis that the observations of the scattered field extend toward zero frequency, to
be identifiable with the corresponding time-domain indicator function. To furnish an alternative,
a “paralle]l” indicator function is also proposed as an L?-norm, in the frequency domain, of its
monochromatic counterpart. For a close examination of the utility of the proposed indicators in a
generic multi-frequency environment, the developments are complemented by a perturbation analy-
sis of the relevant interior problem, which demonstrates that the featured (linear sampling) solution
density behaves as O(|w — w«|™™), m > 1 in the neighborhood of a characteristic frequency wi,
which corresponds to an isolated eigenvalue of the interior problem. This result in turn exposes the
robustness of the “parallel” indicator, and futility of its “serial” companion in situations when the
prescribed frequency sweep traverses at least one such w, — a finding that is highlighted by the fact
that the support of an obstacle, and thus its (Dirichlet or transmission) eigenvalues, are unknown
beforehand. A set of numerical results, assuming far-field scattering by Dirichlet and penetrable

obstacles, is included to illustrate the analytical findings.

3.2 Preliminaries

Scattering by Dirichlet obstacle. Consider the time-harmonic scattering of scalar waves by a
sound-soft obstacle D in an otherwise homogeneous unbounded medium R?, endowed with sound

speed ¢, (not necessarily real-valued), due to either set of incident fields

elk&:d 0 € X (plane waves),
_ 3.2.1)
G(&,¢, k), ¢€Ss (pointsources).

Here k = w/c, is the wavenumber; w denotes the frequency of excitation;

1 eiklE—¢|
4 1§ —¢|’

G(&.C k)= §#¢

is the radiating fundamental solution of the Helmholtz equation; 3 is the unit sphere centered at the
origin; S is a suitable surface containing the point sources used to illuminate the obstacle, and ¢, is
such that its real and imaginary parts are respectively R(c,) >0 and Z(c,) <0. The support of D is
assumed to be such that R3 \ D is connected, and that D is of Lipschitz type. With such premises
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the direct scattering problem can be written as

Av+ kv =0 in R3\ D,

V=—-U on GD, (322)
ov
lim — —ikv | =0,
€00 €l <<9|£| >

where the Sommerfeld radiation condition holds uniformly with respect to & = £/|£]. It is well
known [78] that (3.2.2) permits a unique solution v € H (R3\D), see [149] for Lipschitz domains,
where the field equation and the boundary condition are interpreted respectively in the sense of

distributions and the sense of the trace.

Scattering by penetrable obstacle. As a canonical example of the scattering by a penetrable
obstacle, consider next the case where D is characterized by a spatially-varying sound speed c(&)
and associated index of refraction, n(€) = (c,/c)?, such that i) R(c) >c, >0 and Z(c) <0 where
¢p 18 a constant; ii) n € Lo (D), and iii) Vn is sufficiently small so that it can be omitted from the
field equation. For simplicity of exposition, an additional hypothesis is made that the mass density
of the system, p, is constant throughout (this restriction can however be relaxed, see Remark 12).
On retaining the hypotheses on the geometry of D as in the sound-soft case, the relevant scattering

problem can be written as

Av+ kv =0 in R3\ D,
Aw + kE*nw =0 in D,
W—V=U Wp—Un=1Un on 0D, (3.2.3)
v
lim |& <—ikv> =0,
|5H>o| | €]

where v , = Vv - n, and n is the normal on 0D (defined almost everywhere) oriented toward the
exterior of D. Similar to the case of scattering by a Dirichlet obstacle, it is known [78] that (3.2.3)
(R3\D) x HY(D).

By way of Green’s theorem, it can be shown [78, 149] that the scattered field v solving ei-

permits a unique solution (v, w) € H}

loc
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ther (3.2.2) or (3.2.3) permits integral representation

e =0 € X (plane waves),

v@ee) = [ (v(6.0)Gn(@ €1 ~0a(€ )G B)) dSE, {

e =( € S5s (point sources)

(3.2.4)
which, assuming illumination by plane waves, exposes its asymptotic behavior
eikl€] . L
v(€,8) = Wvoo(g,é) + 0 (]¢17?) as  |€] — oo, (3.2.5)
where
Voo, 8) = / (0(€.8)(e ) 1 — v (€. B)e*¢) as (3.2.6)
oD

is the so-called far-field pattern of the scattered field [78].

3.3 Inverse scattering via the linear sampling method

With reference to the direct scattering framework established earlier, the goal is to reconstruct the
support D of a hidden obstacle on the basis of available information on the scattered field, synthe-
sized via v, or v, for multiple incident fields. Depending on the character and nature of such data,
however, it is useful to distinguish between the “far-field” and “near-field” inverse scattering prob-
lems as described in the sequel. For the remainder of this section it is assumed, following the usual
treatment [78, 73], that the data are available at a single excitation frequency, w, such that k2 is not
a Dirichlet eigenvalue [78] for the bounded domain D when dealing with sound-soft obstacles, nor

a transmission eigenvalue [180, 82] for D when dealing with penetrable scatterers.

Far-field observations. For this configuration, it is for simplicity assumed that the far-field pattern
Voo 18 known for every direction of observation and every direction of plane-wave incidence, i.e. that
the data are given by fuoo(% ,0) for é ,0 € X (the reader is referred to [42] for an account of the
limited-aperture case). In this setting, the linear sampling method revolves around the equation of
the first kind

A~ A~

(Fg2)(€) = Golé,2,k), €€, (3.3.1)

where I : L?(X) — L?(X) is the so-called far-field operator given by

(Fg)(€) == /Z Voo (€, 8) g(8) dSs; (3.3.2)
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gz 1s the solution density used to construct an indicator function; z denotes the sampling point, and

(G 1s the far-field pattern of (G, namely

. I, ik|g] .
Goo(Ev z, k) = ﬁeflkﬁ-z, G(€7 z, k) = B|T|GOO(£7 z, k) + O (|£‘72) as |£‘ — 0.
(3.3.3)
With such premises, it can be shown [44, 129] that
e If z€ D then for every £ >0, there exists a solution g5 € L?(3) of (3.3.1) such that
[ Fgz(-) = Goo(+, 2, k) | 2(s) < & (3.3.4)
e When z € D, one further has
Jim g2l 00, lim fluge lx— oo,
where
ug(€) := / R€:9 () dSs (3.3.5)
X

is the Herglotz wave function with kernel g, and

e When z € R3\ D, then for every ¢ >0 there exists a solution g5 € L?(X) such that
H ng() - GOO(7 Z, k) ||L2(Z) <é

and

tim |6 22— 00, lim [Juge [lx— o0

where X := H'(D) when considering (3.2.2), and X := L?(D) when considering (3.2.3).
With the above result in place, D can be reconstructed by employing a suitable regularization tech-
nique to solve the far-field equation F'g, =G (-, 2, k) over an appropriate grid of sampling points,

and using I1(2):=1/|| gz ||z2(x) as a characteristic function of the support of the scatterer.

Near-field observations. In this case it is assumed that the obstacle is illuminated using point
sources located on the source surface S, while the scattered field is monitored over a (union of)
closed C* surface(s) S, see Fig. 3.1. Accordingly the data is given by v(&,¢) for € € S, and
¢ € Ss. Hereon it is assumed that S N D = and .S, N D = (), with no restrictions imposed on the
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. Sw=0Bg

/g@i

Figure 3.1: Near-field scattering configuration.

intersection between .S and S,.. For further reference, let V,. denote the finite domain bounded by
S, whereby 9V, = S,.. Assuming further that k? is not a Dirichlet eigenvalue for V. (see Remark
10), the near-field counterpart of (3.3.1), see e.g. [73], can be written as

(Ngz)(§) = G(&,2,k), £es,, (3.3.6)

where N : L?(S;s) — L?(S,) is the so-called near-field operator given by

(Ng)(€) = /S v(€.€) 9(C) dS. (3.37)

With the aforementioned restriction on k, the existence of a unique solution to the interior Dirichlet
problem over V. guarantees that, when (3.3.6) is met, sound fields Ng¢,(-) and G(-, z, k) share the
Cauchy data on S,. By way of Holmgren’s uniqueness theorem [160], this result in turn helps en-
sure that the solution of the near-field equation (3.3.6) possesses approximation and unboundedness
properties that mirror those of its far-field counterpart (see e.g. [105] in the context of elastodynam-

ics), namely

e If z€ D then for every £ >0, there exists a solution g5 € L?(S;) of (3.3.6) such that

INgz(-) = G(, 2, k) || z2(s,) < & (3.3.8)
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e When z € D, one additionally has

i [l sy o0, i g x— oo,
where
Uy (&) = ; G(&,¢ k) g(¢) dS¢ (3.3.9)

is a single-layer potential with density g, and

e When z €R?\ (D U S; U S,.), then for every ¢ > 0 there exists a solution g5 € L?(Ss) such
that
INgz() = G(, 2, k) [l r2s,) < €

and

tim 65 llpagsy— 00, lim ||ty [lx— oo,

where X := H'(D) when considering (3.2.2), and X := L?(D) when considering (3.2.3).
Similar to the case of far-field observations, the support of D can in this case be exposed by

computing a regularized solution of the near-field equation Ng, = G(-, z, k) over an appropriate

grid of sampling points, and deploying II(z) :=1/ || gz | z2(s,) as a characteristic function of the

support of the scatterer.

3.3.1 Relationship with the solution to the interior problem

To shed light on the denseness claims (3.3.4) and (3.3.8), let H = {ue€ HY(D) : Au + k*>u = 0}
and L = {u € L?(D) : Au+ k?u = 0} denote respectively the closures of the space of C%(D)
solutions to the Helmholtz equation in D with respect to the H'(D)-norm and the L?(D)-norm.
In what follows, the sought relationship between an approximate solution to the linear sampling
equation and that of the companion interior problem will be exposed for situations featuring either
Dirichlet or penetrable scatterers, and testing configurations involving either far-field or near-field
observations. Owing to the fact that this relationship has so far been investigated solely on a case-
specific basis (see e.g. [46] and references therein), the study proceeds with a unifying treatment of
the problem, starting with inverse scattering by a Dirichlet obstacle in a near-field setting. Here it is
particularly important to note that the ensuing estimates, while established in a time-harmonic set-

ting, hold uniformly with respect to k over any closed region in the complex plane (hereon denoted
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by C) — a result that provides a linchpin for the extension of the linear sampling to multi-frequency

scattering configurations.

Dirichlet obstacle. First, consider the scattering by a sound-soft obstacle (3.2.2) and associated

(interior) Dirichlet problem

Auy + Kuy =0 in D,
uy +G(-,2z,k) =0 on 0D

(3.3.10)

at vibration frequency w such that k? is not a Dirichlet eigenvalue for D. Under the latter assump-
tion, it is known that (3.3.10) admits a unique solution u, € H'(D).

As shown in [83], the set Fr = {ugy|p: g € L*(X)} of Herglotz wave functions (3.3.5) with
square-integrable kernel g is dense in H with respect to the H'(D) norm. In the context of near-field
observations, the same approximation property in H can be established for the set of single-layer
potentials (3.3.9) with square-integrable kernel Fy = {Uy|p: g€ L*(S;)}. Indeed, the proof of this
claim follows along the lines of Section 2.3 in [42] where, for the purpose of this study, quantity

113

4 should be superseded by single-layer potential (3.3.9).

Lemma 7. Assume that z € D, and let k be such that |k —ky| < r for some r >0 and ko € C. Under
such hypotheses there is a constant cg independent of k (but dependent on ko and r), such that any
density g € L?(S,) for which the associated single-layer potential (3.3.9) approximates the unique
solution of (3.3.10) as ||Ugs — uz || g1 (py< co€, also satisfies the near-field inequality (3.3.8). In
addition, for any € >0 there exists density g € L*(Ss) such that Uy satisfies the prescribed H YD)

inequality.

Proof. Let B: H'/2(dD) — L?(S,) denote the linear operator that maps functions f € H/2(9D)
to v|s,, where v € H. (R3\ D) is the unique radiating solution to the exterior Dirichlet problem
with boundary data f, i.e. v satisfies (3.2.2) with —u replaced by f. By virtue of the embedding
of H'/2(S,) in L?(S,), the well-posedness of the exterior Dirichlet problem, Green’s represen-
tation formula (3.2.4) for v, and the boundedness of the Dirichlet-to-Neumann mapping whereby

vl -1729py < Cllvll g1/2(9py for some C>0, one finds that

1Bfllr2(s,) = l0lliz2(s,) < 1ol griegs,) < el fllaz@op (3.3.11)

for some c; > 0. Owing to the fact that the solution to the exterior Dirichlet problem depends
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continuously on k, constant ¢; can be further chosen independent of %k such that (3.3.11) holds
everywhere within the ball [k — ko| < r, whereby B is uniformly bounded from H'/2(9D) to
L*(S,) with respect to k in |k — ko| < r. Since (A + k*)G(-,z,k) = 0 in R3\ D for z € D, one
obviously has BG(-, z, k) = G(-, z,k)|s,. With reference to (3.3.7), on the other hand, it follows
by the linearity of the problem that the near-field operator can be decomposed as N = BP, where
Pg:=—Uglap. Next, let g5 € L*(S;) be such that || Uy — u | 71 (py< coe. By virtue of the trace

theorem and the fact that u, solves (3.3.10), one has

1Pgz — G(, 2, k)| g2 ap) < c2llUge — vzl (D),

where ¢y is independent of k. Thus

|| Ngi() - G(7 z, k) ||L2(S'r) = HBpgi - BG(7 z, k)HLQ(Sr)
= |B(Pgz — G(-,z,k))l12(s,) < allPgz — G(- 2, k)llg2pop) < ccacoe (3.3.12)

and, by taking 0 < co < (c1c2) ™1,
[ Ngz(-) = G(-, 2,k) |l p2s,) < e

By the denseness property of Fy in H stipulated earlier, for any cpe > 0 and u, € H there is a

single-layer potential (3.3.9) with density g5 € L?(S;) such that

| Ugs — uz || g1 (p)< coe,

which establishes the claim of the lemma. O]

Lemma 8. Let z € D, and let k be such that |k — ko| < r for some r >0 and ko € C. With such
premises there exists constant cq independent of k (but dependent on ko and r), such that any density
g2 € L3(X) for which the affiliated Herglotz wave function (3.3.5) approximates the unique solution
of (3.3.10) as || ugs — uz || g1 (py< coe, also satisfies the far-field inequality (3.3.4). Further, for any
coe >0 there is density g5 € L*(X) such that uge satisfies the postulated H' (D) inequality.

Proof. Here the proof mirrors that of Lemma 7, provided that i) B: HY/2(0D) — L?(X) maps
any f € H'/2(dD) to the far-field pattern (vs,) of the radiating solution v to the exterior Dirichlet
problem with boundary data f, ii) the near-field operator N is superseded by its far-field counterpart
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F: L*(X) — L%*(X), and iii) linear operator Pg:= —U,|sp is replaced by Hg:=—uy|sp where
ugy is given by (3.3.5).
O

Penetrable obstacle. In the case of scattering by a penetrable obstacle, the relevant interior prob-

lem is the so-called interior transmission problem [82]

Auy + Kuy =0 in D,
Awy + k*nwy, =0 in D,
(3.3.13)
wy —uy = G(, 2, k) on 0D,

(Wz2)m — (Uz)n = Gl 2,k) on 0D

which is, following earlier hypothesis, considered under the restriction that k2 is not a transmission
eigenvalue for D [54] — defined as the value of k2 for which the homogeneous counterpart of (3.3.13)
permits non-trivial solution. Under such limitation, (3.3.13) permits a unique solution (u,, w)
understood in the sense of distributions, such that u € L?(D), w, € L*(D), and wy—u, € H?(D),
see [180].

Owing to the L?(D)-regularity of the solution to (3.3.13), it is next useful to make an appeal to
the denseness of the set of Herglotz wave functions (3.3.5) with square-integrable kernel, namely
Fr = {uy|p: g € L*(X)}, in L with respect to the L?(D) norm [78]. In the context of near-field
observations, the same approximation property in L holds true for the set Fy = {Uy|p: g€ L*(Ss)}
of single-layer potentials (3.3.9) with square-integrable kernel.

To facilitate the ensuing discussion, one may recall that (A + k2)G(-,z,k) = 0 in R3\ D
for z € D which, assuming that (u,, w,) solves (3.3.13), demonstrates that the “difference” field

defined as v, := w, — uz in D and v, := G(-, 2, k) in R3\ D solves the source problem

Avy + k*nov, = k2(1 — n)ug in R3,

v, (3.3.14)
lim —1kvy, | =0
€| —o0 ¢l (3\5\ )

assuming the continuity of v, and (v,) », across 9D (note that n=1 outside D). By writing (3.3.14)
in the form of a Lippmann-Schwinger equation and slightly modifying the argument in [78], p. 215,
to accommodate for the L°° (D) index of refraction n(&), one easily sees that the unique solution v,

of (3.3.14) satisfies the a priori estimate ||vz||2(p,) < c|luzllL2(p), Where B is a ball of radius R
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Lemma 9. Assume that z € D, and let k be such that |k — ko| < r for some r >0 and ko € C.
Under such restrictions there is a constant cq independent of k (but dependent on ko and r), such
that any density g € L*(X) for which the affiliated Herglotz wave function (3.3.5) approximates
component u of the unique solution (uz,wz) to (3.3.13) as ||ugs — uz ||2(p)< coe, also satisfies
the far-field inequality (3.3.4). Further, for any coc > 0 there exists density g5 € L*(X) such that
ugs meets the postulated L?(D) inequality.

Proof. Consider the space of solutions to the Helmholtz equation L={u € L?(D): Au+ k*u=0}
equipped with the L2(D) norm, and define the linear operator B: I — L?(X) which maps u, €L to
the far-field pattern of the radiating field v, solving (3.3.14). From the well-posedness of the source
problem (3.3.14), one concludes that B is uniformly bounded with respect to k in |k — ko| < 7,
i.e. that there exists constant c; such that |[Buz||r2(sy < cil|uzllp2(p). By the linearity of the
problem it further follows that Bu, = F'g, where I is the far-field operator given by (3.3.2) and
ug is the Herglotz wave function with kernel g. On the basis of this result, (3.3.1) and (3.3.14),
it can be shown that Bu, = G-, 2z, k) whenever u is such that the pair (uy,w,) uniquely
solves (3.3.13). Now let g5 € L?(X) for which the affiliated Herglotz wave function (3.3.5) satisfies
| uge — uz [|L2(py< coe. As aresult, one finds by taking 0 < ¢y < 1/c; (independent of & in
|k — ko| < r) that

[F9z — G 2, k)| 2(ny = IBlugs —uz)|lr2zy < cilluge —uzllp2py < cicoe < e
(3.3.15)
With this result in place, the claim of the lemma is established by recalling the denseness in L of

the set of Herglotz wave functions (3.3.5) with density g5 € L?(%). O

Lemma 10. Let z € D, and let k be such that |k — ko| < r for some r >0 and ko € C. With such
hypotheses there exists constant cy independent of k (but dependent on kg and r), such that any
density g5 € L?(Ss) for which the affiliated single-layer potential (3.3.9) approximates component
uz of the unique solution (uz, wz) to (3.3.13) as ||Uys — uz || 12(py< coe, also satisfies the near-field
inequality (3.3.8). Further, for any coe > 0 there exists density g5 € L?(Ss) such that Ugs meets the
featured L?(D) inequality.

Proof. Let B: L — L?(S,) denote the linear operator which maps u, € L to v,|s,, where v,

solves (3.3.14). By virtue of the trace theorem and the well-posedness of (3.3.14), it is easy to see
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that

[Buzlz2s,) < cillvzllpsres,y S acallvalluzsy < cicacs|luzllzz(p)

where ¢, co and c3 can be chosen to be independent of k in |k — ko| < r due to the fact that the
solution of (3.3.14) depends continuously on k. The rest of the proof follows that accompanying
Lemma 9, and is omitted for brevity.

O

3.3.2 Regularized solution

It is well known that both the far-field equation (3.3.1) and its near-field companion (3.3.6) are ill-
posed, a feature that is attributed to the compactness of the respective linear operators F': L?(X) —
L*(¥) and N : L?(Ss) — L*(S,). Moreover, these linear sampling equations generally do not
have a solution for any sampling point z. As a result, the characteristic function of the support
of a scatterer is constructed on the basis of the behavior of the Herglotz wave function (3.3.5) or
single-layer potential (3.3.9), affiliated with a suitable approximate solution to these equations. In
realistic situations, the kernel of F' or IV is further polluted by noise in the measurements which
necessitates the use of regularization techniques. In the context of the linear sampling method, the
key question associated with the use of any regularization scheme (e.g. Tikhonov regularization),
is whether such computed solution exhibits the desired properties that make the affiliated Herglotz
wave function (3.3.5) or single-layer potential (3.3.9) useful toward constructing a characteristic
function of the support of a scatterer. This question was affirmatively answered in [16, 17] for the
situations involving far-field scattering by both Dirichlet and penetrable obstacles. To date, however,
the question remains open in the context of near-field scattering.

To affix specificity to the discussion, consider next the far-field equation (3.3.1) corresponding
to either direct scattering problem (3.2.2) or (3.2.3). Denoting by F? the far-field operator corre-
sponding to noise-polluted measurements of the scattered field where ¢ > 0 is a measure of the noise
level, one seeks a Tikhonov-regularized solution g7 5 of (3.3.1), defined as a unique minimizer of

the Tikhonov functional
5
1F°9% 5 — Gooly 2, k) 1 Ta(s2) + € l1925ll72(s2)s (33.16)

where € > 0 is known as the Tikhonov regularization parameter [78]. In the context of (3.3.16), it is

important to know whether such regularized solution adheres to the claim of Lemma 8 or Lemma
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9, depending on the nature of the scatterer. To this end, let £(J) be a sequence of regularization
parameters such that £(6) — 0 as § — 0, and let g; ; be the minimizer of (3.3.16) with ¢ = £(4).
In [16], it was shown assuming scattering by sound-soft obstacle (3.2.2) at wavenumber &k such
that k2 is not a Dirichlet eigenvalue for D, that uge , 2 € D converges in the H 1(D)-norm to the
unique solution u of (3.3.10) as 6 — 0. This arguénent can be carried over, verbatim, to obstacle
reconstruction involving scattering by penetrable obstacles (3.2.3) provided that (£) and k are both
real-valued. If the latter condition is met and k2 is not a transmission eigenvalue for D, then Uge s
z € D converges in the L?(D)-norm to u as § — 0, where u, is such that pair (u,w) uniqueyly
solves (3.3.13).

In concluding this section it is noted that, even though no commensurate analysis is available
for a Tikhonov-regularized solution to the near-field equation (3.3.6), all numerical experiments
indicate that such computed solution, g; 5> €xhibits the same properties as the “mother’” approximate

solution g; examined in Lemma 7 and Lemma 10.

3.4 Multi-frequency reconstruction

As examined earlier, the linear sampling method considers inverse scattering at a single excitation
frequency, w, such that k? =w?/c? is not an eigenvalue of the germane interior (Dirichlet or trans-
mission) problem for D. In the case of near-field observations, an additional restriction is made that
k? is not a Dirichlet eigenvalue of region V. bounded by the closed observation surface(s) S,; how-
ever, this restriction can be removed through a suitable adjustment of the experimental setup, see
Remark 10. Assuming that 9D is of Lipschitz type, it can be shown [163, 180, 48, 159, 128, 59, 54]
that the eigenspectrum of either Dirichlet or interior transmission problem over D is at most count-

able with no finite accumulation points. In particular, the results show that

e The Dirichlet eigenvalues form a countable set located on the positive real axis, A CR™* with
+00 as the only accumulation point. From this fact and relationship k% = w?/c2, it further
follows that if the background medium is sound-absorbing, i.e. Z(c,) < 0, there are no

(real-valued) excitation frequencies w that give rise to the Dirichlet eigenvalues.

e The investigation of transmission eigenvalues is at present incomplete. To date, it is known
that the transmission eigenvalues k? > 0 form a real-valued, countable set with +oco as the
only accumulation point, provided that both Z(¢,) = 0 and Z(c) = 0 and either ¢, < ¢(§)

or ¢, > c(&) almost everywhere in D [54]. The set of transmission eigenvalues degenerates
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to an empty set, A = (), when either the background medium or the obstacle are dissipative,
i.e. when either Z(c,) < 0 and Z(c) =0, or Z(c,) = 0 and Z(c) < 0. If both Z(c,) < 0
and Z(c) < 0, however, particular examples indicate the existence of (real-valued) excitation

frequencies w that give rise to (complex) transmission eigenvalues k2 [23, 47].

Remark 10. The Dirichlet eigenvalues corresponding to region V,., bounded by the closed obser-
vation surface(s) S, in the case of near-field observations, can be considered as being artificially
injected into the problem. At a given testing frequency, these eigenvalues are not necessarily detri-
mental to the linear sampling method since it is possible to adjust .S,., and thus V., such that the
prescribed frequency of excitation does not correspond to an eigenvalue for V... In the context
of multi-frequency obstacle reconstruction that is of interest in this study, there are two possible
ways to avoid these extraneous eigenvalues. In the first approach which assumes band-limited il-
lumination in the frequency domain, one finds by virtue of the Faber-Krahn inequality for the first

Dirichlet eigenvalue of V. (the latter is greater than kg, /| V.

, where kg is the first zero of the
spherical Bessel function jg), that it is possible to reduce V. so that none of its (Dirichlet) eigenval-
ues are triggered by the frequencies from the prescribed bandwitdh. Alternatively, one may modify
the near-field testing configuration by considering an array of receivers located on an open surface
taken as a part of an analytic surface S, enclosing both D and .S;.. On invoking the regularity of a so-
lution to the homogeneous Helmholtz equation and the principle of analytic continuation, one finds
that if the radiating fields Vg given by (3.3.7) and G(-, z, k) coincide on S, they will also coincide
on a closed surface S, O S,. By making an appeal to the uniqueness of the exterior Dirichlet prob-
lem outside S, and the analytic continuation principle, one finally concludes that Ng = G(, z, k)

wherever both are defined, which in turn implies all the results established in Section 3.3.

In light of Remark 10, the eigenvalues of V. will hereon be ignored, whereby A should be understood
as a countable set containing the relevant eigenvalues of D.

To examine the possibility and effectiveness of multi-frequency obstacle reconstruction, the
ensuing study focuses on a generic situation where the scattered field due to multiple incident wave-
fields, synthesized via v, or v, is monitored over a frequency band, w € F, = |w1,ws] C RT,
wo < 00. For clarity of exposition, all frequency-dependent quantities referred to in the sequel
will have w added to their list of arguments whereby v(&, ¢) is superseded by v(&, ¢,w), g=({) by
92(¢,w), and so on. In this setting, the multi-frequency counterparts of (3.3.1) and (3.3.6) can be
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postulated as

(ng>(€>w) = GOO(E,Z,W/CO), é SN weFy

(Ngz)(ﬁ,W) = G(ﬁ,z,w/co), é € ST, weFy

where F': L2(X) x L*(F ) — L*(X)x L3(f,) and N:L%(Ss)x L?(F.) — L*(S,)x L?(F ) are

bounded linear operators such that

(3.4.1)

(Fg)(&,w) = / v (&,8.0) g(8,w) S5,
; (3.4.2)
(Ng)(&.w) = /S W(€, ¢,0) (¢, ) dSe.

For a systematic treatment of such extended inverse scattering problem, the key issues to be
addressed pertain to: i) the choice of a “cumulative” indicator function that reflects the extended data
set, and ii) the situation where the chosen frequency band traverses at least one interior eigenvalue,

i.e. when
AN Fi2 #0, Fi2 ::{k:2: k= cgl(wl + n(w2 —wl)), nelo, 1]}

3.4.1 “Serial” indicator function

Perhaps the most obvious extension of the monochromatic indicator function, II(2) =1/ gz || .2(e)»

can be written as

1 w2 —1/2 e = > (plane waves),
Hfrl)(Z) = — (/ ||gz(7W)||%2(.) dw> 5 )
H 9z ||L2(o)xL2(Fw) w1 e = S, (point sources).
(3.4.3)

Assuming that A N Fj2 = (), one finds on the basis of the results highlighted in Section 3.3 that
distribution (3.4.3), similar to its monochromatic companion, becomes vanishingly small for z €

R3\ D which justifies its candidacy for a characteristic function of the support of the scatterer.

Relevance to inverse scattering in the time domain. An intriguing feature of (3.4.3) resides in
its appeal, upon subtle modification, to the time-domain treatment of inverse scattering via linear
sampling — a proposition that is currently in its early stages [67]. To investigate this possibility, it
is instructive to consider an auxiliary frequency function W € C''(R), compactly supported over

interval [—ws,ws], and to modify (3.4.3) by setting w; = 0 and weighting the integrand on the
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right-hand side by 2|WV|. Such modified indicator function can be written as

wo —-1/2
) = ([ 2 sty o) Ga4)

To maintain physical relevance, it is further assumed that W(—w) = W(w), where overbar signifies
complex conjugation. As a result, the restriction of 2|)V| to F, = [0, w2] can be interpreted as the
one-sided, compactly-supported Fourier amplitude spectrum of a given wavelet, e.g. the raised
cosine function [164].

Here it is useful to note that the scattered field v(&, ¢, w) and fundamental solution G (€, z,w/c,),
together with their far-field patterns voo(é, d,w) and Goo(é, z,w/cy) in (3.4.1) and (3.4.2) per-
mit physical interpretation as the Fourier transforms of their respective time-domain companions,
B(E, ¢, 1), GE, 2, 1), Do (€, 8,1) and Goo (€, 2, t). Owing to the fact that the latter four quantities,

which all signify relevant solutions to the wave equation, are necessarily real-valued, it follows that

h(-,-, —w) = h(-,-,w), h € {vso, v},
B(-,-, —w/cy) = D(-,,w/co), ¢ c {G,G}.

(3.4.5)

On the basis of (3.4.5), the consideration and solution of (3.4.1) can, for a given data set (v, Or
v) specified over F,, = [0, w2], be formally extended to the frequency range [—ws2,ws| such that
gz(’, *w) :gz('7 w)‘

In this setting, either of (3.4.1) can be conveniently modified by extending its frequency support

to [—w9, wo], and weighting its right-hand side by W, namely

(Fg2) (& w) = W(w) Goo(€, 2,w/co), £eX,  we[-wwl,
(Ng?})(gaw) = W(w) G(E,z,w/co), E € Sra w € [_WQaw2]‘

(3.4.6)

In situations where ATIR =) i.e. when there are no interior eigenvalues on the real axis, the modified

indicator function (3.4.4) accordingly carries the physical meaning of

1 1 1

H(l) z = = =
rwlz) = 5 192 | 2oy x 22(F ) 192 1| 22 (o) x L2 ([—ws wa)) 192 | 22(e)x L2 (R)

. (3.47)

owing to the compact support of WV and injectivity of F' and N [73, 48].

With the above results in place, one may take the inverse Fourier transform of (3.4.6) with
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respect to w to formally arrive at a time-domain variant of the linear sampling method, namely

~

(FgX)(€,t) = GX(E,2,1), €E€%, teR,

~ (3.4.8)
Ng2) (& t) = GV(& z,t), €€S,, teR.

Here §2” denotes the inverse Fourier transform of g; G*(-, z,t) and G¥(-, z,t) are respectively
the radiating Green’s function for the wave equation in R? due to “wavelet” point source §(& —
2)WV(t) and its far-field pattern, while ' : L?(X) x L*(R) — L?*(X) x L*(R) and N : L*(S;) x
L?(R) — L?(S,)x L?(R) are the linear operators given by

~ A t A~
(Fg)(&.1) == /E / too(£. 8.t — 1) §(8,7) dr S5,
> (3.4.9)

(N3)(E.t) = /S | wece-nacrar as,

where e.g. (&, ¢,t) is the scattered field due to u generated by an impulsive point source (& —
¢)3(t). To justify the claim of the domain and the range of F' and N, it is noted by way of the
Plancherel identity and the compact frequency support of g2”, see (3.4.7), that

1Q3Y I r2xr2@) = 2 1Q9Y llr2eyxr2(r)s ec {5}, Qe{F N}

192 1 2@yxr2@ = 2 1192 1L2(e)x22(Fu)s e c {X, S}

(3.4.10)

where the norms on the right-hand sides are implicit to postulated frequency-domain mapping,
see (3.4.9). By virtue of (3.4.7) and the second of (3.4.10), it is clear that the (weighted) multi-
frequency indicator function (3.4.4) can be interpreted as that stemming from either of the time-

domain linear sampling equations (3.4.8), i.e. that

1

92 2o xrem)

I (2)

It is recalled, however, that the above analogy is established under a severe limitation that w; = 0,
i.e. that the observations of the time-harmonic scattered field are available down to zero frequency
which is in practice never the case. Nonetheless, the featured example may help shed light on the
relationship between the time- and frequency-domain treatments and, in situations where the fea-
tured quantities do not vary significantly over the “bottom” frequency range [—w1,w1], augmented

by suitable interpolation to establish the actual link.
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3.4.2 ‘‘Parallel” indicator function

Another possible choice of a cumulative indicator function can be written as an L?-norm of the

“monochromatic” indicator over the featured frequency band, i.e.

w2 1/2 e = > (plane waves),
= ([Tt I ) { !
w1 e = S, (point sources).
(3.4.11)

The reasoning behind proposition (3.4.11) is that of “constructive interference” where, again as-

1

n2(z) = [———
: ‘ T=Tz2o

L2(Fw)

suming that AN [ 2 = (, distributions 1/|| gz (-,w) || 12(s,), w € F reinforce each other in exposing
the support of the scatterer by jointly vanishing when z € R3\ D.

To ensure the robustness of the multi-frequency reconstruction scheme, however, the critical
issue with both (3.4.3) and (3.4.11) is their behavior and performance in situations when ANF 2 # ()
— a possibility that cannot be discarded beforehand for the logical value of the latter inequality is,
for given [ 2, dependent on the geometry and nature of a hidden scatterer. Given the fact that both
IV and IIY vanish when z ¢ D and A N [2 = (), of particular concern here is the situation when
z € D and F 2 contains at least one eigenvalue of the relevant interior problem. Indeed, if either
candidate for a cumulative indicator function necessarily vanishes in this case, such behavior would
preclude its utility as a characteristic function of the support of the obstacle in a generic scattering

environment.

3.4.3 Behavior of the solution in a neighborhood of an eigenvalue

To expose the utility of (band-limited) cumulative indicator functions proposed in Sections 3.4.1
and 3.4.2, it is critical to understand the behavior an approximate solution, g2, to the far-field equa-
tion (3.3.1) or its near-field counterpart (3.3.6) in the neighborhood of a “resonant” frequency wi,
such that w?/c2 = k? € A. In the context of far-field scattering, the first result in this direction was
provided in [50] where it was shown that for k2 = k2 € A and almost every z € D, Herglotz wave
function uf]z’ s (where € =¢(0) and g; 5 18 the Tikhonov-regularized solution of (3.3.16)) becomes
unbounded, when § — 0, in the H!(D)-norm considering (3.2.2), and in the L?(D)-norm consider-
ing (3.2.3). A similar result can be established for the unboundedness of the near-field potential {/ye
as € — 0, where ¢Z satisfies (3.3.8). In the context of multi-frequency indicator functions (3.4.3)
and (3.4.11), however, it is necessary to examine the blow-up rate of the relevant solution g . in the

neighborhood of an eigenvalue k2 € A. Specifically, one needs to know whether ||g. (-, w)|| L2(e) 18
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square-integrable with respect to w over a given interval [w1,ws], containing “resonant” frequency

wy that corresponds to an eigenvalue of the germane interior problem.

Dirichlet obstacle. Starting with the case of a sound-soft obstacle, consider the interior Dirichlet
problem of finding u, € H'(D) that satisfies (3.3.10), and let 0 := G(-, z, k) x where x is a C™
cutoff function equaling unity in a neighborhood of 9D and zero in a neighborhood of z. In a weak

form, (3.3.10) can be written for ¢ := u, — 0 € H(D) as
Ap — K*Byp = — Ly, (3.4.12)

see e.g. [46], Section 5.3, where H}(D) denotes the Hilbert space of all u € H'(D) such that
u = 0 on OD; invertible bounded operator A : H}(D) — H3(D) and compact bounded operator
B:H}(D) — H} (D) are defined, with help of the Riesz representation theorem, as

(Aso,w)Hl(D)Z/DVso-V¢dV, (Bw,@b)Hl(D):/Dsde vy € Hy (D),

and

(Coes ¥) 11y :/D (VO -V —k*09) dV Vi € Hy(D). (3.4.13)

For further reference, it is noted by virtue of (3.4.13) and the analyticity of G(-, z, k) with respect

to k that £ j, is continuous in k over any compact region in the complex plane.

Theorem 1. Let k2 be an isolated Dirichlet eigenvalue for —A in D, and consider o > 0 such that
the ball By, := {k?: |k* — kZ| < o, k* # kZ} does not contain any eigenvalues other than k2.
Next, let g, be an approximate solution of either the far-field or the near-field equation, specified
respectively in Lemma 8 and Lemma 7. Then for sufficiently small ¢ > 0 and o > 0, and almost

every z € D one has

Cy Cy ,
luge | 71y = R and ||gzlr2x) = ] (far-field observations),  (3.4.14)

and

Ci & :
| Uge || 1 (D) = R and ||gzlr2(s,) = ok (near-field observations) (3.4.15)

forall k? € B2 o, where ug and Uy are given respectively by (3.3.5) and (3.3.9), while Cy and Cy
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are positive constants depending on z, k, and o, but not on k and €.

Proof. Consider the compact self-adjoint operator T’ := A~'/2BA~1/2 . H}(D) — H}(D), and
set £ := 1/k? (note that AY/? is defined via spectral decomposition since A is self-adjoint and
positive definite). Obviously, A, := 1/k2 is an isolated eigenvalue for T'. To facilitate the ensuing
discussion, let F/), denote the eigenspace of 1" corresponding to A, and let M), O E\_ denote the
generalized eigenspace of 1" associated with A, that is spanned by the functions w, € H& (D) for
which (T—\..I)Pw, = 0, p > 1. In this setting it can be shown (see [121], p. 180), that the resolvent

R(&) := (T — £I)~" of compact operator 7" admits the Laurent series expansion

P (0.) oo
R(¢) = W Z = A T T Zﬁ Ay PSP (3.4.16)
p=1 p=0

in a neighborhood of A, where P: H, & (D) — M), is the orthogonal projection onto the generalized
eigenspace of T corresponding to A, bounded operator Q = (T'— A\, I)P is the so-called eigen-
nilpotent projection satisfying Q = PQ = QP, and S is a bounded operator satisfying (7" —
AI)S = I — P such that SP = PS = 0. By virtue of the compactness of 7', QP = 0 for
p>=m, > 1 where (finite integer) m, = dim M), which reduces the principal part of the Laurent
series to a finite sum. Thus, without loss of generality one can choose an orthonormal basis in
My, . One may also note that the range of Q"+~ ! is contained in the eigenspace £y, of T' since
(T -\ I)Q™ 1 = Q™ = 0. If k? is not a Dirichlet eigenvalue for D, (3.4.12) requires that
©:=uy— 0 satisfies k>(T — 1) AY2p = A=1/20,  whereby k2AY2p = R(€)A™1/20,; ie.

PA-1/2¢ el ora-12p,, &
K2AYV2p = _I8 ek Z 2k Zg A, p5p+1A—1/2g
_ (£ .\l
€2 & E-apT T I
Thus
My—2
1
”k‘ZAl/QQOH — (g — )m* Qm*71A71/2€z7k + Z (E _ )\*)m*fplepAfl/ng’k
(= A)TIPAT 2, — Y (€= AP SrTLATH 2, (3.4.17)
p=0

Substituting £ := 1/l<:2 (k% e Bkg,a) and \, := 1/14:3 in (1), it further follows from 1) the reverse

triangle inequality, ii) the facts that A, () and S are bounded operators and iii) the fact that £, ;, is
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uniformly bounded, that for « sufficiently small

K2R

2 41/2
[£°A / (PHHl(D) P W

1Q™ A2, il 1y — Ch, (3.4.18)
where C, > 0 depends on z and k., but not on k. With this result in place, it suffices to show that
Qm+—TA-V2y 2k, 7 0 for almost all z € D. Indeed, if this is the case then by the continuity argu-
ment one finds that [|Q™* 1A 20, || > §|Q™ ATV, || for k* € By, and sufficiently

small « > 0, whereby

K282

2. 41/2
[k°A / (PHHl(D) Z W

1Q™ A2y lpy — Cp, mu>1. (34.19)
Now assuming the contrary i.e. that Qm*_lA_l/szJc* = 0, one finds that A‘l/Qﬁzyk* is orthogonal
to at least one eigenvector, hereon denoted by u., in E,. Owing to the fact that operator A1/2 s

self-adjoint, this implies

(Zz,k*,A_l/Qu*) =0, where (I — kZ2AY2BA™Y?)y, =0,
ie. ATV2(A—-K2B)A™Y?u, =0.

By the bijectivity of A~1/2, this result in turn requires that {. k. be orthogonal to an element in
the kernel of A — k2B, i.e. that ¢ 2.k, 18 orthogonal to an eigenfunction corresponding to Dirichlet
eigenvalue k2. Letting ¢, denote this Dirichlet eigenfunction, the use of (3.4.13) and the first

Green'’s identity demonstrates that

0= (gz,kw(b*)Hl(D) = A (VGVg* _kzeg*) dv = / (5*(5)),71(;(572"71{:*) dSS?

oD

for z € D. By virtue of the the symmetry of G with respect to its first two arguments, one conse-

quently finds that
w(@)i= [ @.(€)nGlxE k) dSe =0,
oD

Since w(z) = 0 for z € Z C D such that Z has nonzero measure it follows, by virtue of unique
continuation applied to w(z) which solves the Helmholtz equation, that w(z) = 0 in D and thus
w(z) = 0 on @D by the continuity of single-layer potentials. The latter result implies that w = 0
in R? \ D as a radiating solution to the exterior Dirichlet problem with zero boundary data, which

in turn requires that d¢./0n = 0 on 9D since w = 0 everywhere. In light of the Holmgren’s
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uniqueness theorem and the fact that ¢, = 0 on dD, one concludes that ¢, = 0 in D which
contradicts the premise that ¢, is an eigenfunction.
Since C), in (3.4.18) behaves as O(1) with diminishing «, (3.4.19) implies that

C 1 4
||A1/2S0||H1(D) > | Q™ 1A 1/2£z,k*HH1(D)

K2 = k2|
for k? € By , and sufficiently small o, where C' is a positive constant independent of & such that
0<C < i|k2K2|™ VK € By2 o Since i) A~1/2 and @ are both bounded operators; ii) £, j, is
finite; iii) x vanishes in a neighborhood of z; and iv) Qm*_lA_l/ 2y 2k 7 0, ¢ =0 for almost all
z € D, the above inequality implies that

C/ 9 C///
luzll oy = [lellar oy = 1GC 2 E)XO) a1 ()| = 2 k2 ¢ > 2 k2
for suitably chosen constant C"” > 0 dependent on z, k. and «, but not on k. Next, let g5 be
the approximate solution to either the far-field or the near-field equation provided, respectively, by
Lemma 8 and Lemma 7. These lemmas stipulate that the Herglotz wave function ug given by
(3.3.5) and the single-layer potential Uy given by (3.3.9) converge to u in the H L(D) norm as
¢ — 0 uniformly for k% € By o Thus, for sufficiently small € > 0, uge and Uz inherit the behavior
of uyie
Ci Cy

luge | 1Dy 2 2=k and 1Uge || 1Dy =

=K
where C and CY are positive constants independent of k£ and e. With this result in place, the claim
of the theorem is established by way of estimates

C1 02
9zl r2csy = CY Nlugell iy 2 =537 —7 and  [|gZllr2s,) = O3 llegell iy 2 55537 —
k2 — k2| |k? — K|

where C; = C{CY and Cy = C,CY are positive constants dependent on z, k, and «, but not on k
and ¢. Ul

Penetrable obstacle. Next, consider the interior transmission problem of finding u, € L?(D) and
wy € L?(D) solving (3.3.13) so that v, = w, —uz € H>(D). Analogous to the treatment of the
Dirichlet problem, let 6:= G(-, z, k)x where x is a C*° cut-off function equaling unity in a neigh-
borhood of 0D, and vanishing in a neighborhood of z € D. To facilitate the analysis, it is hereon

assumed that n(§) is real-valued such that n > 1 + 4, in D for some constant d,, > 0 (the case
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of when n < 1 — §,, can be handled in exactly the same way). The reason for this restriction re-
sides in the fact that the analytical framework for dealing with the transmission eigenvalue problem
corresponding to complex-valued n, which entails complex eigenvalues k2, is not yet completely
developed, see e.g. [23, 47].

Following [180, 51], one can show that (3.3.13) can be written as a fourth-order equation in

terms of v, € H%(D), namely

(A+k?) % (A+k*n)v, =0 in D, (3.4.20)

that is accompanied by the boundary conditions v, = G(-, z, k) and (v;)n = Gn(-, 2, k) ondD. In
what follows, let H3(D) denote the Hilbert space of all u € H?(D) such that u = 0 and u 5, = 0 on
OD. In this setting, the variational form of (3.4.20) can be written in terms of v := v,— 6 € H3(D)

as

(AO+K*n 0)(AY+E*)) AV Yy € HE(D),

n —

1 2 o127 _
/D — I(AU—I—k’ nv)(AyY+k“yp) dV = /D

i.e.
Av — K*Biv + k*Byv = —l . (3.4.21)

Here A: H3(D) — HZ(D) is a bounded, positive definite self-adjoint operator given by

(A@awH?(D):/Dn_

(note that the H?(D) norm of a field with zero Cauchy data on 9D is equivalent to the L?(D)
norm of its Laplacian); By : H3(D) — HZ(D) and Bs: H3(D) — HZ(D) are compact bounded

operators such that

Ap AP dV,

1 —
(Blso»w)H?(D) = / (Ag01/1+g0A1,Z)) /DSOAIZJ dv,

(B2s ) 12 / —gmp av,

and

(Czkr ) g2(py = /D - i (A0 + k*n 0)(AY + k%) dV, Vo € HZ(D).

Theorem 2. Let sz be an isolated transmission eigenvalue, and consider o« > 0 such that the ball
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Bj2.o = {k?: |k?— k2| < a, k®>#k2} does not contain any eigenvalues other than k2. Further, let
g be the approximate solution of either the far-field or the near-field equation, specified respectively
in Lemma 9 and Lemma 10. Then for sufficiently small € > 0 and o« > 0, and almost every z € D

one has

C1 Cy .
g l2(py = e and ||gz|r2(s) = e (far-field observations),  (3.4.22)

and

Gy Cy .
| Uge || 22Dy = R and ||gzlr2(s,) = R (near-field observations) (3.4.23)

forall k* € Byz2 o, where ug and Uy are given respectively by (3.3.5) and (3.3.9), while Cy and Cs
are positive constants depending on z, k. and o, but not on k and €.
Proof. Let vg:= kQB;/ v (note that Bg/ % is defined via spectral decomposition for Bs is positive

semi-definite), and let T: HZ(D) x H2(D) — HZ(D) x H2(D) be a compact operator given by

- A2, A1/2 —A_1/2B;/2A_1/2
— . (3.4.24)

A—1/2B21/2A—1/2 0
In light of the relationship
AI/Z(I _ k’2A_1/QBlA_1/2 + k4A—1/QBQA—1/2) A1/2U — _£z7k';

(3.4.24) permits (5.4.29) to be rewritten as
e
BT —eD)a o = A7 o= (7 ), = (2",
U

where & :=1/k?. This transformation allows the resolvent of (3.4.24), namely R(¢) = (T — &)1,

to be treated in the way analogous to that in Theorem 1. As a result, one finds that

C a1 4—
142 ¢l20) > gy 1Q™ 7 AT e 2o

for k* € Bjz . where 0 < C' < 1 is independent of k, and Q™' : H§(D) x H§(D) — Ej,

is the projection to the eigenspace of (3.4.24) corresponding to ), := 1/k2. Now it remains to
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show that Q"1 A~1/2] 2k, 7 0 for almost all z € D. Again, assuming the contrary i.e. that
Qm=—1A-1/2] 2.k, =0 over Z C D with non-zero measure for ke Byz o, it follows as in Theorem 1
that l,x, € HZ(D) is orthogonal to an element in the kernel of A — k2B; + k{By which is a
transmission eigenfunction corresponding to \.. On letting ¢, denote this eigenfunction, one has

1 _ _
0= (ko d)papy = /D ﬁ(AeJrkine)(Aqa*Jrqus*) dv. (3.4.25)

Integration of (3.4.25) by parts yields

1

n —

. _
/6 —— (A+kIn)$,(€) Gn(€, 2, k) ng_/(w(

b1 (A+kI),(€)) G(&.zh.) dSc = 0.

n
(3.4.26)
by virtue of the definition of ¢, and the boundary conditions imposed on 6 := Gy, where the two

integrals are understood in the sense of H¥'/2 resp. HT3/2 duality pairing. On setting

w = %(A + k2n)o, (3.4.27)

which satisfies the Helmholtz equation in D (recall that n is real-valued), one finds via the Green’s

representation theorem that

w(z) = /{w(w(g) Gnlz,€, k) — wa(£) G(z,g,k*)) dSe  forzeD.  (3428)

On the basis of (3.4.26) which applies over Z C D, (3.4.28), the symmetry of G with respect to its
first two arguments, and the unique continuation principle, it follows that w =0 in D. By virtue
of (3.4.27), ¢, solves the Helmholtz equation in D with zero Cauchy data since ¢, € HZ(D). As
a result one finds, again exercising unique continuation, that ¢, = 0 in D which contradicts the
premise that ¢, is an eigenfunction. Proceeding with the proof as in the case of a Dirichlet obstacle
and employing the fact that By is bounded, one finds that for almost all z € D and |k2 — k2| < «

Cl
lwz = wzllmw) = Ioalliew) > —m

for sufficiently small >0 and some C’ >0 dependent on z, k. and «, but not on k. By making an
appeal to the well-posedness of (3.3.14) as in Lemma 7, one finally obtains the estimate

C///
luzllrzpy = C"llvzllgzpy = o]
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for suitably chosen C” > 0 and C""" > 0 dependent on z, k, and «, but not on k. With this result
in place, the convergence of u: (in the case of far-field observations) and Uy (in the case of near-
field observations) to u in the L?(D)-norm as ¢ — 0, stipulated respectively in Lemma 9 and
Lemma 10, completes the proof of (3.4.22) and (3.4.23) as in Theorem 1. [

Remark 11. As a follow-up to the discussion in Section 3.3.2 it is noted that, in the case of far-
field measurements, it is possible to extend the results of Theorem 1 and Theorem 2 to Tikhonov-

regularized solution (3.3.16) of the far-field equation.

Remark 12. For penetrable obstacles, it is further feasible to remove the assumption that the mass
density p is constant throughout the system and to consider a generalization of (3.2.3), where p =
p(&) inside the obstacle while maintaining p = p, = const. in R3\ D. For this configuration, the

relevant scattering problem can be written as

Av+ k0 =0 in R3\ D,
Aw + E*nw =0 in D,
W—v=uU PWp—UVp=1Unp on 0JD, (3.4.29)

ov
lim — —ikv | =0,
e (ara >

where 5 = po/p and p(€) is, similar to the hypothesis on n (&), assumed to be “slowly” varying
so that the term containing Vp can be omitted from the field equation. By making reference to
the existing studies of the affiliated interior transmission problem [48, 59], the claims of Section
3.3.1 can be extended verbatim to this more general configuration. A commensurate extension of
the results obtained in Section 3.4.3 is, however, fairly involved and entails additional assumptions

on 3 and n employed by the analysis of the featured interior transmission problem.

Remark 13. From Theorem 1 and Theorem 2, it is clear that [|g;||72(s), ® = X, S5 behaves as
O(Jw — ws|™™), m > 1 when w — ws = ¢o kx. As a result, the multi-frequency solution density
g2 featured in (3.4.3) and (3.4.11) does not belong to L?(e) x L?(F,,) when the relevant interior
problem over D is characterized by eigenvalues k2 such that w, = c, ks € F . In light of this result
it is noted that “serial” indicator function (3.4.3), in contrast to its “parallel” companion (3.4.11), is

not applicable to such configurations — a finding that is illustrated in the sequel.
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3.5 Results

In what follows, an attempt at multi-frequency obstacle reconstruction via the linear sampling
method is made for two sample configurations, namely that entailing far-field scattering by a unit
ball in R? — a problem investigated analytically, and an affiliated far-field problem for a square
scatterer in R? [52] which exposes the performance of the method in a generic computational set-
ting. With regard to the latter example, it is noted that both the claim and the structure of the proof
of Theorem 1 and Theorem 2 is independent of the dimensionality of the problem, and could be
extended to scattering in R? by invoking the two-dimensional counterparts of Lemmas 7-10 (see,
e.g. [46]). For the brevity of exposition, however, the treatment of the two-dimensional case is in

this study limited to a numerical example.

3.5.1 Analytical study: spherical scaterer in R>

To shed light on the foregoing developments, consider the scattering of plane waves by a unit ball
D, centered at the origin so that D = {¢ € R?: |¢| = 1}. Assuming both the obstacle and the
background to be non-dissipative, the remainder of this study focuses on the existence of real-valued
eigenvalues characterizing the associated interior (Dirichlet or transmission) problem, and their
effect on indicator functions (3.4.3) and (3.4.11), in the context of the far-field formulation (3.3.1)
of the linear sampling method. For a unified analytical and computational treatment, the reference is
hereon made to the generalized scattering problem (3.4.29) which permits the Dirichlet case (3.2.2)

and penetrable case (3.2.3) to be recovered by setting respectively 5 — oo and 3 = 1.

Far-field pattern. Assuming the incident field « to be in the form of a plane wave as in (3.2.1a), v

and w solving (3.4.29) can be expanded over the set of spherical harmonics, (Ym)peNoyme{,p“_,’p},

p
as - »
v(€,8) = > M) hy(klE) Y (E), €£€RN\D, se¥,
Y o (3.5.1)
w(&,8) =Y > w(6) jp(vkIEN Y (E), £€€D, deT,
p=0m=—p

where Ny is the set of all non-negative integers; v =+/n=c,/c; )\;” and /L;n are, for fixed k£ and d,
constants dependent only on their indexes, and j;, and h,;, denote respectively the pth-order spherical
Bessel and Hankel functions of the first kind. On employing the boundary conditions over the unit

sphere 0D and the orthonormality of spherical harmonics, the solution for the scattered field in
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R3\ D can be found as
= p Jp(k) — apjp(k)
P(2p+1 hyp(k|€]) Pp(€-9), O,(k) = - , 3.5.2
)= 3ot 1O, HEN BED,  O0) = PRI, 052

where P, denotes the pth-order Legendre polynomial; f” is the derivative of f with respect to its
argument, and

Jp (k)
Jp(7k)

signifies an effective admittance of surface 0D at wavenumber £ and pth spherical harmonic. Here

ap(k) = By (3.5.3)

it is noted that (3.5.2) is well behaved since the denominator c,/,—h;, does not vanish when k € R
and p € Ny, see also [71] for a similar argument in electromagnetism. Indeed, by assuming the

contrary one finds via Nicholson’s formula that
ap (k)| hp(k) | — B (k)hy(k) = 0, (3.5.4)

which guarantees that hy(k) # 0 for & € R*. The imaginary part of (3.5.4) requires that the
Wronskian W (j,(k), yp(k)) = jp(k)y,(k) — j,(k)yy(k), involving spherical Bessel functions of

the first and second kind, vanishes when k€ R™. But this cannot hold owing to the identity

1

W (jp(k), yp(k)) = w2 (3.5.5)

see e.g. [78].
By way of (3.5.2) and Theorem 2.15 in [78], the scattered far-field pattern generated by the

plane waves impinging on a unit ball centered at the origin can be computed as

= (2p+1) X
= > 2 o pea), (3.5.6)

p=0

which can be used to compute the far-field variation of a solution to both (3.2.2), by setting 5 — oo,

and (3.2.3) by taking 8 = 1. In the former case, one in particular finds that

0, (k) = —2th). (35.7)
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Interior problem. As examined in Section 3.3.1, the solvability of integral equation (3.3.1) in
the far-field formulation of the method hinges on the uniqueness of a solution to the corresponding
interior problem. With reference to the “unifying” scattering problem (3.4.29), one can in particular
show following the approach exercised earlier that the associated far-field operator F': L%*(X) —
L?(X), given by (3.3.2), is injective with dense range if and only if there does not exist a Herglotz
wave function u, of form (3.3.5) with non-zero density g € L?(3) such that pair (u,, w) solves the

homogeneous interior transmission problem

Aug + k*ug =0 in D,
Aw + k*nw =0 in D, (3.5.8)
ug =w, (Ug)m=>0wn on OD.

On seeking the solution to (3.5.8) in terms of spherical harmonics

oo p
ug(€) = > Y ul (k€N Y(E), £€D,

e (359)
w() = Y > w7kl Y(E), £€D,

p=0m=—p

and employing the Funk-Hecke formula
ke 4 -
/Ee HEOY(0) dSs = L ip(KIED V" (€),  VEER®, peNo, me{-p....p}

one finds that g, as given by (3.5.9a), is indeed a Herglotz wave function in the sense of (3.3.5).
With such result in place, it can next be shown by exercising the homogeneous boundary conditions
over 0D in terms of (3.5.9) that a non-trivial solution to (3.5.8) exists if and only if there are values

k € R such that
(k) = ap (k) (k) = 0, p.€ Ny, (3.5.10)

where «, is defined via (3.5.3). From (3.5.10), it is in particular useful to note that ©, (k) =0 in
the context of the scattered-field solution (3.5.2). As a result, the set of transmission eigenvalues

characterizing (3.5.8) can be written as

A = {k%0,,(k)=0, p,e No}. (3.5.11)
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In the case of a Dirichlet obstacle (6 — o), (3.5.11) reduces to
{k?: jp.(k)=0, p.€ No}. (3.5.12)

Indicator functions. With reference to (3.3.1) and spherical-harmonics expansion (3.5.6) of v,

the far-field pattern of the fundamental solution GG can be computed as

(& 2 k) = —e hE= = Z Z 7P g (k|2]) VR (2) Y (6). (3.5.13)

p=0m=—p

As a result the source density g, solving (3.3.1) at a given sampling point z € R3, is sought in the

form
o p

= > Y gy sey (3.5.14)

p=0 m=—p

which, on substitution, yields

Eoo= (2p+1) . .
o Y ara g k) Bz, den (35.15)
p=0 p

92(6) =

provided that the condition
@P(k) 7£ Oa pe NO

is met, i.e.that k2 is not an eigenvalue of the interior problem (3.5.8). Unfortunately, series (3.5.15)

does not belong to L?(X) for any k€ R owing to the fact that its norm is given by

o0

2;07L
921720y = mE E LGS )2, (3.5.16)
p=0

where the featured spherical (Bessel and Hankel) functions behave asymptotically such that

2p+1 1 2 7915\
I(@)p(+)\g okl = ( +§) ( | ’) PP (14+0(™Y))  as p—oo, (3517)

see e.g. [78]. Indeed from (3.5.16) and (3.5.17), it is clear that

192llr2(x) = oo, z € R*\{0}.
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This result is not surprising since the far-field operator F'is known to be compact with eigenvalues

4
op = %61?(]{)7 p € No, (3.5.18)
that have the asymptotic behavior
1-5 ek: S
= "\133 S (1+007Y) s p—oo, (3.5.19)

and thus accumulate at zero. The blow-off feature of ||g.||2(x;) in R*\{0} can therefore be at-
tributed to the smallest eigenvalues of the far-field operator. For practical purposes, however, this
behavior can be regularized by truncating the spectrum of F' “from below” at sufficiently small

eigenvalues [71], i.e. by seeking a solution to the far-field equation (3.3.1) within a manifold
span(Y,", p € {0,..., N¢}, m € {—p,...,p}), N; < 0.

With the above results in place, indicator functions (3.4.3) and (3.4.11), cumulative over F,, =
[w1,wa], can now be approximated by evaluating (3.5.16) up to truncation level IV; and employing

piecewise-constant approximation of g.(-,w) over a discrete set of sampling frequencies
h s 8 s s s s s
Fo={wl,ws,...0}, } CFu, wi=w, wi,=ws, wy i —uwy=0(h)>0,

where m € {1,... N} and h is the chosen level of discretization. Accordingly, one finds that

~1/2
M(z) = (42 [ 3 Z 2“ Jo(klz])’ (3.5.20)
kerp p=0
and 1/2
—1
- (2p + 1)k?
MO(z) = (4m)%/2 kez;h pgow]p(mz) : (3.5.21)

where IT is a regularized approximation of IT, and ,? = ¢; 1f ', To facilitate the ensuing discussion,
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one may also introduce an auxiliary indicator function

Ny

1
W) = 2 T a0 (3322

p=0

which, in light of (3.5.10), has the property that Ay, (k) — oo as k approaches a transmission

eigenvalue associated with p, < V.

Examples. In what follows the featured obstacle configuration, D = {x € R3 : [¢| < 1}, is
exercised numerically to highlight the existence of interior (Dirichlet or transmission) eigenvalues,
and to assess their effect on the behavior of (3.5.20) and (3.5.21). As an illustration, the results
are computed assuming frequency band F,, = [10c,, 15¢,] i.e. Fj= [10,15] and truncation level
N; = 10, chosen such that |o,,| < 1073, p > N, for all configurations examined, see (3.5.18). For

completeness, obstacle reconstruction is effected assuming both “fine” discretization of F , namely
Fir={k: k=10 +mhy, h1=10"3, me{0,1,...,5-10°}}, (3.5.23)

and four “coarse” discretizations

Fi? = {10,11,12,13,14,15},

F® = {10,11,12,13,14.0662, 15},
Fi* = {10,11.25,12.5,13.75,15},
F» = {10,11.25,12.5664, 13.75,15}.

Fig. 3.2a shows the variation of auxiliary indicator function (3.5.22) for a Dirichlet obstacle
(8 — o0), which clearly indicates the existence of Dirichlet eigenvalues within first NV; spherical
harmonic modes of the truncated solution. The spatial distribution of l:I;" and ﬁf) in the z3 =0
plane, as computed from (3.5.20) and (3.5.21) assuming /- ,i“ as a discrete set of wavenumbers
over which the far-field observations voo(é ,0), % ,0 € X are available, is plotted on a normalized
scale [0, 1] in Fig. 3.2b and 3.2c. The featured indicator distributions, spherically symmetric due to
assumed geometry of the problem, show that the “serial” indicator (3.5.20) is strongly affected by
traversing the Dirichlet eigenvalues owing to its particular structure which requires that fl(f” — 0
uniformly in R3 as ©,(k) — 0, p € {0,...,N;}. From (3.5.21) and Fig. 3.2c, on the other

hand, it is also apparent that the far-field observations v, taken at “resonant” frequencies make
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only a trivial contribution to ﬂ(ﬁ), and thus do not degrade the quality of multi-frequency obstacle
reconstruction when executed in terms of the latter indicator function. The above conclusions are
further substantiated by the results in Fig. 3.3 which plots Ay, (k), 11" (2) and I1?(2) for a sample
penetrable-obstacle configuration, characterized by §=1 and y=2. In particular, it is noted that the
spatial distribution of f[}” plotted in Fig. 3.3b provides no visible clues as to the support of a hidden
ball.

For completeness, the above Dirichlet and penetrable obstacle are each reconstructed anew us-
ing the far-field data from two “coarse” wavenumber sets. In particular, the Dirichlet obstacle is
reconstructed in Figs. 3.4 and 3.5 from the data taken respectively over [ ,?2 and [ ,?3, designed such
that f :22 NA=0and F ,?23 N A # (), where A signifies the set of Dirichlet eigenvalues for a unit ball
with sound speed c,. As can be seen from the display, both lxlji) and ﬂ‘ﬁ) (this time plotted versus
|z|) appear to effectively reconstruct the obstacle on the basis of /- ]?2 while, commensurate with the
earlier result, only fI(,“ succeeds when using f ,?3 as the sampled set of wavenumbers. The same
conclusion can be drawn from Figs. 3.6 and 3.7 which illustrate the reconstruction of a penetrable
defect (3=1,~v=2) on the basis of Fl?“ and F '3, chosen such that Flf;*ﬂ A = () and Fl?f NA#0D,

where A denotes the germane (countable) set of transmission eigenvalues.

3.5.2 Numerical study: square obstacle in R>

In this section the “multitonal” indicator functions (3.4.3) and (3.4.11) are applied to the inverse
scattering of planes waves by a unit square, D= {£ € R?: £ €[-0.5,0.5] x [-0.5,0.5]}, assuming
penetrable obstacle as in (3.4.29) with n = 4 and 5 = 1/4. To this end, a discrete set of directions

of plane-wave incidence and observation is assumed as
h . . 1
= {sc: (cos(27rmh),sm(27rmh)), h= i me{0,1,..., M—l}}, M =61.
By analogy to (3.5.23), a “fine” discretization of the example wavenumber band [3, 8] is taken as
Fro:={k: k=3 +mhg, he=5-10"2, me{0,1,...,10%*}}.

Here it is noted that the featured interval k? € [9,64] C R contains, at least numerically, several
transmission eigenvalues associated with the assumed scattering configuration in terms of D (see
[52] for details).

For any fixed frequency k£ € F ,?6 and sampling point z € R?, a discretized version of the far-
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field formulation (3.3.1) of the linear sampling method corresponding to (&, ) € " is written in
the form
Fngzn = fzh (3.5.24)

where F}, is a discretized far-field operator, and f, ;, = (Go(Z, 2, k)) . To solve (3.5.24), the

singular value decomposition of F}, is computed as ), = U S V*, where U, V € CM*M are unitary

zeEY),

matrices, V* is the Hermitian transpose of V, and S € RM*M 3 diagonal matrix such that Sj; = 0oj
is the jth singular value of F}. With reference to (3.3.16), the norm of a Tikhonov-regularized

solution g3 ; to (3.5.24), with regularization parameter ¢, is accordingly computed as

0.2

”gi,hH%Q(Eh) = Zm‘(U*fz,h)j‘Z- (3.5.25)
j=1 \%J

Fig. 3.8 plots the normalized distribution of indicator functions (3.4.3) and (3.4.11), on a scale [0, 1],
computed by way of (3.5.25) with e =10~*. Consisent with the earlier results, the two-dimensional
reconstruction of a square scatterer via the “serial” indicator fI(,” is inferior to that obtained using
its “parallel” companion ﬂ(ﬁ), not only in tems of the contrast of an image, but also in terms of the

reconstructed shape.

3.6 Conclusions

In this study, multi-frequency reconstruction of sound-soft and penetrable obstacles is examined in
the context of the linear sampling method entailing either far-field or near-field measurements. On
establishing a suitable approximate solution to the linear sampling equation under the premise of
continuous frequency sweep, two possible choices for a cumulative multi-frequency indicator func-
tion of the scatterer’s support are proposed. The first alternative, termed the “serial” indicator, is
taken as a natural extension of its customary monochromatic counterpart in the sense that its com-
putation entails space-frequency (as opposed to space) L?-norm of a solution to the linear sampling
equation. Under certain assumptions which include experimental observations down to zero fre-
quency and compact frequency support of the wavelet used to illuminate the obstacle, this indicator
function is further related to its time-domain companion. As a second possibility, the so-called “par-
allel” indicator is proposed as an L?-norm, in the frequency domain, of the monochromatic indicator
function. On the basis of the perturbation analysis which demonstrates that the monochromatic so-

lution of the linear sampling equation behaves as O(|k* — k2|~™), m > 1 in the neighborhood
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of an isolated eigenvalue, k2, of the associated interior (Dirichlet or transmission) problem, it is
found that the “serial” indicator is unable to distinguish the interior from the exterior of a scatterer
in situations when the prescribed frequency band traverses at least one such eigenvalue. In contrast
the “parallel” indicator is, due to its particular structure, shown to be insensitive to the presence of
pertinent interior eigenvalues (which typically form a countable set — unknown beforehand), and
thus to be robust in a generic scattering environment. A set of numerical results, including both
“fine” and “coarse” frequency sampling, is included to illustrate the performance of the competing
(multi-frequency) indicator functions, demonstrating behavior that is consistent with the theoretical

results.
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Figure 3.2: Reconstruction of a Dirichlet obstacle ( — o0) from the far-field data taken over a “fine”

wavenumber set [ ]? '



CHAPTER 3. MULTI-FREQUENCY OBSTACLE RECONSTRUCTION 147

10
10
10
8
10
6
10
o | o
A N A
10 11 12 13 14 15
k
(@) AN,
1 1
0.8
0.8 5
0.6 0.6
Z2 0
0.4 0.4
a -2
0.2 0.2
-4 -0
0 4 2 0 2 4
21 21
(b) 11" () Iy

Figure 3.3: Reconstruction of a penetrable obstacle (3 =1,y = 2) from the far-field data taken over a
“fine” wavenumber set | ,? I
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Figure 3.4: Reconstruction of a Dirichlet obstacle (3 — o) from the far-field data taken over a “coarse”

wavenumber set F ,?2 (indicated by markers), taken such that A N F ,?22 =0
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Figure 3.5: Reconstruction of a Dirichlet obstacle (3 — oo) from the far-field data taken over a “coarse”
wavenumber set | ,? % (indicated by markers), chosen such that A N F 523 £
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Figure 3.6: Reconstruction of a penetrable obstaclekﬁ =1, = 2) from the far-field data taken over a

“coarse” wavenumber set |- ,?4 (indicated by markers), taken such that A N F ,?24 =0.
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4.1 Introduction

In the context of penetrable scatterers (e.g. elastic inclusions within the framework of mechanical
waves), the linear sampling method and the factorization method have exposed the need to study
and understand a non-traditional boundary value problem, termed the interior transmission problem
(ITP), where two bodies with common support are subjected to a prescribed jump in Cauchy data
between their boundaries. Covered by no classical theory, this problem has been the subject of early
investigations since late 1980°s [77, 180]. The critical step in studying the ITP involves determi-
nation of conditions (in terms of input parameters) under which the problem is well-posed in the
sense of Hadamard. Invariably, this leads to the analysis of the interior transmission eigenvalues,
i.e. frequencies for which the homogeneous ITP permits a non-trivial solution. In particular, the
characterization of such eigenvalue set has become of key importance in recent studies [159, 128].

So far, two distinct methodologies have been pursued to investigate the well-posedness of the
ITP, mainly within the context of Helmholtz and Maxwell equations. On the one hand, integral
equation-type formulations have been developed in [77, 180] for scalar-wave problems, and later
adapted to deal with electromagnetic waves [109, 127]. One the other hand, starting from the semi-
nal work in [111], an alternative treatment of the ITP has been developed in [48] that involves a cus-
tomized variational formulation combined with the compact perturbation argument. This approach
has since been successfully applied in a series of papers to a variety of acoustic and electromagnetic
scattering problems, see e.g. [56, 57].

In the context of elastic waves, investigation of the ITP has been spurred by the introduction of
the linear sampling method for far-field [16, 65] and near-field [155, 19, 155, 105] inverse scattering
problems, as well as the development of the factorization method for elastodynamics [66]. To
date, the elastodynamic ITP has been investigated mainly within the framework established for the
Helmholtz and Maxwell equations, notably via integral equation approach [65] for homogeneous
dissipative scatterers, and the variational treatment [63] for heterogeneous, anisotropic, and elastic
scatterers in a homogeneous elastic background. Recently, a method combining integral equation
approach and compact perturbation argument has been proposed in [64] for homogeneous-isotropic
elasticity to obtain sufficient conditions for the well-posedness of the ITP.

To extend the validity of the linear sampling and factorization methods to a wider and more
realistic class of inverse scattering problems, the focus of this study is the ITP for situations where
both the obstacle and the background solid are piecewise-homogeneous, anisotropic, and either

elastic or viscoelastic. This type of heterogeneity concerning the background solid has particular
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relevance to e.g. seismic imaging and non-destructive material testing where layered configurations
are common, as created either via natural deposition or the manufacturing process. For generality,
the obstacle is allowed to be multiply connected, having both penetrable components (inclusions)
and impenetrable parts (cavities). In this setting, emphasis is made on the well-posendess of the
visco-elastodynamic ITP, and in particular on the sufficient conditions under which the set of inte-
rior transmission eigenvalues is either countable or empty. For an in-depth study of the problem,
a variational approach that generalizes upon the results in [48] and [63] is developed, including a
treatment of the less-understood “viscoelastic-viscoelastic” case where both the obstacle and the
background solid are dissipative. The key result of the proposed developments are the sufficient
conditions under which the ITP involving piecewise-homogeneous, anisotropic, and viscoelastic
solids is well-posed provided that the excitation frequency does not belong to (at most) countable
spectrum of transmission eigenvalues. These conditions aim to overcome some of the limitations of
the earlier treatments in (visco-) elastodynamics in that: i) they pose a precise, previously unavail-
able provision for the well-posedness of the ITP in situations when the obstacle and the background
solid are both heterogeneous, and ii) they are dimensionally consistent i.e. invariant under the choice

of physical units.

4.2 Preliminaries

Consider a piecewise-homogeneous, “background” viscoelastic solid 2 C R? (not necessarily bounded
and isotropic) composed of /N homogeneous regular regions €2,,. Assuming time-harmonic motion
with implicit factor €' and making reference to the correspondence principle [96], let p>0 and C
denote respectively the piecewise-constant mass density and (complex-valued) viscoelasticity tensor
characterizing (). For clarity, all quantities appearing in this study are interpreted as dimensionless
following the scaling scheme in Table 4.1 where d is the characteristic length, K| is the reference
elastic modulus, and pg is the reference mass density. Without loss of generality, pp can be taken
such that inf{p(&) : £€Q} = 1, leaving the choice of K| at this point arbitrary.

Next, let Q be perturbed by a bounded obstacle D C 2 composed of M, homogeneous viscoelas-
tic inclusions D}* and M, disconnected cavities Dg. In this setting one may write D = D,UD,,
where D, = U%*Zl D™ and D, = U;Vi’l Fé Here it is assumed that the cavities are separated
from inclusions i.e. D, N D, = 0, and that Q\DfO is connected. Similar to the case of the back-
ground solid, the viscoelasticity tensor C, and mass density p, > 0 characterizing D, are understood

in a piecewise-constant sense. For the purpose of this study, the reference length dy appearing in
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Table 4.1: Scaling scheme

Dimensionless quantity Scale
Mass density P 00
Viscoelasticity tensor, traction vector C,t Ky
Displacement and position vectors u, & do
Vibration frequency w dy VKo /po

Table 4.1 can be taken as dg=|D|'/?, i.e. as the characteristic obstacle size.
To facilitate the ensuing discussion, consider next IV, subsets ©F of D, where both (C,p) and

(C., p«) are constant, i.e.

V(n,m)e {1,...,N}x{1,...,M,} Q,NDm#0 = Ipe{l,...,N,}: 02 =Q, nDr.

Since D, C 2, one has M, < N, and geometrically D, = U;JV *1 @75. Likewise, one may identify

the N, subsets, O, of D, where (C, p) is constant
V(n,j)€ {1,...,N}x{1,....My} Q,NDi#0 = Iqe{l,...,N,}: 0% =0, N DL,

see also Fig. 4.2. In each ©F, the mass density of the inclusion and the background medium will
be denoted respectively by p} and pP; the background mass density in each ©¢ will be similarly

denoted by pd.

Figure 4.1: ITP configuration: scatterer composed of inclusions D, and cavities D, (left) and scatterer
support, D, occupied by the background material (right).

In what follows it is assumed that C,. and C, synthesizing respectively the anisotropic viscoelas-

tic behavior of the obstacle and the background, have the following properties.
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Definition 1. Let R[-] and (-] denote respectively the real and imaginary part of a complex-
valued quantity. The fourth-order tensors C and C . are bounded by piecewise-constant, real-valued,

strictly positive functions c, c,, C and C, and non-negative functions v, v,V and V such that

clel* < Rlp:C:@] < Clp|*  in Q, o
clol® < Rlp:Ca: @] < Culp® in D,

and
Vel < Slp:C:pl < VIpl?  in Q, 422)
vilol? < Slp:C.i@] < Vilgl? in D, ;

for all complex-valued, second-order tensor fields @ in Q2 D D,. For further reference, let cP,ck,
CP, CE vP VL VP and VY signify the respective (constant) values of ¢, c,, C, Cy, v, v,V and V, in
each ©F, pe{1,...,N,}, and let c&, Cd,vd and V¢ denote the respective values of c,C,v and V
in each ©F, q € {1,...,N,}. With such definitions, V/? = vP = 0 and VP > vP > 0 respectively
when C is elastic and viscoelastic (i.e. complex-valued) in OF, with analogous restrictions applying
to the bounds on C, and C,. In this setting, (5.2.1) and (4.2.2) de facto require that both real and

imaginary parts of a viscoelastic tensor be positive definite and bounded.

Comment. With reference to the result in [148] which establishes the major symmetry of a (ten-
sor) relaxation function by virtue of the Onsager’s reciprocity principle [182] , it follows that C,

and C have the usual major and minor symmetries whereby

=
=

ic
ic

[p:C: @] ],

RC]: @, Rlp:C.:¢] “423)

P P: %
¢ :3[C] ¢ :SC: @

&

(707 %[(PC*CO}

Sle:C: o)

One may also note that the imposition of the upper bounds, C, C,,V and V, in (5.2.1) and (4.2.2)
is justified by the boundedness of the moduli comprising C and C., whereas c, c,, v and v, ensure
thermomechanical stability of the system [150, 94]. These upper and lower bounds can be shown
to signify the extreme eigenvalues of (the real and imaginary parts of) a fourth-order viscoelasticity
tensor, defined with respect to a second-order eigentensor. Explicit treatment of such eigenvalue
problems is difficult in a general anisotropic case, which may feature up to six distinct eigenvalues
per real and imaginary part. In the isotropic case, however, tensors C and C.. can be synthesized in

terms of the respective (complex) shear moduli p and g, and bulk moduli x and k.. Under such
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restriction, C and C.. have only two distinct eigenvalues [131], given respectively by {2u, 3k} and
{2414, 3K+ }. Depending on the sign of the real parts of the underlying Poisson’s ratios v and v

[172], these moduli satisfy the relationships

0< Ry <2 = C=3R[k] >2R[u| =c,
—1<Rpy<0 = C=2R[u] >3R[k| =c,
[v] (1] (K] @24
0<Rw]<i = « = 3R[ks] >2R[ps] = cy,
—1<Rp]<0 = « = 2R[ps] > 3R[Ky] = ¢4

Figure 4.2: Schematics of the “intersection” domains ©% and ©% wherein the scatterer and the back-
ground solid both maintain constant material properties (see also Fig. 4.1).
For further reference it can be shown on the basis of (5.2.1), (4.2.2), the aforementioned eigen-
representations of the viscoelasticity tensor, the triangle inequality, and the Cauchy-Schwarz in-

equality that

[Pl 2 (o)

e csbav| <o valielizen

[e:cibav] <cvlielmen Wlime: @25)

e e b av| <Cvlielien Wlxen

where ( and 1) are square-integrable, complex-valued, second-order tensor fields in ©% and ©¢,
pe{l,...,N.},qe{l,..., Ny}
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4.3 Interior transmission problem

Consider the time-harmonic scattering of viscoelastic waves at frequency w where the so-called
free field u, namely the displacement field that would have existed in the obstacle-free domain §2,
is perturbed (scattered) by a bounded obstacle D = D, U D, C () described earlier. This boundary

value problem can be conveniently written as

V- [Ci:Vw] + poww =0 in D,, (4.3.1a)
V- [C:Vv]+ puv=0 in Q\D, (4.3.1b)
w=v+u on 0D, (4.3.1¢)
t.[w] = t[v] + t[u] on dD,, (4.3.1d)
tlv] +t[u] =0 on 9D, (4.3.1e)

where w is the (total) displacement field within piecewise-homogeneous inclusion D,; v is the
so-called scattered field signifying the perturbation of w in Q\D due to the presence of the scat-
terer; t.[p] = C.: V- -n and t[p] = C : V- n refer to the surface tractions on dD; V implies
differentiation “to the left” [144], and m is the unit normal on the boundary of D oriented toward
its exterior. Here (4.3.1a) is to be interpreted as a short-hand notation for the set of M, governing
equations applying over the respective homogeneous regions D}* (m=1, ... M,), supplemented by
the continuity of displacements and tractions across 0 D}* where applicable. Analogous convention
holds in terms of (4.3.1b) strictly applying over open homogeneous regions €2,,\ D.

In what follows, it is assumed that the boundary of € (if any) is subject to Robin-type conditions

whereby (4.3.1) are complemented by
AI2—N)-v+ N-tflv] =0 on 01, (4.3.2)

where A >0 is a constant; n, implicit in the definition of ¢[v], is oriented outward from 2; and IV is
a suitable second-order tensor that varies continuously along smooth pieces of 0€2. Note that (4.3.2)
include homogeneous Dirichlet (/N = 0) and Neumann (IN = I5) boundary conditions as special
cases. In situations where €2 is unbounded (e.g. a half-space), (4.3.1) and (4.3.2) are completed by

the generalized radiation condition [142], namely

lim [ [t[0)(€) - U€.¢) —v(6) T(6,¢)|aSe = 0, w¢eq, (433)

R—o0 T'r



CHAPTER 4. WELL-POSEDNESS OF THE INTERIOR TRANSMISSION PROBLEM 160

where I'r=Sr N Q; Sgis a sphere of radius R centered at the origin; U denotes the displacement

Green'’s tensor for the obstacle-free solid €2, and T is the traction Green’s tensor associated with U'.

Interior transmission problem. With reference to the direct scattering framework (4.3.1)—(4.3.3),
henceforth referred to as the transmission problem (TP), investigation of the associated inverse scat-
tering problem in terms of the linear sampling and factorization methods [76, 65, 105, 129, 66] leads
to the analysis of the so-called interior transmission problem (ITP) [46]. In the context of the present
study, the ITP can be stated as the task of finding an elastodynamic field that solves the counter-
part of (4.3.1) where the support of (4.3.1b), namely Q\D, is replaced by D. Previous studies
have, however, shown that the analysis of an ITP is complicated by the loss of ellipticity relative
to its “mother” TP that is well known to be elliptic. An in-depth study of this phenomenon can be
found in [82] who showed, making reference to acoustic waves, that the ITP is not elliptic at any
frequency. Here it is also useful to recall that the TP (4.3.1)—(4.3.3) and the associated ITP can both
be represented by a common set of boundary integral equations (written over D), which leads to
the well-known phenomenon of fictitious frequencies [40, 138, 173] plaguing the boundary integral
treatment of direct scattering problems.

For a comprehensive treatment of the problem, the ITP associated with (4.3.1)—(4.3.3) is next
formulated in a general setting which i) allows for the presence of body forces, and ii) interprets the
interfacial conditions over 0D, as a prescribed jump in Cauchy data between uw and w.. Making
reference to Fig. 4.1 and the basic concepts of functional analysis [149], such generalized ITP can

be conveniently stated as a task of finding (u., w, u,) € H'(D,) x HY(D,) x H*(D,) satisfying

V- [C.:Vu,] + puw’u, = £, in D,, (4.3.4a)
V-[C:Vu] + puiu = f in D,, (4.3.4b)
V-[C:Vu,| + pwiu, = f in D,, (4.3.4¢)
Uy =u-+g on 0D, (4.3.44d)
ti[us] = tfu] + h, on 0D, (4.3.4¢)
tluo] = ho on 0D,, (4.3.41f)

where H*= W2 denotes the usual Sobolev space; (f,, f) € L2(D,)x L%(D); ge H2(dD,);
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(hs, ho)€ H™2(0D,)x H™2(0D,), and

tu,] = C*:Vu*-nEH_%(ﬁD*),
tlu] = C:Vune H 2(dD,), (4.3.5)
tluo] = C:Vuene H 2(D,).

For completeness, it is noted that (4.3.4a)—(4.3.4c) and (4.3.4d)—(4.3.5) are interpreted respectively
in the sense of distributions and the trace operator while f, and f, signifying the negatives of body

forces, are placed on the right-hand side to facilitate the discussion.

Definition 2. Values of w for which the homogeneous ITP, defined by setting (f,, f, g, hs«, h,) =

(0,0,0,0,0) in (4.3.4), has a non-trivial solution are called transmission eigenvalues.

Modified interior transmission problem. To deal with anticipated non-ellipticity of the featured

ITP, it is next useful to consider the compact perturbation of (4.3.4) as

V.[C.:Vu,| — psu. = f, in D, (4.3.62)
V-[C:Vu] —pu=f in D, (4.3.6b)
V-[C:Vu,| — pu, = f in D, (4.3.60)
u=u-tg on D, (4.3.6d)
ti[us = tu] + h, on 0D, (4.3.6¢e)
tluo] = ho on 0D,, (4.3.61)

see also [48] in the context of the acoustic waves. To demonstrate the compact nature of such

perturbation, one may introduce the auxiliary space

(1]

(D) == {(us,u,uo) € H'(D,) x H'(D,) x H'(D,) :
V-[C.:Vu,] € L*(D,), V:[C:Vu] € L*(D,), V-[C:Vu,] € L*(D,)}, (4.3.7)



CHAPTER 4. WELL-POSEDNESS OF THE INTERIOR TRANSMISSION PROBLEM 162
and a differential-trace operator M representing (4.3.6) from Z(D) into L?( D, )xL?(Dy)xL?(Dy)x
H? (0D,) x H (0D,) x H (0D,) such that

M(uy, u,u0) = (V- [Co: Vuy]—pius, V-[C:Vu]—pu, V-[C: Vu,|—pu,,

(ue—w)jop,, (Bl —t[u])op,, to]jop,) (4.3.8)

where t and ¢, are defined as in (4.3.5). On the basis of (4.3.6) and (4.3.8), interior transmission
problem (4.3.4) can be identified with operator O = M + (14 w?)P from Z(D) into L?(D,) x
L?(D,)x L?(D,) x H2 (0D, ) x H 2 (0D.) xH™2 (0D,), where the featured perturbation operator

P(ts, w, uo) := (pstts, pu, pt, 0, 0, 0) (4.3.9)

is clearly compact by virtue of compact embedding of H!(D,) into L?(D,) and H'(D,) into
I2(Dy).

Definition 3. Triplet (u.,u,u,) € H'(D,) x HY(D,) x HY(D,) solving (4.3.6a)—(4.3.6¢) in
the sense of distributions and (4.3.6d)—(4.3.6f) in the sense of the trace operator is called a strong
solution of the modified ITP.

4.3.1 Weak formulation of the modified ITP

The next step is to examine the ellipticity of the modified ITP (4.3.6) through a variational formu-
lation, following the methodology originally introduced in [111] and later deployed in [48, 63]. To
this end, recall the definition of the “background” viscoelasticity tensor and consider the space of

symmetric second-order tensor fields
W(D,)={®e€L*D,): ®=®", V-& € L*(D,) and Vx [C':®] =0}, (43.10)
equipped with the inner product
(@1, ®2)w(p.) = (1, P2)2(p,) + (V- 81, V- P2)12p,), (4.3.11)

and implied norm
H(I)HIZ/V(D*) = ”‘I’H%%D*) + HV"I’”%%D*)- (4.3.12)
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For clarity it is noted that the curl operator in (4.3.10), defined as that “to the left” [144], is to be
interpreted in the weak sense. With reference to (4.3.6) and (4.3.10), let further E := H 1(D*) X
W (D) x H'(D,) and define the sesquilinear form A : E x E — C as

AU, V) ;:/ (V. :Co:Vp, + putts - 3] dV+/ [1(v-u)-<v-<1>)+u:c—1;<1> av

. .Lp
+/ [Vu, :C:Vo+pu, - @] dV — [u.-®-n+U-n) @] ds,

o dD.

(4.3.13)
together with the antilinear form £ : E — C
1 _
LV):= [ “f- (VB | fpdV-| fp.dV
D, P D, D,

(4.3.14)

+/ [h. @, —g-®-n] dS+/ ho - dS,
0D 0D,

where C denotes the complex plane, U = (u., U, u,) € E,and V =(¢p,, P, ) € E.
With such definitions, one may recast (4.3.6) in a variational setting as a task of finding U =

(us,U,u,) € E such that
AU V) = LV)  VYV=(p,, & ¢) cE. (4.3.15)

Theorem 3. If problem (4.3.6) has unique strong solution (u.,w,u,) € H'(D,) x H*(D,) x
HY(D,), then the variational problem (4.3.15) has unique weak solution U = (u,,C :Vu,u,) €
E. Equally, if problem (4.3.15) has unique weak solution U = (u.,U,u,) € E, then modified
ITP (4.3.6) has unique strong solution (u.,u,u,) € H'(D,) x H'(D,) x HY(D,) such that
(Vu+VTu)/2 =C"1:U.

Proof. The proof of this theorem has two parts. The first part establishes that (w., u, u,) solves (4.3.6)
if and only if (u.,U, u,) solves (4.3.15), while the second part demonstrates the equivalence be-

tween the existence of unique solutions.

Parity between the existence of solutions.

e Suppose that (u., u, u,) solves (4.3.6), and define U = C: Vu whereby U € W (D,). By
taking the L?(D,) scalar product of (4.3.6a) with ¢,€ H'(D,) and applying the divergence
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theorem, one finds that

/[Vu*:C*:cho*qu*u*.cfo*] dV/ U-n) @, dS =
* 6D*

/ h, @, dS— | f.-@,dV, (4.3.16)
0D, D.

by virtue of the boundary condition (4.3.6e). Similarly, application of the divergence theorem
to the L?(D,)-scalar product of (4.3.6¢) with o € H'(D,) yields

/ [Vu, :C:V@+pu, - @] dV—/ h,- @ dS — f-edV. (4.3.17)
o dDo D,
Finally, by taking the L?( D, )-scalar product of (4.3.6b) with p~! V-® for some & € W (D)

and making use of (4.3.6d), one obtains

/ [1<v-u).(v.@)+u:c—1:@} dV—/ w. - ® - mdS
- LP X oD, (43.18)
= pf”(V-i’)dV—/ g-®-ndsS.

D*
The weak statement (4.3.15) is now recovered by summing (4.3.16)—(4.3.18), which demon-

strates that U = (u., U, u,) € E is indeed a solution of the variational problem.

e Conversely, let U = (u.,U,u,) € E be a weak solution to (4.3.15). Since the hypothesis
V x [C_lz U] = 0 guarantees that C~1: U meets the strain compatibility conditions [144],
there exists a function u € H'(D,) such that (Vu+V"u)/2 = C~!:U in the sense of a dis-
tribution, defined up to a rigid-body motion. By virtue of the fact that U solves the variational
problem (4.3.15) for all (p,,®, ) € E, it follows by setting the triplet of weighting fields
respectively to (¢,,0,0), (0,0, o), and (0, ®,0) that (u., u, u,) must be such that (4.3.16),
(4.3.17) and (4.3.18) are satisfied independently.
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By way of the divergence theorem, (4.3.16) yields

/ (V-[Co: V] — e — £.) - @, AV

*

+/ (he + (C:Vu) -n—(C.:Vu,) -n)-p,dS =0, Ve, H(D,)
0D
whereby (u., u) satisfies

V- [Ci:Vu,| — pius = f, in Dy,
ti[u.] = tfu] + h, on 0D,.

(4.3.19)

Similarly, equality (4.3.17) leads to

/(V~[C:Vu0]puof)-g—adV+/ (ho —C:Vu,-n)@dS =0, VeecHY(D,)
o 0D,

which requires (u, u,) to satisfy

V:[C:Vu,| — puo, = f in D,,
tluo) = ho on 0D,.

(4.3.20)

On substituting U = C: Vu in (4.3.18), on the other hand, it follows that for all ® € W (D)

/ <1V-[C:Vu]—u—1f>~(v-<1>) dV+/ (g+u—wu,)-®-ndS = 0. (4321)
A\p p aD.

To deal with (4.3.21), it is convenient to introduce the “zero-mean and zero-first-order-moment”

space of vector fields

Lg(D*)Z{cpELQ(D*):/ pdV =0, D§><<pdvzo},

and to consider solution x € H'(D,) of the elastostatic problem

V.C:Vx]=A inD,, AcLiD,),
C:Vx-n=0 ondD,.

By taking ® = C: Vx in (4.3.21) whereby ® € W(D,), V- ® = Ain D,,and ® -n =0
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on 0D,, one finds that

/ (;V-[C:Vu]—u—l )-AdV:O VA€ L3(D,),
. p

and consequently, using identity (w x £€)-A = w- (€ x A), that
1 1 .
-V [C:Vu]l—u—~-f = ctwx& inD,, (4.3.22)
p p

which specifies w up to a rigid-body motion given by the translation vector ¢ and (infinitesi-

mal) rotation vector w.

Consider next solution x € H'(D,) to the problem

V- [C:Vx]=0 inD,

(4.3.23)
C:Vx-n=A ondD,  AcLi0D.).

Again taking ® = C: Vx in (4.3.21), which this time implies ® € W (D,), V- ® = 0 in
D, and ® - n = A on 9D,, leads to

/8 (g+u—u,)-AdS=0 VA € L%(0D,), (4.3.24)
D

so that
gtu—u, = c+w' x& ondD,, (4.3.25)
where ¢’ and w’ are vector constants.

On substituting (4.3.22) and (4.3.25) into (4.3.21), one finds by virtue of the divergence the-
orem and identity w x £ = 2 - £ where Q=w x I that

/ [(c+c)+(w+w)x€] ®ndS+ [ Q:@dV =0 V& e W(D,). (43.26)
0D, D

Since the second integral vanishes due to the symmetry of ® and antisymmetry of €2, (4.3.26) re-
quires that ¢/ = —c and w = —w'. From (4.3.19), (4.3.20), (4.3.22) and (4.3.25), it now

immediately follows that (u.,u + ¢ + w x &) is a solution to (4.3.6).

Parity between the existence of unique solutions.

e Assume that problem (4.3.6) has a unique strong solution, and let U' = (ul,U!, u}) and

U? = (u?,U? u?) denote two weak solutions to (4.3.15). By the equivalence between
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solutions to the two problems, one has that (ul,u!,ul) and (u2,u? u?), with (Vu! +

V'ul)/2 = ¢71: Ut and (Vu?+V™?)/2 = C1: U?, are consequently solutions

to (4.3.6). Since the latter two triplets must coincide by premise, it follows that that u! = u?,

U' = U? and ul = u2, i.e. that the solution to the variational problem (4.3.15) is likewise

unique.

e Conversely, assume that (4.3.15) has a unique weak solution, and let (u!, u!, u}l) and (u2, u?, u2)

2

denote two strong solutions to (4.3.6). Since (ul,C: Vul,ul) and (u?,C: Vu?, u?

consequently solutions to (4.3.15), one must have ul = u2, Vu'4+V'u! = Vu?4VTu?

) are

and u! = w2 by premise. The proof is completed by noting that u' and w2 are equal up to a
o o 0y P p p y g q p

rigid body motion, which must vanish thanks to the boundary condition (4.3.6d).

4.4 Existence and uniqueness of a solution to the modified ITP

Having reduced the study of the modified ITP (4.3.6) to that of its variational statement (4.3.15),
the question arises as to the conditions under which the latter problem is well-posed. For clarity
of exposition, the focus is made on the sufficient conditions that compare the elastic parameters
of the inclusion, comprising $[C.], to those of the background in terms of R[C]. In general, it is
possible that the consideration of material dissipation (synthesized via 3[C.] and J[C]) may relax
the “elasticity” conditions under which (4.3.6) and (4.3.15) are elliptic, and thus help establish the
sufficient and necessary conditions. The latter subject is, however, beyond the scope of this study.

With such restraint, the following lemma helps establish the sufficient “elasticity” conditions.

Lemma 11. With reference to Definition 1 specifying the bounds on the viscoelastic tensors C and
C.. the sesquilinear form A is elliptic if the inequalities pP < p} and CP < c} hold in each

“intersection” domain O, p € {1,..., N, }.

Proof. For U = (u,,U,u,) € E, one finds from (4.3.13) that

A(U,U):/ (Vu: Co: Vit + potts - ] dV+/ F(v-u)-(v-awu:cl:a dv

* * p

+/ [Vu, : C: Vi, + pug - o) dV—/ [u. - U-n+ U-n)- u,] dS.
o oD,

4.4.1)
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On employing the divergence theorem, the triangle inequality, the Cauchy-Schwarz inequality, and

definition of the “intersection”” domains ©%, one finds

N*
<3 [Ieulixen V- Blsen + 196 e
p=1

3| Lz(eg)} . (442)

/ @, ®-ndS
0D,

By virtue of the fact that |[A(U,U)| > R[A(U,U)], (5.4.30), and bounds (5.2.1) on (the real parts

of) the viscoelasticity tensors C, and C in each ©%, it can be further shown that

N*
1 1
RCTIEDD [CQHVU*H%z(ez) + Allwlaon + IV Ulaer) + Cpuur;(@g)}
=
N*
=23 el aon) | V- Ul oery + Vel 2en) U]l 2 cen) |
p=1
No
3 Vo2 op) + AhlluolZ 2oy |-

q=1
(4.4.3)

Since for every (z,y) € R?, a > 0, and 3 > 0 one has

_a+p 2 2 1o, 1/B 4

inequality (4.4.3) can be rewritten as

1
2 2
ar® + —y° — 2xy
15}

N

A0 0) =Y

p=1

4+ Cp

2
5 (170l -

4 Cp

1 1/CP
+ (c = CP) <2||VU*||%2(@£) + Cz:{i_O,HUH%Q(@i’))

pL+pP 2 2
oy (lwellizen = IV - Ulzery (4.4.5)

1 L/p?
+ (P2 — pP) <2Hu*||%2(@5) + pg/ﬂ)pllv- UH%yeﬁ’))]

2
HUHH(@{?))

No

3 [0 o)+ 8ol 2oy |
q=1
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On introducing the lower-bound parameter

R A et Y et .t 2
7_ :mln < 2 7Cp(C£+Cp)7 2 7pp(p£+pp)?coapo>7 (446)

one finds that v > 0 since p? < p% and CP < c¥ in each ©F by premise. On the basis of this result
one finds, by dropping the “squared-difference” terms in (4.4.5), that

N, N,
AU, U)| = Z(Hu*llip(@gﬁIIMH%V(@g))+ZHuollip(@g) . (4.4.7)
p=1 q=1

Recalling that U = (u., U, u,) € E, the sesquilinear form A is consequently elliptic with
AWO) = y (laalps o) + 110, + ol o,) (448)

which completes the proof. 0
One is now in position to investigate the variational formulation of the modified ITP.

Theorem 4. Under the assumptions of Lemma 11, variational problem (4.3.15) has a unique weak

solution U = (u.,U,u,) € E with an a priori estimate

el () + [l + oo,y <
30
( + [l

£ llz2o) + 122,y + gl ol ) @49)

H3(8D,) ~2(8Dy)

where v > 0 is given by (4.4.6), and C > 0 is a constant independent of f,, f, g, hs and h,,.

Proof. The norm of the antilinear operator £ in (4.3.14) can be shown, by exercising the triangle
inequality, the Cauchy-Schwarz inequality, the divergence theorem (applied to ®) and the trace
theorem, to be continuous i.e. bounded with constant C' > 0 independent of f,, f, g, h. and h,

such that

1€lles < C(IFllz) + 1Fz2m.)

+ llgll, 1 + [[h]] + (Aol (4.4.10)

H3(0Dy) H~3(8D.) H™ ?GD))’

where E* denotes the dual of E.



CHAPTER 4. WELL-POSEDNESS OF THE INTERIOR TRANSMISSION PROBLEM 170

To establish the boundedness of the sesquilinear form A(U, V'), on the other hand, one may
introduce the notation

Ul = |Jul? + U + JluollF ,
1Ulle = Nl o) + U0y p,) + ol (n,) 441D

IVIE = lle.din o, + 18 o.) + lelin o,

for U,V €E defined as in (4.3.15). In this setting, it follows from (4.3.15), the triangle inequality,
(4.2.5), the Cauchy-Schwarz inequality, (5.4.30), (4.4.11), and bounds such as HVU*HLQ(D*) <
||U||k that there is a constant C’ >0 such that

AU V)| < UV e. (4.4.12)
Using the notation introduced in (4.4.11), (4.4.8) can also be rewritten more compactly as
AU, U)| = v [IU[E. (4.4.13)

With the boundedness (4.4.12) and coercivity (4.4.13) of A now verified, the existence of a unique
solution to the variational problem (4.3.15) follows directly from the Lax-Milgram theorem [149]
which ensures that ||U||g < v }||£||g+. In this setting, a priori estimate (4.4.9) is derived as a
consequence of (4.4.10), (4.4.11a), and upper bounds such as |[u.||g1(p,) < [|U][E-

O

Theorem 5. Under the hypotheses of Lemma 11, modified ITP (4.3.6) has a unique strong solution
(s, u,u,) € HY(D,) x HY(D,) x HY(D,) with an a priori estimate

lwsll e o,y + 1wl p.y + lwollmr(p,) <

(12 z2m) + 1812y + gl oy + Wl oy o+ Il ) 414

H?(9D.) -3 (oD, -3 (oD,

where ¢ > 0 is a constant independent of f., f, g, h. and h,,.

Proof. The first part of the claim, namely the existence and uniqueness of a strong solution to (4.3.6)
follow directly from Theorems 3 and 4, while inequality (4.4.14) can be obtained on the basis

of (4.3.6) and (4.4.9). In particular, from the relationship & = C: Vu and the fact that u satis-
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fies (4.3.6b), it follows via triangle inequality that

lullr2p,y < o (Ullwp. + 11 fllL20.)) (4.4.15)

for some constant @ > 0. By virtue of the bounds on the viscoelasticity tensor C in (5.2.1)
and (4.2.2), on the other hand, one finds

IVulr2p,) = IC™" Ul 12(p,) < BIUIw (D) (4.4.16)

for some 3 > 0. On combining (4.4.15) and (4.4.16) to obtain the H'(D,) norm of u, esti-
mate (4.4.14) follows directly as a consequence of (4.4.9) with

¢ < (24 Va2 (1) + ) S

4.5 Well-posedness of the ITP

Having established the conditions under which the modified problem (4.3.6) is uniquely solv-
able, one is now in position to study the existence and uniqueness of a solution to the (original)
ITP (4.3.4).

Theorem 6. Under the hypothesis that pP < pi and CP < c in each “intersection” domain ©%,
p €{1,...,N.} asin Lemma 11, the set of transmission eigenvalues w € C for which the interior
transmission problem (4.3.4) does not have a unique solution is either empty or forms a discrete set

with infinity as the only possible accumulation point.

Proof. With reference to the space =(D) introduced in (4.3.7), it is recalled that the modified
ITP (4.3.6) is represented by the differential-trace operator M as in (4.3.8), while the original prob-
lem (4.3.4) is identified with operator O = M + (1+w?)P, where P is the compact perturbation
given by (4.3.9). In Theorem 5 it is shown that M ~! exists, and furthermore that it is bounded i.e.
continuous under the assumptions of Lemma 11. Theorem 6 claims that the operator M+(1+w?)P
is invertible for all w € C\S, where S is either an empty set or a discrete set of points in the complex

plane C. Since M~! is continuous, this claim can be established by showing the analogous result
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for the operator
7 + (1+oH M 1P,

where Z is the identity operator from Z(D) into Z(D). As shown in Section 4.3, operator P is
compact owing to the compact embedding of H'(D) into L?(D), and so is M ~1P by virtue of the
continuity of M~ [149]. For this situation, the Fredholm alternative applies [191] whereby

(Z+ (1+wHM )~

exists and is bounded except for, at most, a discrete set of transmission eigenvalues w € S C C (see
also Definition 2). Finally, since the countable spectrum of (compact) operator M ~!P can only
accumulate at zero [190], S' is further characterized by infinity as the only possible accumulation
point.

O

4.5.1 Relaxed solvability criterion

With reference to Theorem 6, it is noted that the eigenvalues of ITP (4.3.4) may form a countable
set even in situations that violate the aforestated restriction: pP < pf and C? < c? in each ©F,
p € {1,...,N,}. Indeed, the latter condition can be relaxed in a way similar to that proposed
in [63], albeit without introducing additional complexities. To this end, recall (4.3.4) and let w
denote the “combined” elastodynamic field in D =D, U D, so that u and wu,, are the restrictions of
w on D, and D,, respectively. Given (£,, f) € L2(D.) x L%(D), g€ H2(dD,), and (hs, ho) €
Hfé((")D*) X Hfé(c?Do), the focus is then made on finding (u.,w) € H'(D,) x H*(D) that
satisfies

V-[Ci:Vu,] + p*w2u* = f, in D,

V.[C:Vw| + pw’w = f in D,

U, =w-+g on 0D,, (4.5.1)

ti[us] = tfw] + h., on 0D,

tjw] = h, on 0D,,
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which is simply a restatement of (4.3.4). Following the developments in Section 4.3, the modified

i.e. “regularized” counterpart of ITP (4.5.1) can be written as

V- [Ci:Vu,] — pus = f, in D,, (4.5.2a)
V- C:Vw|—pw=f in D, (4.5.2b)
Uy =wW+g on 0D, (4.5.2¢)
t.[u.] = tjlw] + h, on D, (4.5.2d)
tjw] = h, on 0D, (4.5.2¢)

where (u,w) € H'(D,) x H'(D). In this setting, the conditions under which the transmission
eigenvalues of (4.3.4) i.e. (4.5.1) form a countable set (see Theorem 6) can be extended through the

following theorem.

Theorem 7. Under the hypothesis that pP > pt and c? > C} in each “intersection” domain ©%,
p € {1,..., N.}, the set of transmission eigenvalues w € C for which the interior transmission
problem (4.5.1) i.e. (4.3.4) does not have a unique solution is either empty or forms a discrete set

with infinity as the only possible accumulation point.

Proof. The proof of the theorem follows directly from the foregoing developments provided that the

variational formulation is slightly modified. To this end, define the space of second-order tensors
Wi(D.) :={®,€ L*(D.): &, =®}, V- &, € L*(D,)and V x [C;1:®,] =0}, (4.53)
equipped with the norm
H(I)*HIQ/V*(D*) = ||'1’*||%2(D*) + ||V"I’*||%2(D*)- (4.5.4)

Note that the only difference between (4.3.10) and (4.5.3) is that C has been replaced by C.. Next,
let E, = W,(D,) x H*(D) and define the sesquilinear form A, : E,x E, — C as

AU V) = /D [;(V-U*)-(V-Q*)—i—u*:C*1:<I>*] dv

+/ [Vw:C:Ve+pw- @] dV —/ (U n)-p+w-,n| dS, (45.5)
D 0D
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together with the antilinear form £, : E, — C

1 _
L.(V) ::/D pf*.(v-@*)dv/Df-@dv
+/ g ®.n—h. @ dS+/ ho - @ dS, (4.5.6)
0D« 9D,

where U = (U, w) € E, and V = (®,, ) € E,.
With reference to the developments in Section (4.3), it can be next shown that (u.,w) €
HY(D,) x H'(D) uniquely solves ITP (4.5.2) if and only if (U, w) € E,, such that (Vu, +

V'u,)/2 = C~1:U,, uniquely solves the variational problem
A (U, V)= L(V) YV = (®., p) € E,. (4.5.7)

With such equivalence, one may again make use of the fact that | A(U,U)| > R[A(U,U)], (5.4.30),

and bounds in (5.2.1) on the real parts of the viscoelasticity tensors C, and C in each ©?, to show

that
1 1
|A(U,U)| = |:pp”v'u*’%2(@f) + @HU*H%%@@ + Cp\|VwHi2(@g) + PprHiz(@g)}
p=1 * *
N
=23 [lwllaon IV Ul z2er) + IV wllp2gon) U 2o

ol
i

+ > [cvwaep + pllwlzen] -
1

<
I

(4.5.8)
On introducing the auxiliary parameter
P — C{g P — Cg: - Mx - Mx
qe= min_ (S i . P o ppp <t pt) (4.5.9)
=N 2 TC(er+CE) 2 T pR(pr + ph)

which is strictly positive (7. >0) when p? > p} and c? > CY in each ©%, one finds by virtue of (4.4.4)
that

N, No

AU 2 7 |3 (10l o)+ 0l on)) + D w0l | - @5.10)
p=1 q=1
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As a result, the sesquilinear form A, is coercive with

AU, U)] = 7 ||UE. U]

£, = UM, 0, + 1wllFnpy: (4.5.1D)

With the continuity i.e. boundedness of both antilinear form £, and sesquilinear form A, being
direct consequences of the triangle inequality and the Cauchy-Schwarz inequality, the hypotheses of
Lax-Milgram theorem are thus verified. This in turn guarantees a unique solution to the variational

problem (4.5.7) with an a priori estimate

20,
[tdellw. o + 0oy < = (1. ez + 1 2oy

(4.5.12)

tllgl, s Il 3 Rl

H? (6D.) ~2(0D.) ~23(8D, ))’

where constant C', > 0 is independent of f,, f, g, h. and h,, cf. (4.4.9). Following the argument
presented in Section 4.4, one consequently finds that the strong solution (u.,w) € H'(D,) x

H! (D) solving modified ITP (4.5.2) i.e. (4.3.6) is likewise unique with an estimate

leellzn .y + Il oy < ex (I1£. 2oy + 12202y

+ llgll 1 +lh], + ol (4.5.13)

3 (8Dx) 2 8D 2 aD ))’

such that constant ¢, >0 is independent of f,, f, g, h, and h,, cf. (4.4.14). The proof of Theorem 7

can be brought to a close by introducing the auxiliary space
E.(D) = {(us,w) € H(D,)xH (D) : V-[C.:Vu,] €L*(D,), V-[C:Vw] € L*(D)}

and a bijective differential-trace operator M., representing (4.5.2), from Z,(D) onto L?*(D,) x
L%(D) x H2(dD,) x H™2(dD,) x H~2(0D,) such that
M (s, w) = (v [C.: V] — pats, V-[C: V] —
(us—w)jap,, (tx[us]—t{w])ap,, t[whaDo)' (4.5.14)
On defining the perturbation operator P, from =, (D) into L?(D,)x L?(D) x H? (0D,) % H 2 (0D,) %

Hz (0D,), namely
Pi(ts, w) := (psus, pw, 0, 0,0) (4.5.15)
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that is compact by virtue of compact embedding of H'(D,) into L?(D,) and H*(D) into L?(D),
one can finally apply the Fredholm alternative to the compound operator Z + (14 w?) M P,
whereby
(T + ()M P!

exists and is bounded except for at most a countable set of values w € S, C C. Again, S, is
characterized by infinity as the only possible accumulation point, since the countable spectrum of
M P, can only accumulate at zero.

O

Remark. With reference to Theorems 6 and 7, it will be assumed throughout the remainder of this
study that either
PP<pl and CP< P, Vpe{l,..., N.}, (4.5.16)

or
pPP>pP and > CP, Vpe{l,..., Ni}. (4.5.17)

As shown via the foregoing theorems, the compliance with either (4.5.16) or (4.5.17) represents a
sufficient condition for the ellipticity of the modified ITP (4.3.6) and thus for the unique solvability

of ITP (4.3.4) provided that w does not belong to a countable spectrum of transmission eigenvalues.

4.6 Can the set of transmission eigenvalues be empty?

In light of the foregoing results which establish sufficient conditions for the countability of the
transmission eigenvalue set via the analysis of elastic parameters R[C| and R[C,], it is next of
interest to examine whether the material attenuation, manifest via I[C] and [C.], can bring about
the uniqueness of a solution to the interior transmission problem (4.3.4) for all w € C. To this end,

it is useful to introduce two auxiliary measures of the “viscosity” of the system

4//min [C

,D] = inf{Q[¢£:C:€]:£€€D} >0,
/'I/max[cy

D] = sup{S¢:C:€]: €D} >0,
where £ is a complex-valued, second-order tensor field in D such that [£|? = 1. On the basis

of Definition 1, it is clear that #1,[C, D] takes zero value only if J[C] (and thus V) vanishes
identically in D.
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Theorem 8. Let D! C D, and D!, C D, denote the “viscoelastic” regions, preserving respectively

the topology of D, and D, that each have a support of non-zero measure. If either
Imin[C, D] >0 and  Vpin[C,DL] >0  and  Vpax[Cy, Di] = 0 (4.6.1)

or

Pmin|C, D] > 0 and Vmax|C, Dy =0 and Pin|Cx, D] > 0 (4.6.2)

the interior transmission problem (4.3.4) has at most one solution. In other words, the multiplicity
of solutions to ITP (4.3.4) is precluded if there is a region D! C D, where C is viscoelastic and a

region D' C D, where either C or C, is viscoelastic.

Proof. Let (uy, u, u,) be the algebraic difference between two solutions to the interior transmission
problem (4.3.4). The displacement field u,, being solution to the homogeneous Neumann problem
over D,, vanishes identically owing to the premise that %1, [C, D}] > 0 where D, preserves the
topology of D,. From the homogeneous counterparts of (5.3.3) and (5.3.34), on the other hand,
one finds by employing the divergence theorem together with boundary conditions « = w, and

tlu] =t.|u.] over 0D, that

/ [Vu:C:Va - pwu - u] dV:/ tju] -wdS =
* 8D>s<

= / ti|u,] -, dS = [Vu, : C.:Va, — powu, - a,] dV. (4.6.3)
0D, D,

The triviality of v and w, can now be established by taking the imaginary part of (4.6.3) which
reads

Vu:G[Cl:VudV = Vu,: S[C.]: Va, dV. (4.6.4)
D D

Assuming (4.6.1) which requires the right-hand side of (4.6.4) to vanish, one finds by virtue of (4.2.2)
that

0< Vu:S[Cl:VudV < Vu: S[C]:Va dV =0,
D! D,

which via Korn’s inequality [154, 145] yields Vu =0 in D’,. On recalling the field equation (5.3.34)
with f = 0, it follows that w = 0 in D/, as well. By way of the Holmgren’s uniqueness theorem
for piecewise-homogeneous bodies [105] and hypothesis that D’, preserves the topology of D, the

trivial Cauchy data u=t[u] =0 on D/, can now be uniquely extended to demonstrate that u = 0
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in D, and consequently that u=%[u] =0 on JD,. On the basis of the interfacial conditions (4.3.4d)
and (4.3.4e) with g = 0 and h, = 0, one further has u, = t.[u.] = 0 on dD,, so that finally
u, = 0 in D, by virtue of the Holmgren’s uniqueness theorem. The companion claim, namely that
the solution difference (., u, u,) vanishes identically when (4.6.2) is met, can be established in an

analogous fashion. 0

One is now in position to demonstrate, under suitable restriction on C, C,, p and p,, the existence

of a unique strong solution to the interior transmission problem (4.3.4) Vw € C.

Theorem 9. Assuming that either (4.5.16) or (4.5.17) hold in terms of p, p«, R[C] and R[C.], and
that either (4.6.1) or (4.6.2) hold in terms of S[C] and [C.], ITP (4.3.4) has a unique strong
solution (us,u,u,) € H'(D,) x H'(D.) x H'(D,) with an a priori estimate

sl ooy + lellar . + wollmp,) < ¢ (Hf*HL?(D) + 1 f 2.

(4.6.5)

1013 . 1ol o + ol

H? (9D, H= 30D, %(aDa)>

where constant ¢ >0 is independent of f., f, g, h. and h,,.

Proof. The above claim is a direct consequence of Theorems 6, 7, and 8. To illustrate the proof,
assume that (4.5.16) and either (4.6.1) or (4.6.2) are met, and recall the definition of operators M
and P given respectively by (4.3.8) and (4.3.9). By Theorem 6, operator O = M + (1+w?)P
identified with ITP (4.3.4) is surjective, whereas Theorem 8 assures that O is injective. As a conse-
quence, O is bijective with bounded inverse [46]. Thus there exists a unique solution to the interior
transmission problem (4.3.4), for all w € C, verifying the a priori estimate (4.6.5). The proof
when (4.5.17) holds in lieu of (4.5.16) can be established in an analogous fashion on the basis of
Theorems 7 and 8, recalling that u = w)p, and u, = w)|p, in terms of the “combined” field w
such that (u,,w) € H'(D,) x H'(D) solves (4.5.1).

O

Remark. Implicit in the foregoing analysis is the fact that the solution, u,, to the homogeneous

ITP over D, is uncoupled from u and w, in that it solves the interior Neumann problem

V-[C:Vu,| + pw?u, =0 in D,
tlu,] =0 on 9D,.
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As a result, u, will by itself introduce discrete eigenvalues into the problem [134] as soon as the
restriction Cp, is elastic i.e. real-valued. This is reflected in Theorem 8 which precludes such
possibility by requiring that ¥1,;i,[C, D] > 0 where D/ C D, has a support of non-zero measure
and preserves the topology of D,. To provide a focus in the study, this assumption will be retained
hereon.

With the above premise, consider next the “elastic-elastic” case
Ymin[C, Db] > 0 and Ymax[C, Di] = 0 and Vmax[Co, Di] = 0,

where both C and C, are real-valued everywhere in D,. In this situation, both sides of (4.6.4)
vanish which precludes the foregoing analysis from emptying the (countable) set of transmission
eigenvalues. This is consistent with the well-known behavior of the interior Dirichlet and Neumann
problems in elastodynamics [134] which are known to have discrete eigenvalues.

If the same procedure as in Theorem 8 is applied to the “viscoelastic-viscoelastic” case, on the

other hand, where both C and C, are (at least intermittently) complex-valued such that
Yin[C, D] > 0 and Ymin[C, DL] > 0 and Yuin[Cx, D2L] > 0, (4.6.6)

where D, ND.+# (), D/ND.+# (), and D. C D, is connected, one finds that both sides of (4.6.4)
are non-trivial over D., which again fails to eliminate the transmission eigenvalues. Note that the
featured assumption on D', and D’ physically means that there is at least one connected piece, D, C
D, where both C and C, are at least partially viscoelastic. This of course encompasses the case
where C and C, are complex-valued throughout. To better understand such counter-intuitive result
whereby the introduction of “additional” material dissipation relative to that in Theorem 8 may lead

to the loss of injectivity, it is useful to re-examine the problem within an energetic framework.

4.6.1 Energy balance

To establish the energetic analogue of (4.6.3) and (4.6.4), involved in the proof of Theorem 8,

consider the case of steady-state viscoelastic vibrations as in [60]. With reference to the implicit

t

time-harmonic factor €“!, one may recall the expressions for the velocity fields, v = iwwu and
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V4 = W, over D, which allows one to interpret

T

$[Vu:C:Vu] = 1/ R[C: Vue“!]: R[Vvet|dt = = EP,
mJo

(4.6.7)

1 (T : : 1
%[V’U/* :C* Vﬁ*] = ; / %[C* : V’U,* elwt] : ?R[Vv*e““t] dt = ; gi),
0

in terms of the dissipated energy densities, £ and EP in D, calculated per period of vibrations

T = 27 /w. Similarly, one finds that

T
St[u]-u] = 1/ %[t[u]ei‘“t} .%[veiwt] dt = l]:D’
" OT " 1 (4.6.8)
%[t*[u*]ﬂ*] = A %[t*[u*}ei"’m] . éR[’U*eth] dt = ; f?7

carry the meaning of energy influx densities, 7P and FP over 9D, reckoned per period of vibra-

tions. On the basis of (4.6.7) and (4.6.8), the imaginary part of (4.6.3) can be written as

EP v = FPds = EP v = FPds, (4.6.9)
D 0D D, 0D

which states that any solution to the homogeneous ITP must be such that the dissipated energies over
D, and corresponding energy influxes over ., are the same for both bodies. In this setting it is
clear that when either body is purely elastic over D, as specified by (4.6.1) and (4.6.2), the equality
of dissipated energies (4.6.9) requires the displacement field in the viscoelastic companion to vanish
by virtue of the positive definiteness (4.2.2) of the imaginary part of the viscoelastic tensor. From
the vanishing Cauchy data on 0 D,, one consequently finds by virtue of the Holmgren’s uniqueness
theorem [105] that the solution in the elastic body must vanish as well. When both bodies are

viscoelastic as in (4.6.6), on the other hand, one finds from (4.6.9) that

EPav = FPds = EPav = FPds >0, (4.6.10)

De 0D, D. 8D,
where D, is a connected piece of D,, and the foregoing approach provides no means to preclude
the existence of non-trivial solutions to the homogeneous ITP. In particular, (4.6.10) demonstrates
the homogeneous ITP is not mechanically isolated from its surroundings in the sense that it per-
mits positive energy influx into both bodies over 0D, C 9D, even though the jump between the

respective Cauchy data, specified via g and h,, vanishes.
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4.7 Results and discussion

Comparison with existing results. In Section 4.5, it is shown that ITP (4.3.4) is well-posed
when w does not belong to (at most) countable set of transmission eigenvalues, provided that ei-
ther (4.5.16) or (4.5.17) holds. These sufficient conditions, formulated in terms of the material-
parameter distributions (C, p) and (C., p), state that

either pPP<pb, CP<cl or pP>pb P> CP Vpe{l,..., N}, 4.7.1)

where C and c signify respectively the maximum and minimum eigenvalues of the real part of a
fourth-order viscoelasticity tensor C as examined earlier.

To the authors’ knowledge, the first (and only existing) study of an elastodynamic ITP involving
heterogeneous bodies can be found in [63], who assumed that: i) the obstacle and the background
are both non-dissipative i.e. elastic; ii) the background is homogeneous with unit mass density,
and iii) the obstacle is in the form of a single connected inclusion with bounded but otherwise
arbitrary distribution of elastic properties. Within the framework of the present investigation, these

hypotheses can be summarized as
J[C] = 3J[Cs] =0, C = const., p=1, C. < oo, D= D.. (4.7.2)

With such assumptions, [63] employed the variational formulation analogous to that in this study
(following [111, 48]) and obtained sufficient conditions for the countability of the transmission
eigenvalue spectrum as

CQ

. . s C C
either pinln > Cinln > T or pinax < ﬁ, Cinax < @, (473)

where ‘
Pt = inf{p,: €€ D}, Py = sup{p,: £€ D},

. “4.74)
<™ — inf{c,: £€D}, C™* = sup{C,: €€ D}.

Despite the fact that all quantities in (5.4.54) are dimensionless, conditions (5.4.54) are unfortu-
nately non-informative as either set of inequalities could be, for a given ITP, both met and violated
depending on the choice of the reference modulus K in Table 4.1 used to normalize C and C, (note
that pp must equal the mass density of the background solid to have p = 1). As a point of reference,

sufficient conditions (4.7.1) obtained in this study can be degenerated by virtue of (4.7.2) and (4.7.4)
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to conform with the hypotheses made in [63] as
either pmin S, mins C or <1, <. (4.7.5)

This counterpart of (5.4.54), that is invariant under the choice of py and Ky, can be qualitatively
described as a requirement that the inclusion be either “denser and stiffer” or “lighter and softer”
than the background solid throughout — a condition which guarantees that ITP (4.3.4), subject to
hypotheses (4.7.2), is characterized by a countable spectrum of transmission eigenvalues.

In the context of dissipative solids, [65] considered the ITP for a homogeneous viscoelastic
obstacle in a homogeneous elastic background. For the particular case where the prescribed jump in
Cauchy data, manifest via g and h., in the present study, is given by the traces of the elastodynamic
fundamental solution, they established the existence and uniqueness of a solution to the featured
ITP via a volume integral approach. Most recently, [64] investigated the ITP in isotropic elasticity
for the canonical case where both the inclusion and the background solid are homogeneous. By
making recourse to the integral equation approach, ellipticity of the elastostatic ITP, and the compact
perturbation argument, they arrived at sufficient conditions for the countability of the transmission

eigenvalue spectrum as
either P > [y, Ky > K or P < by Ky < K. (4.7.6)

For completeness, sufficient conditions (4.7.1) can be degenerated by virtue of (4.2.4) to the homo-

geneous isotropic elastic case as

0<V<% = either p, > p, 2uc > 36 or p.<p, 3k <2, @77
—1<v., <0 = either p.>p, 3r>2u or p<p, 2ue < 3K. N

Clearly, inequalities (4.7.7) are more restrictive than those in (4.7.6), most notably in that they entail
a relationship between the mass densities of the inclusion and the background. The principal reason
for such distinction lies in the fact that [64] centered their analysis around the elastostatic ITP, de-
ployed as an elliptic (and compact) perturbation of the featured (elastodynamic) ITP. Unfortunately,
the weak formulation of the modified ITP employed in this study does not permit elastostatic anal-
ysis as it would formally require setting p and p, in (4.3.6) and thus in (4.3.13) and (4.3.14) to zero,
which both introduces unbounded terms and destroys the required H!-structure of the quadratic

form A(U,U). Despite this apparent limitation formulas (4.7.1) provide, for the first time, an ob-
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jective set of sufficient conditions that ensure the well-posedness of the visco-elastodynamic ITP in
a fairly general situation (where both the obstacle and the background solid can be heterogeneous,
anisotropic, and dissipative) provided that the excitation frequency does not belong to (at most)

countable spectrum of transmission eigenvalues.

4.7.1 Analytical examples

Assuming that either (4.5.16) or (4.5.17) holds, it is shown in Section 4.5 that the set of transmission
eigenvalues characterizing ITP (4.3.4) is at most discrete. Except for the “elastic-viscoelastic” case
examined in Theorem 8, however, it is not known whether this set is nonempty. For the ITP in
acoustics, it was demonstrated in [76] that the transmission eigenvalues indeed exist for certain
problem configurations. For completeness, this possibility is examined in the context of (visco-)

elastic waves via two analytical examples.

Longitudinal waves in rods. Consider the interior transmission problem involving longitudinal
waves in two thin prismatic rods having unit length and equal cross-sectional areas. In this setting,
let (E, E,) € C? and (p, p«) € R? denote respectively the constant Young’s moduli and mass den-
sities of the two rods. One seeks a non-trivial displacement solution, (u,u, ), of the homogeneous

ITP associated with frequency w > 0 so that

d?u,

2 .
E*W—i—p*w U =0 in [0,1],
d2u 2 .
w(0) = u(0),  u.(1) = u(l),
duy du dus du
FE, = F—(0), FE, 1) = EFE—(1).
7 0 720 ) )

Clearly, the solution to (4.7.8) entails four unknown constants, computable from the algebraic sys-
tem of equations whose determinant vanishes when w is a transmission eigenvalue. To examine

this possibility, one may adopt the inverse of the featured determinant, termed F}., as an indicator
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function. On the basis of (4.7.8), on finds that

-1
1 1 -1 -1
ie —i2 iz iz
F d € c e c —E€ ©x* —e Cx 4 7 9
= |det .
r E _E _E. E. ’ (4.7.9)
c c Cx Cx
; : jw i
%el% _%6—1% _%elc* %e iz

where ¢ = \/m and ¢, = \/m denote the phase velocities in the two rods. The left panel in
Fig. 4.3 plots F;. versus w for the “elastic-elastic” case assuming F, = 2F € R and p, = 2p, noting
that the featured set of material parameters conforms with the one-dimensional variant of (4.5.16)
which guarantees that the set of transmission eigenvalues is at most countable. From the display,
one can clearly see the indication of transmission eigenvalues, spread uniformly along the frequency
range of interest. As a complement to this result, the right panel in Fig. 4.3 plots F. versus w for the
“elastic-viscoelastic” case which assumes F, = (24 0.11)E € C and p, = 2p. Consistent with the
claim of Theorem 8, the latter result indicates absence of transmission eigenvalues when F is real
and E, is complex-valued (note that the local maximum at w = 0, present in both diagrams, takes

significantly smaller value than the truncated “dynamic” maxima in the left panel).

10 10°
10 10¢
F, F,
10° 10°
2 107
0

10 0 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

w w

(a) “Elastic-elastic” case, (E, E.) € R2 (b) “Elastic-viscoelastic” case, (E, Ex) € R x
C

Figure 4.3: Eigenvalue indicator F. versus vibration frequency w

Oscillations of spheres. The second example deals with the ITP for two homogeneous and isotropic
spheres of unit radius, characterized by the respective shear moduli (1, i) € C2, Poisson’s ratios
(v,vx) € R2, and mass densities (p, px) € R2. Once again, the transmission eigenvalues are as-

sociated with non-trivial solutions to the homogeneous ITP for which the two spheres share the
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Cauchy data on the boundary. Assuming that the two spheres are subjected respectively to constant
radial pressures p and p,, the induced (radial) boundary displacements « and u, can be computed

following [35] as
P+ Qs cos(Qx) — sin(Qx)

YT i Queos(@) — (1 - 2Q3)sin(Q.)’ (47.10)
u P Qcos(Q) — sin(Q)
4p Qeos(Q) — (1 — a2Q?)sin(Q)’
where
2_1—V 2_1_V* QQ_pWQ Q2_p*w2 (4711)
“Totnw T aoa—my T dpa®’ * T dpea?’ N

To develop an eigenvalue indicator function in the spirit of the previous example, one may assume

that equality p = p. holds on the boundary, and define

PO L (4.7.12)
U Uk
p D=

as a quantity which becomes unbounded when w is a transmission eigenvalue. As an illustration,
the left panel in Fig. 4.4 plots F versus w for the “elastic-elastic” case assuming p, = 2 € R,
v, =v=1/8 and p, = 2p, while the right panel describes the corresponding “elastic-viscoelastic"
situation where p, = (2 + 0.1i)u € C. Similar to the previous example, the numerical results
indicate the existence of transmission eigenvalues when both spheres are elastic, as well as their

suppression when one of the two spheres is dissipative.

10* 10*
10° 10° -
F, F
10° 10°
102 , \_/\,/ \_/ 102 .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
w w

(a) “Elastic-elastic” case, (1, i« ) € R? (b) “Elastic-viscoelastic” case, (i, p«) € RxC

Figure 4.4: Eigenvalue indicator F versus vibration frequency w
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Viscoelastic-viscoelastic case. In the above examples, the focus was made on ‘“conventional”
ITP configurations where neither or either of the two bodies is dissipative. In light of the results
in Section 4.6 where the analysis used to demonstrate the absence of transmission eigenvalues in
the “elastic-viscoelastic” case failed to yield the same result for “viscoelastic-viscoelastic” (VV)
configurations, it is of interest to examine the latter class of problems via the example of oscillating
spheres. To ascertain whether transmission eigenvalues could indeed exist in the VV case, the
spheres problem is approached from an alternative point of view, namely by fixing the vibration
frequency at w =w, € R, and then seeking admissible sets of viscoelastic parameters for which wj
is a transmission eigenvalue. To this end, one may introduce an auxiliary set of material parameters
(8,7)€ C? and (Bs,7x) € C? as

2 2
B=pa®, =", Bi=pad o= (4.7.13)
H Hox
From (4.7.11) and (4.7.13), one finds
Q? = p? Q2 = pre?
4/8 ) * 45* b

which allows the boundary displacements in (4.7.10) to be rewritten as

Uy = P+ <,y*)é Qx cos(Qx) — m(lQ*)
4 \B:) Queos(Qu) — [1 — (Bur) 2 Q2 sin(Q)

Y p (’y)é Q cos(Q) — sin(Q) .
Qcos(Q) — [1 — (6)2 Q2] sin(Q)

4.7.14)

g

4

Given w, €R, (p, px) ER?, and (8, Bs, V) € (C\R)3, one is now in position to seek v € C\R such
that © = u, and p = p,. On the basis of (4.7.14), the explicit solution is given by

_ OA%(Qeos(@) —sin(Q))?
(@ cos(@) — (1 + ABQ2) sin(Q)P°

(4.7.15)

where

_ (7)5 Q. cos(Qx) = sin(Qx) . 4.7.16)
B Qs cos(Qx) — [1 — (B74)2 Q3] sin(Qx)
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In this setting, any relevant solution in terms of v must also satisfy the conditions of physical ad-

missibility in terms of the shear and bulk moduli

SORESS O
g 3\

which are subject to the ellipticity and thermomechanical stability requirements

R[p] > 0, Sp] =0, R[k] > 0, S[k] = 0. 4.7.17)

Despite the multitude of inequality constraints in (4.7.17), it is indeed possible to find an admissible
solution (4.7.15) in terms of v given w,, (p, p«) and (53, B«, V«) as shown in Table 4.2. For com-
pleteness, this result is accompanied by the variation of the eigenvalue indicator function (4.7.12) in
Fig. 4.5, where I} is plotted versus frequency for each of the three VV configurations highlighted
in Table 4.2. From the display, it is seen that the three diagrams of F; exhibit apparent “blow-off”
behavior respectively at w = 2,10 and 25 as expected. In unison, Table 4.2 and Fig. 4.5 provide
a clear indication that the transmission eigenvalues may appear even in situations when both the
obstacle and the background solid are viscoelastc i.e. dissipative - a finding that may be especially
relevant in the application of inverse scattering theories to real-life problems (e.g. seismic imaging)

were many materials are known to exhibit dissipative constitutive behavior.

Table 4.2: Oscillating spheres problem - VV configuration: numerical values of material parameters for
which w=w, is a transmission eigenvalue.

Wo | p| P« n L K K Config.
2 | 3|15 |8.833+1.2147 | 3.139 4+ 0.314% | 12.22 +0.781¢ | 11.82 4 0.782: 1
10 | 3 | 1.5 | 4.157+ 1.6847 | 3.139 + 0.314¢ | 26.46 4+ 0.155¢ | 11.82 + 0.7821¢ 2
25 | 6| 3.4 | 173.6 +4.320¢ | 1.414 4+ 0.071% | 368.5 + 52.24¢ | 14.11 4 1.106% 3

4.8 Conclusions

In this study the analysis of the interior transmission problem (ITP), that plays a critical role in a
number of inverse scattering theories, is extended to enable the treatment of problems in piecewise-
homogeneous, anisotropic, elastic and viscoelastic solids involving multiply-connected penetrable

and impenetrable obstacles. Making recourse to a particular variational formulation, the Lax-
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Figure 4.5: Oscillating spheres problem - VV configuration: numerical manifestation of the transmission
eigenvalues exposed in Table 4.2

Milgram theorem, and the compact perturbation argument, a set of sufficient conditions is estab-
lished in terms of the elasticity and density parameters of the obstacle and the background solid that
ensure the ellipticity of the ITP provided that the excitation frequency does not belong to (at most)
countable set of transmission eigenvalues. It is further shown that this set is empty in situations
when either the obstacle or the background solid are dissipative i.e. viscoelastic. When both the
obstacle and the background are either elastic or viscoelastic, on the other hand, the same type of
analysis fails to produce any further restrictions on the (countable) set of transmission eigenvalues.
Given the counter-intuitive nature of such finding for the “viscoelastic-viscoelastic” (VV) case, the
problem is further investigated via an energetic argument which shows that the homogeneous ITP
involving VV configurations is not mechanically isolated from its surroundings in that it permits
a non-zero energy influx into the system even though the prescribed excitation (given by the jump
in Cauchy data between the two bodies) vanishes. A set of numerical results, computed for con-
figurations that meet the sufficient “solvability” conditions, is included to illustrate the problem.
Consistent with the underpinning analysis, the results indicate that the set of transmission values
is indeed empty in the “elastic-viscoelastic” case, and countable for the “elastic-elastic” and VV

configurations.
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5.1 Introduction

The interior transmission problem (ITP), which appears in inverse scattering theory for inhomoge-
neous medium, is a boundary value problem formulated as a pair of equations defined in a bounded
domain and coupled through the Cauchy data on the boundary. Solving the homogeneous ITP, for a
fixed frequency value, can be seen as the task of finding an incident wave field that has no scattered
counterpart. In the context of inverse scattering methods, that aim at reconstructing the support of
the scatterer, such frequency, which is an eigenvalue of the problem, should be avoided. The ITP
which suffers from a lack of self-adjointness and of ellipticity, is not covered by any classical theory
and a survey of the particular issues raised by its study can be found in [82]. Earlier studies have
focused on the question of its well-posedness, and mainly two approaches have been employed: in-
tegral equation methods [77, 180, 127, 65] and variational formulations [111, 48, 63, 23]. Previous
studies have shown in particular, by recourse to the analytic Fredholm theory that the set of fre-
quency eigenvalues of the ITP, namely transmission eigenvalues, is at most countable with infinity
as the only possible accumulation point.

Initiated by [159] where the question of existence of transmission eigenvalues has been ad-
dressed for the first time, the interest for the study of the spectrum associated with the ITP has
grown recently [64, 58, 128, 54, 55, 59, 53]. Moreover, transmission eigenvalues can be used to
obtain qualitative informations on the material properties of the scatterers [51, 41, 49] which can
provide a significant improvement of non-iterative inverse scattering techniques, such as the linear
sampling method, that have solely been used for topological identification until now.

This chapter is dedicated to the study of the interior transmission eigenvalue problem in the
elasticity case, using the tools developed in the references given previously. It aims at giving a
systematic treatment of the ITP in elasticity, where conditions on material parameters, namely elas-
tic tensors and mass densities, that ensure solvability of the problem and existence of transmission
eigenvalues are established. Moreover, the question of the relation between elastic parameters and
lower bounds of transmission eigenvalues is addressed. The introduction of the problem in Section
5.2 is followed by a reference analytical example for which the existence of eigenvalues can be
proved. Sections 5.3 and 5.4 then provide a comprehensive study of the eigenvalue problem for

different material configurations.
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5.2 Preliminaries

Consider the time-harmonic vibrations of a bounded domain D C R?, with smooth boundary 9D, at
frequency w. For clarity, all quantities in this study are interpreted as dimensionless by making ref-
erence to the characteristic length dg, reference elastic modulus 11, and reference mass density pg.
Next, let (C,p) € L>(D) and (C., p.) € L>(D) denote two sets of bounded material-parameter
distributions over D, where C(§) and C,(§) are real-valued, symmetric, fourth-order elastic tensor

fields, while p(&) and p. (&) are mass density distributions such that

cle> < €:C(€):£ < Clpl%,

) _ ) £eD, (5.2.1)
celpl” < &:C(€):€ < Culopl”,

and

EeD. (5.2.2)
Px < px(§) < Py,

Here ¢ is a complex-valued, second-order tensor, while c, c,, p, ps« and C, C,, P, P, are strictly
positive constants, signifying respectively the infima and suprema of the associated scalar quantities.
With reference to (5.2.1), it is further noted that ¢, C, ¢, and C, represent the bounds on the extreme
eigenvalues of C and C,, computed with respect to double contraction with a second-order tensor.
In the most general anisotropic case C and C., which are endowed with major symmetry [23], may

each have up to six distinct eigenvalues.
Hereon, it is assumed that the two distributions of material properties are “non-intersecting” in

the sense that either

c=21>C or c=21>C, or C=C, inD, (5.2.3)
and either
ps=>1>2P or p=>12>P, or p=p« inD, 5.2.4)

with the unity as a point of demarcation achieved via suitable choice of the normalization con-
stants pp and pg. Note that the strict equalities in (5.2.3) and (5.2.4) are, when applicable, assumed

to hold almost everywhere in D, with the additional constraint

(cx=CVvec=C,vC=C.inD) A (p«=P V p=P, V p=p,inD) = 1, (5.2.5)
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imposed on (5.2.3) and (5.2.4) to facilitate the variational analysis of the ensuing eigenvalue prob-

lem.

5.2.1 Interior transmission eigenvalue problem

With the above definitions the interior transmission eigenvalue problem (ITEP), that arises in a
variety of inverse scattering problems [78], can be stated as a task of finding the non-trivial pair

(u,u,) € H(D)x H'(D) that solves the homogeneous interior transmission problem

V-[C:Vu] + pw’u = 0 in D,
V- [Cy:Vu,] +p*w2u* =0 in D,

(5.2.6)
u—u, = 0 on 0D,

n-C:Vu—n-C,.:Vu, =0 on 0D,

where H':= W12 denotes the usual Sobolev space, and n is the unit normal on 9D oriented toward

the exterior of D.

Definition 4. Values of w? for which homogeneous problem (5.2.6) permits non-trivial solution
(u,u,) € HY(D) x H' (D) are called the transmission eigenvalues corresponding to transmission

eigenfunctions (u, u., ).

The ITEP plays a central role in the development of qualitative techniques for obstacle re-
construction such as the linear sampling method [73, 46] and the factorization method [129], that
commonly revolve around the behavior of the so-called measurements operator which maps a set of
incident wave patterns onto the set of scattered wavefields. To provide specificity for the discussion,
let (C., p«) and (C, p) hereon denote respectively the material properties of a hidden obstacle D C 2
and the background domain 2 (e.g. R? or a half-space). With such premise, it can be shown that the
scattering operator characterizing D is injective with dense range providing that there does not exist
a non-trivial solution (u, u.) to homogeneous boundary value problem (5.2.6), where w is in the
form of a single-layer potential over {2 whose source density is distributed over the source surface.
Thus, if w? is a transmission eigenvalue of (5.2.6), the scattering operator fails to be one-to-one and
the linear sampling and factorization methods can no longer be applied.

The difficulties plaguing the study of the above-described ITEP stem from the structure of the

boundary conditions prescribed over 9D whereby (5.2.6) is neither self-adjoint, nor elliptic at any
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frequency (see [82] in the context of the scalar Helmholtz equation). These impediments are re-
flected in the fact that the existing studies of the ITEP for elastic bodies [63, 64, 23] are each formu-
lated under fairly restrictive conditions in terms of the “contrast” between (C., p.) and (C, p). To
shed further light on the problem, this investigation aims to generalize upon the recent developments
for the Helmholtz equation and Maxwell equations [159, 128, 58, 59, 55, 114] toward: a) studying
the solvability of (5.2.6) in situations when the contrast between (Cx, ps) and (C, p) transcends the
restrictions imposed by earlier studies, and b) establishing, for the first time, the existence of trans-
mission eigenvalues in elasticity. To this end, the task of investigating the ITEP for elastic bodies is
recast as that of characterizing the kernel of a differential-trace operator J — f(w)IK that synthesizes
the left-hand side of (5.2.6), constructed such that i) J and IK are both self-adjoint, and ii) K is
compact. Such decomposition in turn permits the analysis to proceed by focusing on the so-called

“material ellipticity conditions” under which operator J is invertible.

5.2.2 Analytical example

To help lay the foundation for the ensuing analysis, consider first the canonical case where D is a
ball of radius R, while pairs (C, p) and (C., ps«) each correspond to a homogeneous isotropic solid.
By virtue of its simplicity, this example allows one to explicitly demonstrate the existence of a
countable set of transmission eigenvalues associated with radially-symmetric eigenfunctions.

In the isotropic case, the fourth-order elastic tensors C and C. can be synthesized in terms of
the respective Lamé parameters (\, i) and (A, g« ). Under such restriction C and C, have only two
distinct eigenvalues [131], given respectively by {2, 3\ + 2} and {2p., 3A« + 24, }, and their

strong ellipticity is ensured by the well-known inequalities

w >0, e >0
(5.2.7)
3A+2u >0, 3k + 20y > 0.

For completeness, it is noted that A and \, are sign-indefinite by virtue of the fact that sign(\) =
sign(v) and sign(\.) = sign(vy), where v € (-1, 3) and v, € (—1,3) are the Poisson’s ratios
affiliated respectively with C and C... In what follows, it is for simplicity assumed that v > 0 and

v, = 0. With such hypothesis, one has

C— C*_* *
3C>0, u=%>0, A = 3C>0, e = 2> 0. (5.2.8)

=



CHAPTER 5. ELASTIC INTERIOR TRANSMISSION EIGENVALUE PROBLEM 194

When the solution to the interior transmission problem is sought in the form of radially-symmetric
vector fields u(€) =u(r)e, and u.(&)=wu.(r)e, such that r=|&| and e, =&/r, the field equations
(5.2.6a) and (5.2.6b) can next be reduced as

2
w0+ 2w+ (-5 )un =0 reom
2 . (5.2.9)
)+ 2+ (% - 5wt =0, relon)

where c= /(A +21)/p; cx=+/(A+214)/ps, while f/ and f” denote respectively first and second

derivative of f(r) with respect to its argument. As a result, the solution to (5.2.6) can be written

in terms of the spherical Bessel functions of the first order j; (%7’) and j; (é"—*r), which exposes the

2

existence of a non-trivial solution when w* is a transmission eigenvalue satisfying the characteristic

equation
F(W) = jl(iR) 2\ - (w ]1EC*wR) 2 =0
PO+ 20)71 (2R) + 21 (YR) wy/pe (0 + 202)51 (£ R) + 2471 (£ R)

(5.2.10)
Previous studies of the ITEP for elastic solids [63, 64, 23] have consistently shown that the
transmission eigenvalues, when they exist, can only accumulate at infinity. Accordingly, it is natural

to investigate the asymptotic behavior of F'(w) as w — oo. To this end, one may employ the

relationships
) cos(t 1
a0, = - o).

. (5.2.11)

1) = sin(t) L0 1
jl( t:oo n t2 )

to find

CCx . f(w w
F(w) e R [ p(A 4+ 2pu) sin <CR) cos <C*R> -

/P2 O 212) €05 (“‘C’R> sin <Z‘)R>} +0 (;) . (5.2.12)

Assuming non-zero material contrast between (C, p) and (C, p«), one finds that the leading

terms in (5.2.12) are nearly-periodic functions of frequency as w — oo, and so is F' [122]. Thus,
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expansion (5.2.12) demonstrates that F' has infinitely many zeros, i.e. that the set of transmission
eigenvalues stemming from (5.2.10) is indeed countable. In concluding the example, it is noted
that (5.2.9)—(5.2.12) represent an elastic-solid analogue of the well known spherically-symmetric

study of the scalar Helmholtz equation, see e.g. [59, 82].

5.3 Configurations with material similitude

In what follows, let D,:=(p«— p) ™! and Dc:=(C;'—C~)~! quantify respectively the contrasts
in mass density and elasticity between the two materials. With such notation, this section is devoted
to investigating the ITEP for elastic solids in situations where either D, or D¢ vanishes identically in
D. Following the approach suggested in [180, 109, 57, 49], the problem at hand can be conveniently
formulated as a system of fourth-order differential equations that is amenable to eigen-analysis in
terms of variational methods.

For clarity of the ensuing developments, it is important to recall the underpinning analytical
framework introduced in [58]. To this end, let J a bounded, positive definite, self-adjoint linear op-
erator on separable Hilbert space W, and let IK be a non-negative, self-adjoint, compact bounded lin-
ear operator on W. With such hypotheses, it can be shown that there exists an increasing sequence of
positive real numbers \,, and associated sequence of elements w,, € W such that Jw,, = A\, Kw,,.
Next, letting 7 — J; be a continuous mapping from (0, +0c0) to the set of self-adjoint, positive
definite, bounded linear operators on W, consider the eigenvalue problem of finding w € W such
that

Jrw — A(1)Kw = 0. (5.3.1)

The following theorem, established in [58], is a fundamental tool toward demonstrating the exis-

tence of transmission eigenvalues.

Theorem 10. Let 7 — J. be a continuous mapping from (0,+00) to the set of self-adjoint, pos-
itive definite, bounded linear operators on W, and let IK be a non-negative, self-adjoint, compact
bounded linear operator on W. Assume the existence of two positive constants 19 > 0 and 71 > 0

such that
1. J,— 10K is positive on W, and

2. J;— 11K is non-positive on an m-dimensional subspace of W.
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Then each of the equations \,(T) = 7, n = 1,2...,m has at least one solution for T € |19, T

where \,(T) is the nth eigenvalue (counting multiplicity) of J, with respect to K, i.e. ker(J,—

An(7)K) # {0}

5.3.1 Equal elastic tensors

In this section, it postulated that D¢ vanishes (i.e. C = C,) while D, # 0 almost everywhere in D
according to (5.2.5). On introducing the Sobolev space of vector fields with zero Cauchy data on

0D, namely
H{(D)={p € H*D): ¢=0and n-C:Vyp =0 ondD}, (5.3.2)

and assuming that pair (u, u.) € L?(D) x L?(D) solves the interior transmission problem

V- [C:Vu]+pw’u = 0 in D,
V-[C:Vu,] + pw?u, = 0  in D,
(5.3.3)
u—u, =0 on 0D,
n-C:V(iu—u,) =0 on 0D,
one finds that the solution difference v:= v — u, € Hg solves the fourth-order equation
(V-[C:V]+pw?) D, (V-[C:V]+psw?)v =0  in D, (5.3.4)

when p, # pand w > 0.
The variational formulation of (5.3.4) consists in finding v € HZ(D) such that

/Dp (V-[C: V] + pow?v) - (V-[C: V@] +pu?p) dV = 0 Ve e HF(D). (53.5)
D

To facilitate the treatment of the variational problem at hand, let 7 := w?, and define the auxiliary
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bounded sesquilinear forms on HZ(D)x HZ(D) as
Ar(p. ) = (Dp (V- [C: V] + p7) (V- [C: V] +pT9) ) 15y + ™ {pep, V) 12(D);

A (e, 1) == — (Do (V-[C: V@] + puep) , (V-[C: VY] + puT9) ) 1oy + T2 {0s0,%) 12y,
B(p,) = (C:Vp, V)10,

(5.3.6)
for all (¢,v) € HZ(D) x HZ(D), where the inner product between two nth-order tensors is
understood in the sense of n-tuple contraction. On exercising (5.3.6) and the divergence theorem,

(5.3.5) can be equivalently formulated as a task of finding v € HS(D) that satisfies either
A-(v,0) — TB(v,) = 0 Ve H(D), (5.3.7)

or
Af(v, ) — 7B(v,9) = 0 Ve € HZ(D). (5.3.8)

Note that the boundedness of the featured operators is a consequence of tensor C being positive
definite and bounded. To expose the sufficient conditions for the ellipticity of .4, and A%, the latter

can be conveniently recast as

Ar(p. ) = (pD, (V-[C: V] +79) (V-[C: VY] + 7)) 2
+((1=p)DV-[C: V@], V-C:VY]) oy + T2 (0Dp(ps = 1), %) 12y,
A ) = — (0D, (V-[C: V] +79) , (VA [C: VY] +79) ) 15 )y

- <(1 - p*)DPV[CVSOL V[CV¢]>L2(D) - 72<p*Dp(p - 1)90’1'D>L2(D)'
(5.3.9)

Lemma 12. Assuming C = C, and restrictions on the contrast in mass densities as in (5.2.4)
and (5.2.5), either A, or A% is a coercive sesquilinear form on H3(D) x HZ(D).

Proof. For brevity, the ensuing analysis focuses on the case when p, > 1 > P and D, # 0; the
companion claim (when p>12 P, and D, # 0) can be established by interchanging the roles of p

and p,. With such restriction, the stated hypotheses of the Lemma imply the existence of real-valued
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constants «, o, and v such that

l1—-p2az=20
px—12a, 20 inD, (5.3.10)
Dy,=z2~>0

where « and «, cannot vanish simultaneously.
When ¢ € Hg(D), one finds by virtue of (5.3.9a), (5.3.10), the Cauchy-Schwarz inequality,

and triangle inequality that

Ar(p, ) = pw{(wi) x2+<1+a*)y2—2xy}, (5.3.11)

where z:=|[|V:[C:V]||2(pyand y:=T |[p||12(p). In this setting, several combinations in terms
of o and «, must be considered separately to provide a valid lower bound for .4,. In particular, it

can be shown that

« a >0,
A-(p,p) = py {$2 + oy’ + (2 — y)Q} when (5.3.12)
p ay > 0,

1 2 =0,
AT(<P,<P)2p7{<1—5)932+(1+a*—5*)y2+5*<y—§:) } when “

assuming 0, € (1, 14a), and

a 9 _1 9 _y2 a >0,
AT(cp,go)2p7{(1+p 6)3@ +<1 5>y +6(a: 5)} when

Ay = 0,
(5.3.14)

where § € (1, 14+a/p).
From the lower bound in (5.2.1) on elastic tensor C, on the other hand, there exists a constant

B > 0 such that
IV-[C:V@llli2p) + llelZzmy = Blleliem, (5.3.15)

see, e.g., [145]. On dropping the squared-difference terms on the right-hand sides of (5.3.12),
(5.3.13) and (5.3.14), one finally concludes from (5.3.15) that there exists a constant C'; > 0 (de-
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pendent on 7) such that

A (p, ) = C: ||<PH§{2(D)7

which concludes the proof.
O

On employing the Riesz representation theorem and identifying Hg(D) with its dual, one can
introduce bounded linear operators A,, A* B : HZ(D) — HZ(D) such that for all (p,%) €
HG (D) x H§(D)

<ATSO7¢>H§(D) = AT(LP7¢)7 <A;k'907¢>Hg(D) = A:(Soﬂﬁ), <B¢a¢>H§(D) = B(‘P7¢)

(5.3.16)
As aresult, (5.3.7) and (5.3.8) can be rewritten respectively as
{((Ar— TB)v, go>Hg(D) =0 VecH(D) (5.3.17)
and
((A*— TB)v, ¢>H3(D) =0 Ve HZD). (5.3.18)
Thus if w? is a transmission eigenvalue associated with (5.3.3) then, recalling that 7 = w?, one has

that either
ker(A; — 7B) # {0} or  ker(AT —7B) # {0}.

Lemma 13. Assuming C = C., linear operator A, : H3(D) — H3(D) (resp. A%:H3(D) —
Hg(D) ) is positive definite, self-adjoint, and depends continuously on T > 0 when p, > 1> P
(resp. p= 1>P,) and D, # 0 hold almost everywhere in D. Further, B: H3(D) — HZ(D) is a

self-adjoint and positive compact linear operator.

Proof. Since p, p, and C are by premise real-valued and C possesses the major symmetry, the
sesquilinear forms A;, A* and B are Hermitian which requires that operators A,, A* and B be
self-adjoint. The positive definite character of A, and A is a direct consequence of (5.3.16) and
Lemma 12, while their continuous dependence on 7 > 0 arises from the premise that .4, and A%
depend continuously on 7 > 0.

To establish the claim that B is compact, consider a bounded sequence ,, € H2(D), such that
there exists a subsequence ¢,, that weakly converges with respect to the Hg(D)—norm to ¢, €

HE(D). Since @,, € HZ(D), it follows that V@,, € H'(D). By virtue of the compact embedding
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of HY(D) in L?(D), one accordingly finds that V@, converges strongly to V¢, with respect to
the L?(D)-norm. Finally using the definition of B in (5.3.16), the Cauchy-Schwarz inequality, and

the boundedness of elastic tensor C, one finds that

”B(an - QOO)HHg(D) < C ”V(‘Abn - CIOO)||L2(D)? (5.3.19)

which implies that B is compact since B¢,, strongly converges to B¢, with respect to the H, g (D)-
norm. With this result in place, the proof of the lemma can now be completed by noting that B is

positive owing to the positive definiteness of C stipulated in (5.2.1). U

The ensuing theorem establishes a lower bound for the transmission eigenvalues. To this end
consider the negative Laplace operator —A for which, as shown by classical eigenvalue theory
[113], there exist an increasing sequence of real-valued, positive Dirichlet eigenvalues A\, (D) and a

sequence of corresponding first-order eigentensors ¢,, satisfying

—Ap,, = (D), in D,
w, =0 on 0D.

(5.3.20)

In this setting A;(D) > 0 denotes the first, i.e. the smallest Dirichlet eigenvalue of the negative

Laplace operator.

Theorem 11. If either p, > 1 > P or p > 1 > P, while D¢ = 0 and D, # 0 hold almost

everywhere in D, the set of transmission eigenvalues affiliated with (5.2.6) is discrete, with infinity

being the only possible accumulation point. Moreover, every feasible transmission eigenvalue w? is

such that
c

max(P,P,)’
Proof. Whenp, > 1> P (resp. p > 1> P,)and D, = 0 holds almost everywhere in D, linear

w? > \(D)

operator A, (resp. AY) is invertible due to Lemma 13 and, since B is a compact operator, so is
A7'B (resp. A*~'B). On denoting by I the identity operator on HZ(D), the Fredholm alternative
applies [191] whereby T — 7A, !B (resp. I — 7AX~B) is invertible except for, at most, a discrete
set of values 7 € C that can only accumulate at infinity.

Assuming for the time being thatp > 1 > P, ie. D, < 0, letv € Hg(D) such that v €
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ker(Ar — 7B). Then ((A, — 7B)wv, 'v>H2(D) = 0 yields
0

—/Dppyv'[c:w] +p7o|?dV + T/D (Vv:C: Vo —prlv|?) dV = 0. (5.3.21)
Whenever the second integral is non-negative, one must clearly have V-[C : Vv| + p7v = 0 in
D. Sincev=0and C: Vv:n=0ondD for v € HZ(D), it follows that v must also vanish
in D by virtue of the Holmgren’s uniqueness theorem (see [105] for a discussion in the context
of elasticity). Due to (5.2.1) and Courant-Fischer min-max formulae [113], on the other hand, the

Rayleigh quotient of elastic tensor C is found to be bounded from below as

/VU C:VodV

mf > 1nlf > cAi(D), (5.3.22)
’UEH / |'U|2 dv ’UEH / |U|2 dv
so that
/ (Vo:C:Vo —prl’) dV > |][72p) (chi (D) - 7P). (5.3.23)
D

As a result, the last integral in (5.3.21) is necessarily non-negative whenever w? =7 < A\;(D)c/P,
whereby no eigenvalues can exist within interval (0, A\; (D)c/P].

Alternatively when p, >1>P ie. D, > 0, let v € ker(A¥ — 7). In this case, the inferred
equality

/ D,|V-[C: V] + puwv|* dV + T/ (Vv:C: Vo — pr|v]?) dV = 0 (5.3.24)
D D

and inequality
/ (Vo:C: Vo —perf’) dV > |[v]|72(p) (A1 (D) — 7P.) (5.3.25)
D

require that v = 0 in D whenever 7 < A;(D)c/P., i.e. that no transmission eigenvalues can exist
within interval (0, A;(D)c/P.]. The combination of the above two cases concludes the proof.
O

Theorem 12. Ifeither p>12=P, or p,>12>P while D¢ =0 and D, # 0 hold almost everywhere

in D, there exists a countable set of transmission eigenvalues affiliated with (5.2.6).

Proof. The proof of the theorem relies on the existence of a countable set of transmission eigen-
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values for the spherically-symmetric case of homogeneous isotropic elastic bodies examined in
Section 5.2.2. Suppose that p, > 1 > P and that D, # 0 holds almost everywhere in D. Then by
virtue of Lemma 13, operators A, and B satisfy the hypotheses of Theorem 10 with W := H2(D).
In this case, inequalities (5.3.12)—(5.3.14) of Lemma 12 further ensure the existence of a real-valued

constant 3’ > 0 such that
(870,0) oy = BV [C: V] T2y (5.3.26)

for all v € HZ(D). Moreover since n-C : Vv = 0 on 9D, one finds from (5.2.1), the major

symmetry of C, and application of the Poincaré inequality as in [113] that

1 1
<CZV’U7V’U>L2(D) < E<C:VUaC:VU>L2(D) < T(ID)HV[CV'U]H%Q(D), (5327)
whereby
-
<(A7——TB)’U7’U>H§(D) > (ﬂ’— CAl(D)> ”V'[C:V’U]”%Q(D). (5.3.28)

Accordingly when 0 < 79 < cA; (D)3, operator A, — 7B is positive on H3(D) and thus meets
Assumption 1 of Theorem 10.

Next, from the results in Section 5.2.2 it follows that interior transmission problem (5.3.3),
formulated for a ball B, C D of radius r with constant material parameters ¢ = C,, p:=P
and p. := py, is affiliated with a countable set of transmission eigenvalues. To help establish the
claim of the theorem, let 7 be one such eigenvalue and let v € Hg(Br) be the corresponding
eigenfunction. In particular, ¢ satisfies (5.3.17) with 7 = 7, H3(D) replaced by HZ(B,), and with
featured operators corresponding to the assumed (constant) material parameters. Accordingly, by

taking ¢ = © and integrating (5.3.17) by parts, one finds

PP 72|0] 225, = —IIV-1C-Vo|2o5,) + (Pt P)7 ; Vo:C:VodV. (5329
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Moreover, if 99 € HZ(D) denotes the extension of @ by zero to the whole of D one has

U 1+P—-p .
(A7 = 7B)b0, 90) 2y < <p_p> IV-1¢:V2llz2(s,)

* P A~ ~
—<p‘% >% Vé:C:VodV (5.3.30)
p— P By

PP. o
i <p*— P> Pz,

where A; and B are given by (5.3.16) assuming 7 =17 and the original set of material parameters in
terms of distributions (C, p) and (C., p.) over D. A substitution of (5.3.29) into (5.3.30) yields

1 ~ P* p A~
o {<1+ P=p)IV-C: V|75, - puv-[c:wm%m)}

* P A * 5 ~
+<p+ )%/ VW[PC—CvaMK
P*—P s Px

On choosing the maximum eigenvalue, C, of elastic tensor C such that

N

<(A7A' - %B)@Ov ﬁO>H§(D)

(5.3.31)

¢ < P (5.3.32)

inequality (5.3.31) demonstrates that for sufficiently large 7 = 71, operator A, — 71 is non-positive
on the subspace of Hg(D) spanned by ¥ — a result which constitutes Assumption 2 of Theorem 10.
As a consequence, one concludes from Theorem 10 that there is at least one transmission eigenvalue
within interval [rg, 71] located on the positive real axis, where 0 < 79 < cA1(D)3" as examined
earlier.

Next, consider € > 0 such that D contains m > 1 disjoint balls B!, B2, ... B™ of radius &7,
whence EQCD fori =1,...,m and Eﬂ?z@ fori # j. By the scaling argument, 7. = 7/¢2 is
a transmission eigenvalue for each of these balls associated with the interior transmission problem

formulated assuming mass densities p = P and p. = p., and homogeneous isotropic elastic tensor C

verifying (5.3.32). Thus, if &* € HS(B;) is an eigenfunction corresponding to 7 foralli = 1,...,m
whose extension by zero to the whole of D is denoted by o}, € H3(D), vectors {¥g, D3, .. ., Vf"

are linearly independent and orthogonal in H3 (D) since they have disjoint supports. With reference
to (5.3.31) and (5.3.32), on the other hand, operator A+ ,—7.1B is non-positive on the m-dimensional
subspace of HZ(D) spanned by {&¢, 93, ..., 05"} for sufficiently large 7.; = 71 /£2. By virtue of

Theorem 10, there exist at least m transmission eigenvalues within interval [rg, 7-1], counting their
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multiplicity. By letting ¢ — 0 and m — oo, one concludes that the set of transmission eigenvalues
characterizing (5.3.3) is countable with infinity being the only possible point of accumulation.
The case when p > 1 > P, and D, # 0 almost everywhere in D can be treated by the same
argument due to the symmetry in p and p, of the formulation employed.
O

The above analysis allows one to establish implicit bounds on p, p, and C = C, in terms of the
first transmission eigenvalue (see Corollary 2.6 in [55] for detailed proof). To this end, denote by
B, the largest ball of radius 7 such that B,, C D, and by Bp the smallest ball of radius R such that
D C Bp. Further, let C be a constant elastic tensor satisfying (5.3.32), and let wtl’a“(r, C P, ps)
and wll’all(R,é, p, P.) denote respectively the first transmission eigenvalue of (5.3.3) for ball B,
with material parameters ¢, =¢C, p:=P and p, := p., and ball Br with material parameters

C.=C, p:=pand p,:=P,.

Corollary 1. Assume that C =C,, and let p and p, satisfy p =12 P,. Then the first transmission
eigenvalue w affiliated with (5.3.3) is such that

c A1 (D)

max (w}f“ll(R, é, p, P.), S

) < wi < Wf(r,C,P,p.). (5.3.33)

where c is defined in (5.2.1), ¢ satisfies (5.3.32), and A1 (D) is the first Dirichlet eigenvalue for —A
in D. For completeness, it is noted that the analogous bounds when p. > 1 > P can be obtained

from (5.3.33) by reversing the roles of p and p, due to symmetry of the problem.

5.3.2 Equal mass densities

This section deals with the case when D, vanishes (i.e. p= p,), while D¢ # 0 almost everywhere

in D following (5.2.5). With such premise, consider the pair (u,u.) € H' (D) x H'(D) satisfying

V.[C:Vu]+pw?u=0 inD,
V-[C.:Vu,] +pw’u, =0 inD,
u—u,=0 on 0D,

(5.3.34)

n-C:Vu—-—n-Cy:Vu, =0 ondD,
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and introduce the Sobolev spaces of symmetric second-order tensor fields

V(D) :={®cL*D): ®=9", V- & cL?D)},
Vo(D) :={®cV(D): n-®=0 on 0D},

(5.3.35)

and

W(D) = {®eV(D): ®=9", V-® cH'(D)}, (5336)
WO(D):{‘I)GVQ(D); V'QGH&(D)}, 3.

equipped with the inner product (%, lIl>W(D) = (®, \P>L2(D) +(V-®, V-\I'>H1(D).
To facilitate the ensuing developments, one may recall that any vector field ¢ € H'(D) and

second-order tensor field ® € V(D) satisfy the relationship
/(V-@)-cp v = / n-®-dS — /<I>:V<pdV, (5.3.37)
D oD D

and note that ® € Wy(D) verifies n - ® = 0 and V- ® = 0 on dD. In this setting, one
may take the gradient of the field equations in (5.3.34) and reformulate the problem in terms of
U:=C:VueW(D)and U,:=C.:Vu, eW(D)as

VV-U+p’CU=0 inD,
VV-U, +p’C;1 U, =0 inD,
V- U-U,)=0 on D,
n-U-U,)=0 on 0D.

(5.3.38)

Following the developments in Section 5.3.1, one finds that the featured solution difference V :=

U — U, satisfies V € Wy (D) and meets the fourth-order differential equation
(VV - +puw’Ch)De: (VV-+puw’C;h:)V = 0 inD, (5.3.39)

when D¢ # 0, p > 0 and w > 0. By virtue of (5.3.37), the variational formulation of (5.3.39) can
be posed as the task of finding V € Wy (D) such that

/ (VV-V+pw?C; V) i De: (VV-@ +pw?C ™ @) dV =0 V& € Wy(D). (5.3.40)
D

To aid the treatment of the featured variational problem, one may introduce the auxiliary sesquilinear
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forms on Wy(D) x Wy(D) as

Fo (@, 0) =(De:(VV- @ +prC":8), (VY- +prC 2 W), )

+¢2<pzc—1:q>,\1:>L2(D),

Fi(®,P) =—(Dc:(VV-@+p7C1: @) (VV- U +p7C 1 0) ), )
+7'2<p2C;1:<I>,‘II>L2(D),
G(®,¥) =(pV- &, V-T), .

(5.3.41)
where again the inner product between two nth-order tensors is understood in the sense of n-tuple

contraction. With such definitions, (5.3.40) can be restated as either
F(V,®) — 71G(V,®) =0 V® € Wy(D), (5.3.42)

or
FEV,®) — 7G(V,®) = 0 V® € Wy(D). (5.3.43)

By virtue of the symmetry of elastic tensors C and C.., F, and F can be conveniently rewritten as

Fr(®,%) = (CH:De: (VY-8 +p7®), (VV-¥ +p7¥) ), )
+((@¥ - €D VV -2, VV- ),

+72{p*(C =TV :C D @, W ,
< )20 (5.3.44)
Fi(®,®) =— (. De:(VV- @ +p78) ,(VV-¥ +p7¥) ),

(@ - ) De VY-, VYW,

— symy ., ~»—1, N
P (PCT - T De W)

to help expose the conditions for their ellipticity, where Z°Y™ is the symmetric fourth-order identity

tensor.

Remark 14. When D¢ # 0 and D, = 0 almost everywhere in D, condition c > 1 > C, implies the
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existence of real-valued constants o > 0, o, = 0 and ~v > 0 such that

(T -C):p = alpl?
@ (CP =T p > aule)? (5.3.45)

©:De:p = el

similarly, condition c, > 1 > C ensures that there are constants o' > 0, o, > 0 and v > 0
verifying

p: (I -C 1) = dpl

@ (CT =TI :p > g/ (5.3.46)

!/

—¢:De: @ > Aol

for all complex-valued second-order tensors .

Lemma 14. Assuming p = p. and restrictions on the contrast in elastic tensors given by (5.2.3)

and (5.2.5), either Fr or F* is a coercive sesquilinear form on Wy(D)x Wy (D).
Proof. Owing to the fact that the roles of C and C. are interchangeable, the ensuing analysis con-
siders the coercivity of F as an example.

Assume that ¢ > 1 > C,. On the basis of (5.2.1) and Remark 14, one accordingly has

Fr(®,®) > - {(1+aC) 2+ (1 + o) y* — 22y} (5.3.47)

N[

for all ® € Wy(D), where = = ||[VV-@||12py and y = 7||p®| 12(p). Depending on the sign of

o and a,,, one further has

>0,
Fr(®,®) > % {aCa® + awy® + (z —y)*}, when “ 0 (5.3.48)
ay, > U,

Y LY » 2 z\? a=0,
F(®,®) > C 1—— 2+ (1+ ax —04) y* + 0 y- 5 , when

Ox * ay > 0,
(5.3.49)
assuming 0, € (1, 14a), and
v 9 1\ , Y\ 2 a >0,
> L _ _Z _Z
F (P, ®) > C {(1+aC d)x +<1 5>y +5(:c 6) }, when o =0,

(5.3.50)
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where § € (1,1+aC). Moreover since V-® € H{ (D) the Poincaré inequality holds, i.e. there

exists a constant C'p > 0, dependent only on D, such that
[V-@[|r2(p) < CP|VV-®@| 2Dy (5.3.51)

On dropping the squared-difference terms in (5.3.48)—(5.3.50) and recalling (5.2.2) which guaran-

tees that p is bounded, one concludes that there is a constant C. > 0 such that
Fr(®,9) > C[|®lyp),

which concludes the proof.
O

With reference to (5.3.41), the Riesz representation theorem ensures the existence of bounded
linear operators F, F* G : Wy(D) — Wy (D) such that for all (&, ¥) € Wy(D) x Wy(D)

(F.®, \IJ)WO(D) =F(®,9); (Fi®, \I:>WO(D) =F;(®,¥); (GP, \I:>WO(D) =G(®,P),
(5.3.52)
which permits (5.3.42) and (5.3.43) to be rewritten respectively as
((F; —1G)V, @)WO(D) =0 V®ecWyD), (5.3.53)
and
((Fr - TG)v,<I>>WO(D) =0 V®ecWyD). (5.3.54)

2

Here it is again noted, analogous to the observation made in Section 5.3.1, that 7 =w? is a transmis-

sion eigenvalue associated (5.3.34) if either ker(F,— 7G) # {0} or ker(F:— 7G) # {0}.

Lemma 15. Assuming p = p., linear operator F, : Wy(D) — Wy(D) (resp. F:: Wy(D) —
Wo(D)) is positive definite, self-adjoint and depends continuously on 7 >0 when c>1>C, (resp.
¢« =21>C)and D¢ # 0 holds almost everywhere in D. Further, linear operator G : Wy(D) —
Wo(D) is self-adjoint, positive, and compact.

Proof. Linear operators IF-, > and G are self-adjoint since p, C and C, are real-valued functions;
the positivity of either IF'- or [F is a direct consequence of Lemma 14, while the positivity of G is

implied by the fact that p is positive according to (5.2.2).
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Next, let ®,, denote a bounded sequence in Wy (D) whose subsequence, ®,,, converges weakly
with respect to the Wy (D)-norm to ®, € Wy(D). Since ®,, € Wy(D), one has by (5.3.36) that
V.-&,c H! (D) which is compactly embedded in L?(D), whereby V- &, converges strongly to
V. &, in L?(D). Accordingly, one has

IG(®n— ®o)lwp(p) < PIIV (20— ®o)llz2(p)s (5.3.55)

which ensures the strong convergence of G®,, in the Wo(D)-norm sense to G®,, and thus the

compactness of G. U

Following the path established in Section 5.3.1, the ensuing theorem provides a lower bound for
possible transmission eigenvalues when p = p,. To this end consider the linear operator —VV -,
which is known to possess an increasing sequence of positive eigenvalues S\H(D) and associated

(second-order) eigentensors ®,, [3, 18] such that

-VV-®, = \,(D)®, in D,
V&, =0 on 0D.

(5.3.56)

Alternatively, (5.3.56) can be written in terms of the sequence of first-order tensors ¢,, := V- ®,

as
~Agp, = M(D)p, in D,
(D) (5.3.57)
e, =0 on 0D,

where (A, (D), ¢,,) are the solutions of the Laplace eigenvalue problem over D assuming Dirichlet
boundary conditions. Thus if A1 (D) denotes the first Dirichlet eigenvalue of the negative Laplace
operator, one has that A\ (D) = M (D).

Theorem 13. If either ¢ > 1 > C, or ¢, > 1 > C while D¢ # 0 and D, = 0 hold almost

everywhere in D, the set of transmission eigenvalues associated with (5.2.6) is discrete, with infinity

being the only possible accumulation point. Further, every feasible transmission eigenvalue w? is

such that
min(c, c,)

P

Proof. Under the premises of the theorem, either F or 7 is invertible owing to Lemma 15 and,

w2 > )\1(D)

since G is a compact operator, so is F, ~'G or F*~'G. The Fredholm alternative then ensures that

]I—TIFi_lG orl — 7" 1G is invertible except for, at most, a discrete set of values 7 € C that can
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only accumulate at infinity.
Next, assume that ¢, > 1 > C whereby —&:Dc:€ > 7.|&|? for some 7, >0 due to (5.3.46),
and let V € Wy(D) such that V € ker(F, — 7G). Then ((F,— 7G)V, V>W0(D) = 0 implies

—/ (VV-V—i—TpC_l: V) :De - (VV-V—!—T,OC_l: 17) dv
D

+/ (p(V-V)-(V-V) —?p*V:C7 1 V) dV = 0.
o (5.3.58)
Whenever the second integral is non-negative, one finds that VV -V + p7C™' : V = 0 in D.
However, since n-Y = 0 and V-V = 0 on 0D, one must also have YV = 0 in D due to Holmgren’s
uniqueness theorem. From an application of the Courant-Fischer min-max formulae [113], on the

other hand, one has

/ (V-V)-(V-V) dV / (V-V)-(V-V) dV
inf D > inf D

VeW(D) / VP av IR / V2 av
D D

>M(D)  (53.59)

and, owing to the bounds on C and p as in (5.2.1),
/ (P(V-V)(V-V) =1p?V:C7: V) dV = p|[V|2p) (M(D) —7Pc!),  (5.3.60)
D

whereby 7 < A1(D)c/P clearly cannot be a transmission eigenvalue.
Similarly if ¢ > 1 > C, (so that £ : D¢ : & > ~|&|? for some v > 0, see (5.3.45)) and
V € ker(Fz — 7G), then the inequality

/ (VV-V+7pC. V) :De: (VV-V+71pC 1Y) dV
D

+/ (tp(V-V)-(V-V) —?p*V:C;!: V) dV =0,
’ (5.3.61)

implies that YV = 0 in D, i.e. that 7 =w?

cannot be a transmission eigenvalue as long as

/D(p(V.V).(V.V) —mp*V:C V) dV = p|[V|[Typy (M(D) — 7P t) >0, (5.3.62)

i.e. when 7 < A1 (D)c,/P.
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O]

Theorem 14. If either ¢ > 1 > C, or ¢, > 1 > C while D¢ # 0 and D, = 0 hold almost

everywhere in D, there exists a countable set of transmission eigenvalues affiliated with (5.2.6).

Proof. The proof in this case follows the ideas developed in the context of Theorem 12. Suppose
that ¢ > 1 > C, and that D¢ # 0 holds almost everywhere in D, so that operators F; and G satisfy
the hypotheses of Theorem 10 with W' = Wy (D).

With reference to the proof of Lemma 14 and inequalities (5.3.48)—(5.3.50), there exists a con-
stant 3" > 0 such that for all V € Wy(D)

FV V) = BV Vi), (5.3.63)
which together with Poincaré inequality (5.3.51) ensures that
(Fr=1G)V, V), ) = (8" = TPCP) V- V72 (5.3.64)

From (5.3.64), one concludes that F,, — 7oG is positive on Wy (D) for 0 <79 < 3" /(PCp), which
meets Assumption 1 of Theorem 10.

Next, consider the interior transmission problem (5.3.34) for a ball B, C D of radius r with
constant mass densities p = p, = const. and homogeneous isotropic elastic tensors Cand C, given

by their eigenvalues

@l

=C, C, = C,,
(5.3.65)

(@)X

=, Cy = Cy.

From the analytical solution in Section 5.2.2, it is known that there exists an infinite set of trans-
mission eigenvalues for this problem. To help establish the claim of the theorem, let 7 be one
such eigenvalue and let Ve Wo(By) be the corresponding eigenfunction. Accordingly, V sat-
isfies (5.3.53) with 7 = 7, D superseded by B,, and with the featured operators taken as those
corresponding to assumed (constant) material parameters. Accordingly by taking ® = V, recalling

that ;! > C~!, and integrating (5.3.53) by parts, one finds that

CHC P VI < — (14 C =) [VV-VLa g + (" +C1) A7V V25,
(5.3.66)
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If VoW, (D) is the extension of V by zero to the whole D, then

1+ct-Ct -
C;l—c—1> VY -VIi2,) - <

c it o
+ (s ) PPV,

CGl—ct

Col+ct

<(IF% - 7A—G)vO:VO>W0(D) < < ﬁ

) oIV Va0,

(5.3.67)
where F: and G are given by (5.3.52) assuming 7 =7 and the original set of material parameters in

terms of distributions (C, p) and (C., p.) over D. A substitution of (5.3.66) into (5.3.67) yields

P i S W Sl £ B S Vi 3t
<(F%—TG)V07V0>WO(D)<{< 1 1 >_C—1c:1< Clct )ﬁQ}vanv”LQ(B’”)

c eyt [t P? Col4ct 21
S (S 2 (D) ot

(5.3.68)
Recalling further that C;' > ¢! and choosing the constant mass density / > 0 such that
c eyt [t P?
H > * * —, 5.3.69
o (C*l +c1> P ( :

one finds from (5.3.68) that for sufficiently large 7 = 71, operator F,, — 7 G is non-positive on
the subspace of Wy (D) spanned by Vo — a result which meets Assumption 2 of Theorem 10. As
a result, one finds from the latter theorem that there is at least one transmission eigenvalue of B,
within interval [, 71], where 79 < 3”/(PCp). The reminder of the proof mimics that in Theorem
12 and is omitted for brevity.

O

Note again that the above analysis allows one to establish implicit estimates on the extreme
eigenvalues of C and C, in terms of the first transmission eigenvalue, wy, of (5.3.34) in a way

analogous to that in Corollary 1.

5.4 Configurations without material similitude

For a comprehensive treatment of the subject, this section assumes that the mass density and elas-
ticity contrasts between the two solids, A p:=px+—p and Ac:= C,— C, are both non-zero almost
everywhere in D. The difficulty in the treatment of such class of configurations stems from the

imposed “dual” boundary condition in (5.2.6). In particular, if one attempts to apply the methods
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of analysis established in Section 5.3, the fact that A, # 0 and A¢ # 0 simultaneously makes it
impossible to deploy the featured functional spaces which postulate homogeneous boundary con-
ditions over 0D. To deal with the impediment, the ensuing analysis pursues an alternate route by
generalizing upon the developments in [23] and [59].

To help establish the necessary framework, one may recast the interior transmission prob-

lem (5.2.6) in a variational setting as either of

/ (Vu:C:V@—pw2u~cfo) dv =0

b Vo € HY(D), (5.4.1)
/ (Vu.:C:Vip — pw?u, @) dV = 0
D

and

/ (Vu:C:Vep — pw’u-@) dV :/ (Vue:Co: Vo — pow’us-@) dV Ve € HY(D),
¥ Y (5.4.2)
where H} (D) denotes the Hilbert space of all ¢ € H'(D) such that ¢ =0 on dD. As a result, if
v 1= u — u, then clearly v € H}(D) and from (5.4.2) it follows that

/D (Vu:Ac: Vi — Aw’u-p) dV = /D (Vv:C:Vp — pw?v-@)dV Ve e HY(D),
(5.4.3)

or alternatively

/ (Vu,:Ac: Ve — Awiu,-@) dV = / (Vv:C: Vo — pw?v-@)dV Ve e HY(D).
D D
(5.4.4)

5.4.1 Elasticity and mass density contrasts of opposite sign

To examine the issues of discreteness and existence of the transmission eigenvalues characteriz-

ing (5.2.6) that have, for this class of material configurations, eluded earlier studies [23], set 7 = w?

and let M, and M be the bilinear forms on H'(D) x H'(D) defined by

MT(Soa'lp) = <AC:V‘P:V¢>L2(D) - T<Ap90a'¢'>L2(D)7
M) = (Ac:Ve, V) o) — T8 ) 12 -

(5.4.5)
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Next, for given v € Hj (D), let N, and N, be the linear forms on H'(D) such that

Nr,v('lp) = <C*ZV’U,V¢>L2(D) - T<p*v,¢>Lz(D),
N () <C:VU,V¢>L2(D) — 7'<p'v,1/J>L2(D),

(5.4.6)

for all (p,) € HY(D) x H'(D). With such definitions, variational problems (5.4.3) and (5.4.4)
consist respectively in finding uw € H'(D) such that

M (u,0) = Nyo(p) Ve € HY(D), (5.4.7)
and solving for u, € H'(D) that satisfies
M (u., ) = Ni(p) Ve € HY(D). (5.4.8)

Lemma 16. For every v e H} (D) and T € C such that R(7) > —6 for some § >0, there exists unique
u € H'(D) satisfying (5.4.3) (resp. u,€ H'(D) satisfying (5.4.4)) when P, < p and c, > C (resp.
p« > P and C, < c). Further, the linear operator M., : H}(D) — H'(D) constructed such that
M, v = w is solution of (5.4.3) (resp. M:: H} (D) — H*(D) constructed such that M}v = w, is
solution of (5.4.4)) is bounded and depends analytically on T € {z € C: R(z) > —4d}.

Proof. The proof is essentially the same in the two cases, and is shown here assuming P, < p and

c«>C. Assuming v € H}(D) and setting ¢ in (5.4.7) to be a constant vector, one finds that

/Ap'wg_adV :/,o*'v-cfodV.
D D

As a result, the solution u € H'(D) of (5.4.7) when 7 =0 is unique up to a constant vector which
can be chosen such that the above equality holds for three linearly independent constant vectors ¢.
In light of this result, the solution for 7 € C can be conveniently sought as u = @ + k, where k is

a constant vector and @ € H' (D) belongs to the space of “zero-weighted-mean” functions

HY(D) := {v,beHl(D): /DAdedV—O},
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equipped with the usual H'(D) norm. On selecting k independent of T as

/ prv dV
k D

- /DApdV’

one finds from (5.4.5)-(5.4.7) that u satisfies the same equation as u. By the standard arguments for

W € H'(D), it also follows that HVwH%Q(D) is an equivalent norm in H'(D) since

7
m”d’”%{l(m < IV9ll72(p) < 1917 () (5.4.9)
where p > 0 is the unique minimizer

VY,
w= inf TR R
YeH1 (D) ||¢||L2(D)

When c, > C and P, < p, it follows from (5.4.5a) and (5.4.9) that for sufficiently small § > 0

one has

R (M (0.9) > (o OlIV@l2am) — 6 (P—pllellaipy > Clleldnpy  (5:4.10)

for all o € H'(D) and some positive constant C”’ independent of 7 € {z € C: R(z) > —d},
whereby M is coercive in H! (D). Since M and Nm: are also continuous, application of the Lax-
Milgram theorem ensures the existence of a unique u that solves (5.4.7) and depends continuously
onwv. Furthermore u = w+k also satisfies (5.4.7) by the definition of k. As aresult, one concludes
that bounded linear operator M-, which maps v to a unique solution u of (5.4.7), is well defined

and depends analytically on 7 € {z € C: R(z) > —4d}. O

On recalling (5.4.1) and making reference to the relationships u = Mv and u, = M v where

v€ H}(D), one can define the respective linear forms on Hi (D) as

Lr(p) = <C:Vu,V<p>L2(D) —T<pu,<p>L2(D), (5.4.11)

and
Ei(‘f’) = <C* :Vu,, V<P>L2(D) - T<P*U*7 (’0>L2(D)’ (5.4.12)
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such that, in light of Lemma 16 and the Riesz representation theorem, there exists a bounded
linear operator L, (resp. LL*) from H}(D) into HZ(D) such that for all ¢ € H}(D) one has
<LTU7‘P>H3(D) = L(¢p) (resp. (Liv, ‘P>H3(D) = L¥(¢)). Thus if P, < p and ¢, > C (resp.
p.>Pand C, <c) and 7 =w?
pair (u,u,) € H' (D) x H(D), then v = u — u, € H{(D) verifies v # 0 and v € ker(L,)
(resp. v € ker(LLX)). Conversely, if v € ker(L;)\{0} (resp. v € ker(L¥)\{0}), then u = M, v
and u, = u — v solve (5.4.1a) and (5.4.2) as a consequence of (5.4.3) (resp. u, = MIv and

u = v + M v satisfy (5.4.1b) and (5.4.2) owing to (5.4.4)). Thus, (u, u.) defines a set of transmis-

is a transmission eigenvalue of (5.2.6) associated with eigenfunction

sion eigenfunctions in H'(D) x H'(D) in each case. Note that, owing to Lemma 16, L, (resp.

[L¥) depends analyticallyon 7 € {z € C : ®(2) > —0}

Lemma 17. Linear operator Lo : H}(D) — HZ (D) (resp. 1L}) is coercive if P, <p and c, > C
(resp. px>P and C, <c).

Proof. Again, the proof is shown only for the case where P, < p and c, > C. With reference
to (5.4.11), one finds by setting 7=0 that

<]L0v,v>Hé(D):/DVu:C:VU dv, (5.4.13)

where v € H}(D) and u = Myv also satisfies (5.4.3) due to Lemma 16. On substituting v =
v + u4 in (5.4.3) and (5.4.13), one further has

<L0v,v>Hé(D):/]j)(Vv:C:Vf;+Vu*:AC:Vﬂ*) dv (5.4.14)

and, due to the bounds in (5.2.1) on elastic tensors,
(Lov,0) 1y = <l VoI + (€= O Va2 ). (5.4.15)

Finally, since v € Hg (D) one finally concludes from the Poincaré inequality that there exists a
constant C' >0 such that
(Lov,v) i1 1y = Clloli ) (5.4.16)

whereby L is coercive on H} (D).
O

Lemma 18. Linear operator L, (resp. L%) from HZ(D) into H}(D) is self-adjoint and has the
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property that L., — Lo (resp. Iz — ILg) is compact on H&(D), if Po<p and c,>C (resp. p.>P
and C.<c).

Proof. Suppose that P, < p and c. > C, and let (v,v’) € H(D)x HZ(D). Due to Lemma 16,
u = M, v and v’ = M, v’ each satisfy (5.4.3). With reference to (5.4.11), one has

<LTU7UI>H3(D) = /D (Vu :C: VY — ,oTu-'TJ’) dv
<,

which by applying (5.4.3) twice, yields

Vu:Ac: VY — Aru-v') dV (5.4.17)

~

(
(Vu :Cy: VY — p*T’LL"l_)/) dv,

)

<]L7—’U,’U/>H6(D) = —/ (Vv :C,: Vv — p*T’l)"l_)/) dVv

D (5.4.18)

—i—/ (Vu' :Ac:Vu— ApTu’-ﬁ) dv.
D

As a result, <]LT’U, 'v’>H1(D)
0

To establish the compactness of L, — Lo, consider a bounded sequence v,, in H}(D) for

= <I[,Tv’, ’U>H01(D) i.e. L, is self-adjoint.

which there exists a subsequence ,, that weakly converges with respect to the Hg(D)-norm to
v € HY(D). Since H}(D) is compactly embedded in L?(D), ®,, converges strongly to v with
respect to the L2(D)—norm and, due to Lemma 16, sequences w,, := M ,v,, and 112 = Myv,
converge strongly in L?(D) to u and u?, respectively. On the basis of (5.4.11), the Cauchy-Schwarz

inequality, and the bounds on C and p as in (5.2.1), on the other hand, one has

H(Le~Lo)(Bn—0) 30y < C LIV (= w20y + V@0~ w®) 12} + Prl—ull 2

(5.4.19)

which guarantees that (L, — L), converges strongly to (IL, — Lg)v with respect to the H}(D)-
norm, i.e. that ., — Ly is compact.

O

Theorem 15. If either P, <p and c. > C or p.>P and C, <c, the set of transmission eigenvalues

associated with (5.2.6) is discrete, with infinity being the only possible accumulation point. Further,
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2

every feasible transmission eigenvalue w* is such that

min(c, c,)

2 > (D) —22
© i )maX(P,P*)

Proof. The discreteness of the set of transmission eigenvalues is a direct consequence of Lemmas
16, 17 and 18. Indeed, under the hypothesis that P, < p and c, > C (resp. p.>P and C, <c), one
has that Ly (resp. Lg) is invertible and that L., — L (resp. L.; — ILj) is compact, while L, (resp.
L) depends analytically on 7 in a neighborhood of the real axis. On employing the decomposition
L;=Lo+ (Lr—Lo) (resp. Ly =L+ (L:—1Lg)), it follows from the analytic Fredholm theory [78]
that compact operator T+Ly (L, —Lo) (resp. I+1L3(L:—1L3)) is invertible except for a discrete
set of values 7 € C that can only accumulate at infinity.

To establish the remainder of the claim, assume first P, < p and ¢, > C, and let v € HS (D)
such that v € ker(LL;). On recalling that v = M,v and u, = u — v, one finds from (5.4.1a)
and (5.4.3) that

/ (Vu,:Ac:Vu, — ATuy-u,) dV + / (Vv:C:Vo—prv-v)dV = 0. (54.20)
D D

But

[ (VuiteiVa — M) 4V > (6= O Vulap + (0= Prlulfa, > 0
54.21)

and since v € Hj (D) one has
/D (Vv:C:Vo—prov-v) dV > HUH%Q(D) (M(D)c—1P), (5.4.22)

due to (5.2.1) and Courant-Fischer min-max formulae. As a result, one finds from (5.4.20)—(5.4.22)
assuming 7 < A1 (D)c/P that ||[v]z2(py = [|u«lr2(py = 0 and consequently that u = u. = 0,
whereby such 7 cannot be a transmission eigenvalue.

Next, assume p, > P and C, <c, and let v € H}(D) such that v € ker(LL}). By invoking the
relationships u, = MZv and u = u. + v together with (5.4.1b) and (5.4.4), one finds that

—/ (Vu:Ac:Vu - Ayru-u) dV + / (Vv:Cy: VU — porv-v) dV =0, (5.4.23)
D D
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which leads to the conclusion that [|v|[z2(py = [|u||2(p) = 0 whenever 7 < A1(D)c./P.. O

The last step of the analysis is to demonstrate the existence of a countable set of (real-valued)
transmission eigenvalues associated with (5.2.6) assuming that A, and Ac¢ are both non-zero al-
most everywhere in D. In what follows, this is accomplished by employing the methodology pro-
posed in [59] for scalar problems and making an additional restriction that the medium represented

by (C, p) is homogeneous and isotropic, i.e. that

C=lc-OIaT+ CI™ i ~1,0
o=p and { (c—Q)Iel+ or ve(=1,0} (5.4.24)

(C—)IRI + cI¥™ for ve0,1),

Q
I
Wl Wl

where ® signifies the (outer) tensor product, I and Z*'™ are the symmetric second- and fourth-order
identity tensors respectively. In this setting one may first invoke the result of Lemma 17 and note,
assuming P,<p and c,>C, that the kernel of L. coincides with that of T+ (ILg)~*/2C, (L)~ /2,
C,:= (L, — Ly) owing to the fact that operator Lo : Hi(D) — Hg (D) is positive definite (recall
that C; is compact by virtue of Lemma 18). As a result, the multiplicity of any given transmission
eigenvalue is finite for 7 is a transmission eigenvalue of (5.2.6) if and only if 1 is an eigenvalue

of the compact self-adjoint operator — (L) ~'/2C, (Ig) /2

. Here it is noted that operator T, :=
(Lo)~Y2C,(ILg)~'/2, being compact and self-adjoint, is characterized by an infinite sequence of
eigenvalues 1 (7) accumulating at +o00. Owing to the Courant-Fischer min-max principle, one can
further deduce that p;(7) are continuous in 7. For completeness, it is worth mentioning that the
analogous result can be established for L in situations when p,>P and C,<c.

Making use of the above discussion, the proof of the existence of transmission eigenvalues is
based on the following theorem established in [159], which plays a similar role as Theorem 10 in

Section 5.3.

Theorem 16. Assume that P, <p and c,>C (resp. p.>P and C,<c), and let T — 1L, (resp.
7 — %) be a continuous mapping from [0, +00) to the set of linear self-adjoint operators Hg (D)
— H&(D) with property that L (resp. 1L{)) is coercive and L — L (resp. L — LLjj) is compact.

Provided that there are two nonnegative constants 7o > 0 and 11 > 19 such that
1. Ly, (resp. L) is positive on Hj (D),
2. Ly, (resp. 1L}, ) is non-positive on an m-dimensional subspace of H}(D),

operator L (resp. L) possesses m transmission eigenvalues (counting multiplicity) within interval

[10, 1), i.e. m values of T for which ker(L;) # {0} (resp. ker(LX) # {0}).
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With the above result in place, the next theorem establishes the existence of an infinite set of

transmission eigenvalues.

Theorem 17. Assume that the medium represented by (C,p) is homogeneous and isotropic as
in (5.4.24), and let either P, < p and c, > C, or p, > p and C, < c. Then there exists an in-
finite sequence of transmission eigenvalues T; = wjz associated with (5.2.6) with +oc as their only

accumulation point.

Proof. The proof is essentially the same in the two cases, and is shown here for P, < p and c, > C.
Without loss of generality, it is also assumed that the Poisson’s ratio v affiliated with the homoge-
neous background solid, see (5.4.24), is non-negative. First recall that, by virtue of Lemma 17, the
first assumption of Theorem 16 is satisfied for 79 = 0. From Theorem 15, self-adjoint operator L,
(see Lemma 18) is thus positive on H&(D) for all sufficiently small 79 > 0. Next, from (5.4.17)

and the fact that « = v + u. one finds

<LT'U,'U>H6(D):/D(VU:C:V'DpTu-'D) dv 5405
:/ (Vu,:C:Vo—pru,-v+Vv:C:Vo—prv-ov) dV
D

which, combined with (5.4.4) when ¢ = w., yields
_ . . - 2 . . ~ 2
<LTU,'U>H&(D) = /D (Vu, : Ac: Vi, — T Ap|u,|> + Vo : C: Vo — prlv[’) dV (5.4.26)

due to major symmetry of the elastic tensor. To facilitate the application of (5.4.26), let B, C D be
an arbitrary ball of radius r included in D, and let 7 be a transmission eigenvalue corresponding to
ball B,, see Section 5.2.2, affiliated with two sets of constant material properties (C, p) := (C, p)
and (C, px) = (c,IY™, P,), where C and p are given by (5.4.24). Recalling an earlier assumption
that v > 0, such configuration in particular implies that

Ap =C.—C= _[(c.=C) = (c.—) | IR + (c,—c)IT™ (5.4.27)

1
3
which is, in of itself, an isotropic elastic tensor whose maximum and minimum eigenvalue are given
respectively by c,—c>0 and c, —C > 0 (compare with the expression for C in (5.4.24) for negative
Poisson’s ratio). Hereon, the nontrivial solutions corresponding to 7 are denoted by & and u., and

their difference by © = @ — 4. which is clearly in Hg(B,). If L, is the corresponding operator
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constructed from © and u by the same procedure as in Lemma 16, one has

_ / (Vite : Ap: Vit — 7 Ajlit2 + Vi : C: Vo — p#[o[?) aV.

i (5.4.28)
Next, letting © € H} (D) be the extension by zero of © € H} (B,) to the whole of D, and taking the
corresponding unique solution of (5.4.3) as « := M:v and uw. := u — v, sequential application

of (5.4.4) to pairs (., ?) and (@, V) yields

/(va*:Aczvcp—%Apa*-cp) dv = /(V@:c:vcp—p%f;-cp) dv
D D

= / (Vo:C:Vp—pio-ip) dV = / (Vi : Ap: Vi — 7 Ajt-@) AV (5.4.29)

T T

for all ¢ € H(D). Since A is positive definite, see (5.4.27) while A; < 0, the last integral
in (5.4.29) is positive for ¢ = u.. With the latter restriction on the trial function, one accordingly

finds from (5.4.27) and (5.4.29) via the Cauchy-Schwarz inequality that

/ (Vi : Ac: Ve, — 7 A, i ]?) dV = / (Vi : Ag: Vi, — 7 Apits-its) dV (5.4.30)
D B

1/2
dV]

I
"I

1/2

< [/ (V’fl,* WAV Vi, — AWLT 2 (V’&* AP Vi, — 72A,3|’1~L*|2) dV}

T

%)
) 1/2
< U (Vi : Ag: Vi, — 7 Aj|a]?) dV] Vi, : Ac: Vi, — 7 A, |4, ) dV}

since £: Ap:€ = £:(C.—C):E<E:(C.—C):E=¢:Ac:€ and —Ap; = p—P. < p—p. = A,

As a result, one has

w,|?) dV.

/D(va*:Aczva*—mp\a*P) v < / (Vi : Ag: Vit — 7,

r

A substitution of this result into (5.4.26) with 7 = 7 and v = v, followed by the use of (5.4.28),
yields

(Ls9,0) ) = /D(Vﬁ*:Ac:Vﬁ*—%Aplﬁ*“Vﬁ:C:fo—/ﬁlff\z) dv

< / (Vi : Ap: Vi, — 7 Ayl ]? + Vo : C: Vo — p7[9]*) dV = 0.
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By making reference to Theorem 16, one concludes that there exists at least one transmission
eigenvalue within interval (0, 7]. Finally, by arguing in exactly the same way as in the last part of
the proof of Theorem 12, it is possible to demonstrate that in fact there exists a countable set of

transmission eigenvalues affiliated with (5.2.6). [

Remark 15. As a consequence of the proof of Theorem, 17 one obtains an upper bound for the
first transmission eigenvalue wi. More specifically, consider B, C D as the largest ball contained
inD. If P, <p and c, > C, then the first eigenvalue associated with (5.2.6) is not larger than
the first transmission eigenvalue corresponding to B, endowed with a pair of constant material
properties (C,p) := (C,p) and (Cx, ps) = (I, P.,), where C and p are given by (5.4.24).
Conversely if p. > p and C, < c, then the first eigenvalue affiliated with (5.2.6) is not larger

than the first transmission eigenvalue corresponding to B, endowed with (C,p) := (C,p) and

A~

(C*,,ﬁ*) = (C*Isyma P*)'

5.4.2 Elasticity and mass density contrasts of the same sign

The methodology proposed in [111, 48], together with its extensions to the elasticity case [63, 23],
allow one to deal with situations where (5.2.6) involves contrasts in material parameters that are of
the same sign, namely when either p, > P and c, > C, or p > P, and ¢ > C,. To facilitate the

discussion, one may introduce the space of first-order tensors

H(D) = {(p. .)€ H(D)x H'(D): V-[C: V] € LA(D), V-[C.: V.| € LA(D)},
(5.4.31)
together with the pair of (linear) differential-trace operators P, Q : J# (D) — L?*(D) x L?(D) x
H?2(0D) x H™2(dD) defined by

P(p, p.):= (V- [C: V| —pp,V-[C.: Vp,] = puip,, (¢ — ¢, )jopn- (C: Vo = C: V) jap)

Qp, p.) = (pp,p«4,0,0).
(5.4.32)

for all (¢, p,) € (D). On the basis of (5.4.31) and (5.4.32), the interior transmission problem
(5.2.6) can be recast as a task of finding (u, u.) € (D) such that

Plu,us) + (147)Q(u,us) = 0. (5.4.33)
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Next, it is useful to define the auxiliary spaces of symmetric second-order tensors

# (D) = {® c[*(D): ®=®", V-&c L*D), Vx[C':®] =0},

(5.4.34)
#.(D) := {®,c [*(D): &, =8 V-®,c [*(D), Vx [C;':®,] =0},

and introduce a bounded bilinear form, R, on ¢ (D) := # (D) x H'(D) so that

R((®,¢.), (¥,9.)):=(p"' V-, V-¥) , |, +(C"1:®,¥) , ) +(C.: Ve, V) o

+<P*<P*7 1/)*>L2(D) _<(P*7 \I"n>L2(8D) _<@n7 ¢*>L2(8D)’
(5.4.35)

for all (®, ¢, ) and (¥, p,) in # (D), together with its companion on %, (D) := H'(D)x #,(D),
given by
R* ((907 {)*), (Ilpa lIl*)) :<p;1V¢’*7 V\IJ*>L2(D)+<C;1 : (I’*v \Il*>L2(D) +<c : V(P, V¢>L2(D)

(%) 12y = (0 e ) 12 py — (BT ¥) 125
(5.4.36)

for all (¢, @) and (¢, ¥.,.) in J#, (D). With reference to (5.4.35) and (5.4.36), the Riesz represen-

tation theorem guarantees the existence of a linear operator R : .# (D) — £ (D) such that

<R(¢)> (P*)a (‘I’a w*)>%(D) = R(((I.v 90*)> (lIla d’*))? (5.4.37)

for all (®, ¢, ) and (¥,),) in £ (D), and linear operator R, : J#, (D) — (D) satistying

(Rulp, @), (4. 9)) . ) = Rul(p ), (3, 2), (5438)

for all (¢, @) and (¢, ¥..) in K, (D).
With the above notation in place, one is in position to state the key results from [23] that are

essential for the treatment of the problem at hand.
Lemma 19. Operator P is bijective if and only if operators R and R, are bijective.

Lemma 20. Operator R : % (D) — (D) (resp. Ry : H (D) — H# (D)) is self-adjoint and
positive definite if P < p, and C < ¢, (resp. P, < p and C, < c). Further, linear operator
Q: #(D)— L*(D) x L*(D) x H%((?D) X H_%(ﬁD) is self-adjoint, positive and compact.

To establish a lower bound for the transmission eigenvalues of (5.2.6) under the featured restric-
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tion on material contrasts, one may introduce the Sobolev space of weighted zero-mean functions

as

HY(D) := {Lp c H'(D): /D A, pdV = 0} . (5.4.39)
For further reference, it is also recalled that that the negative Laplace operator, —A, admits an in-
creasing sequence of positive Neumann eigenvalues ., (D) and associated (first-order) eigentensors
1,, [113] satisfying

— Ay, = pn(D)p,  in D,

Vi, n=0 on 0D.

(5.4.40)

Due to the fact that the first eigenvalue in (5.4.40) is p; = 0, w2 denotes the smallest non-zero

Neumann eigenvalue of the negative Laplace operator.

Theorem 18. If either P < p, and C < c, or P, < p and C, < ¢, the set of transmission eigen-

values associated with (5.2.6) is discrete, with infinity being the only possible accumulation point.

2

Moreover, every feasible transmission eigenvalue w* is such that

w?>min| A (D) min(c, c*)< L 1 )aM ( )max(c, ) — min(C,C*)]

min(P, P,) B max(p, px) max (P, P.) — min(p, px)
(5.4.41)

Proof. The first part of the theorem is a direct consequence of Lemmas 19 and 20. Under the
hypothesis that either R or R, is positive definite (which is ensured by the featured restriction on
material contrasts), the use of the Lax-Milgram theorem demonstrates that P is invertible [23]. In
light of the “operator” formulation (5.4.33) of the interior transmission problem (5.2.6), on the other
hand, the Fredholm alternative applied to compact operator I+ (1+7)P~1Q (where I is the relevant
identity operator) affirms the claim regarding the nature of the set of transmission eigenvalues.

To establish the lower bound (5.4.41) on the transmission eigenvalues, assume first that P, <p
and C, <c. The combination of (5.4.1b) and (5.4.4) then yields

/ (Vu:Ac:Vu - Ayru-u) dV = / (Vv:Ci: Vv — pyrv-0) dV, (5.4.42)
D D

see also (5.4.23). If u is next decomposed as u = u + ¢ where u € ﬁl(D) and c is a complex-
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valued vector constant, then taking ¢ = 1 in (5.4.3) shows that
c =2 (5.4.43)

which reduces (5.4.42) to

/D(Vﬁ:AC:Vﬁ—ApT'&-’a) dV = /D(V'v:C*:V'D—p*T’v-'D) dv + T|C|2/ A, dV.

D
(5.4.44)
Here the application of relationship u = u 4 ¢ and Courant-Fischer min-max formulae [113] yield
/ (Va|? dV / |Vul> dV
inf <L >  inf <2 > us(D), (5.4.45)

ueH! (D) / |2 dV Pt / u|? dV
D ? D
while (5.2.1) requires that supp A, = P,—p <0 and suppsupg&: Ac:€ = (C,—c)[€]* <O for

all complex-valued vectors &. As a result, the left-hand side of (5.4.44) can be shown to be bounded

from above as
/D (V'&:Ac:Vﬁ — Apm]-ﬁ) dV < ((C*— c)pza(D) — T(ps— P)) ||’&H%2(D). (5.4.46)

On recalling that v € H& (D), a similar treatment of the right-hand side yields

_ _ pP.
/D(Vv:C*:Vv—p*Tv-v) v + T|c|2/[)Apdv > (c*)\l(D) ok _p> .
(5.4.47)
Thus, if 7 = w? satisfies
e 11
T < MQ(D); _E* and 7 < . \(D) (P* - p), (5.4.48)

inequalities (5.4.46) and (5.4.47) together with (5.4.44) require that w = v = 0 and consequently
u=1u, =0, whereby such 7 cannot be a transmission eigenvalue.

Alternatively when P < p, and C < c,, the use of (5.4.1a) and (5.4.3) demonstrates that

—/D(Vu*:Ac:Vﬁ* — ApTusuy) dV = /D(V'U:C:VTJ —pTv-0) dV, (5.4.49)
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see also (5.4.20). In this setting u. can be decomposed in u, = U. + c,, where u.€ fIl(D) and

¢, is a complex-valued vector constant. Then (5.4.4) provides the value of the constant as

/pv dv

c, = L (5.4.50)
/ApdV
D

which permits (5.4.49) to be rewritten as

—/ (Vits: Ac: Vi, — ATt tty) dV = / (Vv:C:Vo —prv-v) dV — T\C*P/ A, dV.

P P M5.451)
Since in this case infp A, = p.—P >0 and infpinfe&: Ac: €& = (c.—CQ)€]? > 0 for
all complex-valued vectors &, one can show that the left and the right-hand side of (5.4.51) are

bounded respectively as
- /D (Vite: A Vit — Arit-it) AV < (—aa(D) (e )47 (Pup)) [l 3 ), (5:4.52)

and

/ (Vv:C:Vv—prv-0) dV—T\c*|2/ A, dV > (c)\l(D) _Tpp*PP> ”UH%Q(D)-
D D *
(5.4.53)

As a result, when 7 is such that

ce — C
P.—p

1 1
and T < cAi(D) (P - p) ) (5.4.54)

T < p2(D)

substitution of (5.4.52) and (5.4.53) into (5.4.51) guarantees that u, = v = 0 and consequently
u, = u = 0, whereby such 7 cannot be a transmission eigenvalue. Finally, the combination of
conditions (5.4.48) and (5.4.54) recovers (5.4.41) and thus completes the proof. O]

To establish the existence of the transmission eigenvalues in situations where the elasticity and
mass density contrasts of the same sign, it is possible to adapt the methodology developed in Sec-
tion 5.4.1. To this end, it is again assumed that the background medium is homogeneous and
isotropic, whereby C and p are given by (5.4.24). For brevity, the ensuing discussion assumes
that P < p, and C < c,, noting that the case when P,< p and C,< c can be handled in exactly the

same way. To avoid repetition, the focus is made on the differences between the current treatment
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and that in Section 5.4.1.
The main difficulty in dealing with the problem at hand resides in solving (5.4.3), i.e. finding
w€ H'(D) such that
M (u,9) = Nyalp) Ve € H(D),

for given v € H}(D), due to general lack of coercivity of the bilinear form M. (¢, 1) given
by (5.4.5). To deal with the impediment, let B, C D be a ball of radius r contained in D, and let 7
be the first transmission eigenvalue corresponding to B, endowed with two sets of constant material
properties (C, p):= (3C,p) and (Cy ) = (¢, T™ P,), where C and p are given by (5.4.24). In
this setting, it is further required that

(P, —p) < ;(c* —Q), (5.4.55)

where p is the unique minimizer defined via (5.4.9). With reference to the analytical framework

developed in Lemma 16, for ¢ € H*(D) and 7 € {z € C: R(2) < 7} one now has

R M (p,90) = §R(<AC2V<P,V<P>L2(D) - T<A09079">L2(D)>

> (a— OlIVelZap — 7 (Pa— )@l p)
72
> (- OVl - o (P PIVelizin
T 2 (C*_C) M 2
> —C) — = (Ps— > 1
> [(c* Q) M(P* p) ||V‘P||L2(D) = 9 M+1||‘P”H1(D)’

which ensures the coercivity of M, in H L(D) under the featured set of of restrictions. Following
the proof of Lemma 16, one can consequently construct a linear operator M., : H} (D) — H'(D)
such that Ml,v = u. This construction leads to the definition of operator L, : Hi (D) — H}(D)

as

<LTU’90>H3(D) = /D(VU:C : Ve —pru-@) dV,

where © = M;v. By mimicking the proofs of Lemma 17 and Lemma 18, one can next show that
Ly is coercive, that LL- is self-adjoint, and that IL.—ILg is compact. On recalling the first transmission
eigenvalue 7 for ball B, C D described earlier and denoting the corresponding nonzero solutions
as @ and 4" so that © = @ — 4" € H} (B,), it follows that (5.4.28) also holds for LL; in the present
case. Further, if € H{ (D) is the extension by zero of & € H} (B, ) to the whole of D, one finds by

taking @ := M;v and w, := u — v, and performing similar calculations as in (5.4.29) and (5.4.30)
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that
/ (Vi : Ac: Vi, — 7 A |6, f?) dV < / (Vi : Ac: Va,) dV
D D

:/D(V'B:C:V’a*)dV: / (Vo :C:Vau,) dV = / (Vi : Ag: Va,) dV

_1/2 -

T

N

r 1/2
/ (Vi : Ag: Va,) dV / (Va, : 285: Vi, — Vi, : Ag: Va,) dV]
o B :1/2 o 1/2
< / (Vi : Ag: Va,) dV / (Vi : Ac: Vi, — (¢, — O)|Va,[?) dV]
L/ Br D

:1/2 - ~ 1/2
/ (Vi : Ac: Vi, — 7 A, |a.]?) dv} ,
LJ D

< / (V'&* D Ag: Vﬁ*) dv
due to (5.4.55) and relationships € :2A5:€ = £:2(C..—C): € < £:(C.—C):€ = £: Ac:€ and
Pi—p=ps—p=2A, Asaresult,

/D(Vﬂ*:Ac:Vﬂ*—%Apm*P) dv < / (Vi : Ag: Vi) dV.

r

On substituting this result into (5.4.26) when 7 = 7 and v = 9, it follows by virtue of (5.4.28) that

(Ls0,0) ) = /D (Vi : Ac: Vi, — 7 Ay|af’ + Vo : C: Vo - p7[o]?) dV

< / (V'&* WAV Vi, +Vo:C:Vo— p?|f)\2) dv,
which implies, via Theorem 16, that there exists at least one transmission eigenvalue within interval
(0,7]. The above analysis proves the following result abut the existence of transmission eigenvalues

for the case where the elasticity and mass density contrasts are of the same sign.

Theorem 19. Assume that the medium represented by (C,p) is homogeneous and isotropic as
in (5.4.24). If either

1. p<ps« and C<c, such that

(P.—p) < 2-(c.=C)

where T is the first transmission eigenvalue corresponding to ball B, C D endowed with

constant material properties (C, p) := (3¢, p) and (Cy, p) = (c. 2™, P,), or
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2. Py<pand C.<c such that

(P—p:) < 2=(c=CJ)

where T the first transmission eigenvalue corresponding to B, C D endowed with constant

material properties (C, p):= (3C,p) and (Cu, ) i= (3C.TY™, p.),
there exists at least one transmission eigenvalue associated with (5.2.6) within interval (0, 7] .

Remark 16. The foregoing developments, catering for the case where the elasticity and mass den-
sity contrasts are of the same sign, unfortunately can not be carried further along the lines of the
proof of Theorem 12 to establish the existence of infinitely many eigenvalues since the linear oper-
ator L has the required properties only for T < 7, where 7 is bounded by (5.4.55). However, if the
mass density contrast is sufficiently small so that (5.4.55) is met for r > 0 such that m > 1 balls
of radius r can be fitted in D (see the proof of Theorem 12), one can show that there are m > 1

transmission eigenvalues within interval (0, 7| counting multiplicity.

5.5 Conclusions

In this study, the existence and structure of the transmission eigenvalues for heterogeneous and
anisotropic elastic bodies is considered for a wide class of mass density and elasticity contrasts be-
tween the two solids featured by the interior transmission problem. When no external excitation is
present, the latter boundary value problem entails two body-force-free equations of (anisotropic, in-
homogeneous) linear elasticity in a bounded domain D C R3, with shared Cauchy data over dD. In
the context of the inverse scattering theory, these two equations model respectively penetrable obsta-
cle D and background medium occupying region D. The resulting eigenvalue problem turns out to
be nonlinear and may, at best, be transformed into a linear eigenvalue problem for a non-self-adjoint
compact operator. For generality, the interior transmission eigenvalue problem is investigated for a
wide class of material contrasts between the obstacle and the background, namely those with mate-
rial similitude in terms of equal elastic tensors or equal mass densities, and configurations without
material similitude where the mass density and elasticity contrast are each sign-definite through-
out D. For configurations involving either equal elastic tensor distributions or equal mass density
distributions over D it is shown, via a suitable variational formulation of the interior transmission
problem for heterogeneous anisotropic solids, that the latter is necessarily characterized by a count-
able set of (positive) transmission eigenvalues that accumulate only at infinity. For configurations

without material similitude, on the other hand, a further distinction is made between the situations
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where the elasticity and mass density contrasts of the same sign, and those where the two are of the
opposite sign. In the latter case the discreteness of transmission eigenvalues is again established for
a general case involving anisotropic heterogeneous solids, while the existence of a countable set of
transmission eigenvalues is proven under an additional restriction that either the background or the
obstacle is homogeneous and isotropic. In situations where the elasticity and mass density contrasts
share the sign over D, an earlier result on the discreteness of the transmission eigenspectrum [23]
is complemented by the proof of its nonemptiness, requiring again that either the background or the
obstacle be homogeneous and isotropic. Necessitated by the breadth of material configurations stud-
ied, the above claims are established through the development of a suite of variational techniques,
each customized to meet the needs of a particular class of eigenvalue problems. As a secondary
result, the lower and upper bounds on the first transmission eigenvalue are obtained in terms of the
elasticity and mass density contrasts between the obstacle and the background. Given the fact that
the transmission eigenvalues are computable from the observations of the scattered field, such esti-
mates may have significant potential toward estimating the nature (e.g. compliance) of penetrable

scatterers in elasticity, see [50] for a discussion in the context of scalar problems.



Part 111

A Glimpse at a Relationship
between TSM and LSM

231



Chapter 6

Analytical comparative study in acoustic

inverse scattering

232



CHAPTER 6. ANALYTICAL COMPARATIVE STUDY IN ACOUSTICS 233

6.1 Introduction

Previous developments in this dissertation have addressed theoretical or practical issues related to
the topological sensitivity and the linear sampling methods. Their respective presentations in Parts I
and II have shown that these techniques rely on different concepts but in spite which these methods
have been successfully developed for various physical models and employed as two non-iterative
techniques to obtain qualitative topological or geometrical informations on hidden scattering obsta-
cles. On the one hand, the topological sensitivity method consist in a heuristic interpretation of an
indicator function itself derived from a mathematically rigorous asymptotic analysis. On the other
hand, the linear sampling method, which relies on the use of the solution to an integral equation of
the first kind, is supported by key theoretical results that ensure the validity of the reconstruction of
the unknown scatterers.

The purpose of the following study is i) to provide a simple but instructive analytical framework
within which the two methods can effectively be compared, and ii) to give tangible elements of
comprehension of their respective performances. The object of the study is the imaging of a pene-
trable obstacle embedded in an acoustic medium from a knowledge of the time harmonic incident
waves and the corresponding scattered fields, using the two methods of interest. Within the frame-
work of the analytical resolution of the direct acoustic scattering problem in a simple case, a parallel
is drawn between the two methods in order to evaluate and compare their capabilities to tackle with
the topological identification of the scatterer using full or partial observations of the scattered fields.
Specificities and limitations of both techniques are also highlighted in this common setting. The

effect of noisy data on the efficiency of the methods has been finally emphasized.

6.2 Preliminaries

6.2.1 Forward problem

The direct scattering of acoustic waves by penetrable homogeneous body is a well known subject
[see e.g. 130, 174] which is addressed in this section. Consider the lossless scattering of acoustic
waves by a penetrable bounded obstacle B in the infinite medium R? which is assumed to be ho-
mogeneous and isotropic with mass density p and elastic bulk modulus «. These parameters are
respectively denoted p, and k., inside the homogeneous obstacle, defining the material coefficients
B = p/p« and n = Kk /K. Moreover, if ¢ and ¢, denote the sound speed in the background medium

and the obstacle respectively, then the relative index of refraction v = ¢/c, is such that 3% = 7.
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Given a set X of unit directions, the domain is illuminated by incident time harmonic acoustic plane

waves u(€,8) = €9 propagating in directions § € X at frequency w = ck, with |§| = 1 and
the factor e~ being omitted henceforth for brevity. The presence of the obstacle gives rise to the

acoustic scattered fields v such that the total acoustic fields, v in R? can be decomposed as

up(€,8) =u(€,0) +v(€,8) (E€R\B,5eX). (6.2.1)

The forward scattering problem entails solving the following set of Helmholtz equations and

boundary conditions

Av(g,8) + k*v(£,6) =0 (£ eR\B,dcX)

Aw(€, 8) + v k*w(€,8) =0 (EeB,dcy)

v(€,0) +u(€,6) =w(,d) (£ €dB,deY) 6.2.2)
V(€ 68) +un(§,0) = Bwn(€,6) (£€0B,deX)

. ov(€,9) . _
|€1|1Lnoo\5\ <(‘9\£ Zk”(575)> =0 (6eX),

where f,(§) = V f(§) - n(€) denotes the derivative with respect to the unit outward normal 7 to
0B, the last equation defining the Sommerfeld radiation condition.

The problem (6.2.2) is formulated for any penetrable obstacle B, but for further developments it is
interesting to characterize its solutions for some limit behaviors of the scatterer. With reference to
the acoustic impedance of the background medium and the obstacle, respectively Z and Z,, it is

noticeable that, introducing the governing ratio /31 = Z/Z.,, one has [123, 84]

o If Z/Z, > 1, the transmission problem (6.2.2) reduces to an exterior Dirichlet problem for
which the acoustic pressure field in B vanishes while its velocity potential is non zero. The

pressure release on the boundary 0B characterized a so-called sound-soft obstacle.

e Conversely, if Z/Z, < 1 then (6.2.2) turns out to be an exterior Neumann problem whose
solution has a maximum pressure amplitude in B with a vanishing velocity potential. The

vanishing velocity field on OB is characteristic of a sound-hard obstacle.

6.2.2 Inverse problem

The aim of the inverse problem is to reconstruct the geometrical support of the obstacle from the

obs

measurements 1°%, over an observation surface S°%, of the scattered fields v produced by incident
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plane waves in the set 2 of unit directions [72, 78]. In what follows it is assumed that the material
obstacle characteristics, synthesized via 8 and 7, are be known beforehand. In this setting, two
non iterative techniques will be investigated analytically and numerically in simple cases in order to

demonstrate and compare their efficiencies and accuracies.

Topological sensitivity method

To deal with the topological sensitivity method, let us introduce a cost functional

J(B, 3,1) / / o(u, €, 8) dSe dSs, (6.2.3)
Gobs

where B is a trial obstacle in the background medium R? and v the corresponding scattered acous-
tic field. The cost functional evaluates the difference between trial and true topologies and is ex-

obs

pressed by mean of a misfist function ¢. Its aim is to measure a gap between u and ©°°* and in the

following it is considered in the form of the commonly employed least-squares misfit function

Pl €,8) = Slu(6,8) — ™ (€9)° (€€ 5™, F ) (624

Let B.(z) = z + B be the trial obstacle considered and characterized by its center z, the
unit bounded set B C R3 containing the origin, the radius ¢ > 0 and material properties p, and
k4 of the unknown obstacle. Following [183] and [102] one seeks for the asymptotic behavior of

J(B:(z), 3,n) as € — 0 through the expansion

I(Be(2), 6.m) =, I, 5,1) + 0(E)|BIT (=, 5,m) + o(n(2)), (625)

where J(0, 3,7) denotes the cost functional evaluated without obstacle, |B| is the volume of the unit
set B and the function 7)(¢) vanishes in the limit e — 0. The topological derivative T(z, 3, n) arising
in (6.2.5) remains only a function of the point z and constitutes a local indicator of obstacle location.
Negatives values are associated with local decreasings of the cost functional which means that
infinitesimal obstacle added at these locations fit the measurements. Thus one seeks for sampling
points z where the topological derivative attains maximum negative values, i.e. for a given positive

real «, the obstacle can be reconstituted by the domain

BTSM(a):{ze]R3 T(z,3,1) < aémnﬂr(g ,B,m) < } (6.2.6)
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Closed form of the topological derivative can be expressed by mean of an adjoint field 4 [see

35, 29] which is solution of the set of equations

A€, 8) + K*u(€,6) =0 (EeR3 ey

[in](6,0) = 07 (u,€,6) = —7(£,8) (5™ e 62.7)
. 0i(e,8) . B

Jim el (P55~ imie.9) =0 @)

where the condition (6.2.7b) is associated with the first-order term of Taylor’s expansion (6.2.5),
assumed that the total field is known exactly, i.e. u°® = v given by (6.2.1), and that, R[-] and J[/]

denoting real and imaginary part of a quantity, one has

aﬁ op . Oy

du — OR[u] OS]

In the case of an infinitesimal spherical obstacle and following the developments presented in

(6.2.8)

[102], the topological sensitivity of the cost function is characterized by

n(e) = &*

4 3
0=

(6.2.9)
T(z, 8,m) = / R[(1-5)Vi-A-Vu— (1 - ki u] (= 6) dS;
by
3

A: mI,

where I is the second order identity tensor.

The topological sensitivity (6.2.9) of the cost functional (6.2.3) allows to tackle with geometrical
identification of the obstacle with non iterative computations in a obstacle-free domain R? in which
both the definition of the misfit function and the measurements are synthesized in the formulation

of the adjoint field .

Linear sampling method

The linear sampling method [46] had been originally proposed in inverse acoustic scattering theory
in far field formulations [76], and later extended to obstacle identification based on near-field ob-
servations [73, 155]. In the present study the method conjugates these two approaches. Assuming

that u°™ = v, for a given sampling point z € B, one seeks the function g, € L?(X) solution of the
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linear integral equation

Sa:)(€) = [ 0(€,8)9:(6) 4S5 = G(€.2) (vE € 5°), (62.10)
by
where S denotes the so-called scattering operator and G (€, z) = Z:T;:: is the full-space funda-

mental solution. Let us underline that the operator S is compact from L?() into L?(S°), so the
equation (6.2.10) is ill-posed [133]. Nevertheless, the resolution of the integral equation (6.2.10) is
based on the result [78] that S is injective with dense range if and only if there does not exist a pair

of solutions u4 and w to the so-called homogeneous interior transmission problem

Aug(€) + K*ug(€) =0 (£ € B)
2,2 _
Aw(g) + 7 k" w(€) =0 (§ € B) 62.11)
ug(§) = w(§) (& € 0B)
ug,n(£> = ﬁw,n(g) (5 S 83),
with a non zero density function g € L?(X) such that
uy(©) = [ ul€.3)9(6) ds. 6212
2

The values k for which the problem (6.2.11) has a non-trivial solution are called transmission eigen-
values. For these values precisely the linear sampling method breaks down, so their study has be-
come of great importance recently [128, 159]. When k is not a transmission eigenvalue, it can be

shown [46] that for every ¢ > 0, there exists a nearby solution g5 € L?(X) such that

1Sg2(-) = G(-, 2)| L2 (goms) < - (6.2.13)

The linear sampling method is supported by the key property that [gZ[|z2(x;) becomes un-
bounded as z — OB. The description of the behavior of ¢ in the exterior domain z € R3\B
requires a more involved analysis and its study can be found for acoustics and electromagnetism in
[73, 46] and for elasticity in [155, 105], and formally

gz 2y > gz, 2y (Vze € R3\B,Vz; € B). (6.2.14)

Then, according to a threshold value 0 < o < 1, we can assume that the unknown obstacle can

be reconstituted as the domain
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Brsm(a) =R3\ { z € R, L U (6.2.15)
lozllz2sy 11—«

Thus, in the linear sampling method, the indicator of obstacle location is constituted by the function

gz Or its approximation g2.

6.3 Analytical formulation for a spherical scatterer

In the following, the obstacle B is considered as a unit sphere. The observation surface S° is
defined as a concentric sphere of radius R and the set of incident directions is taken as ¥ = {§ €

R3, || = 1}. An analytical solution to this acoustic inverse scattering problem can then be derived.

6.3.1 Scattered field

The topological sensitivity and linear sampling methods rely both on the knowledge of the field scat-
tered by the obstacle and monitored on the observation surface. In the case of this study, equations
(6.2.2) will be solved for an incident field « in direction § € 3. The acoustic fields v and w respec-
tively solutions of an exterior problem in R\ B and an interior problem in B can be expanded over

the set of spherical harmonics (Y,")neN, —n<m<+n [153] as

+oo  +n

v(€,8) = > AHOha(kEDY(€) (£ €RN\B, S e,
n—;OOom:_;n A

w(&,8)=> Y u(8)in(YkIE)Y,"(€) (€€ B,SEX),

n=0m=—n

(6.3.1)

where é’ = % while j,, and h,, denote respectively the n-order spherical Bessel and Hankel func-
tions of the first kind. On employing the boundary conditions over B and the orthonormality of

spherical harmonics (6.B.2), the scattered field v is expressed as

1 _
400 +n / <ku,n(Ca 6) - anu(Ca 5)) YJ”(C) dSC
v(€,0) = Z Z s —h (k) + anhn (k)

n=0m=-—n

ha(KIE)Y,™(€),  (6.3.2)

where (¢ € R3\B,§ € X)), S = {¢ € R?,[¢| = 1} and defining an effective admittance of the
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surface 0B for the n-order spherical harmonic [151]

-/
Jn (k vn/ ﬂ)
oan =/ Bn—F——- (6.3.3)
Jn (k vn/ ﬁ)
Written in terms of w, it is noticeable that the equation (6.3.2) can be used for arbitrary incident

field. In the case of an incident plane wave in direction § € X, using the expansion (6.B.3) and the

spherical harmonics addition theorem (6.B.4), relation (6.3.2) reduces to

(€, 9) —io'”(Q +1) A (B, )b (K|€]) Pa(€-6) with A, (B, 7) = In(k) — anjn(k)
v(€,0) = 1 (2n nl2,N)Nn n wi n{2, N _—hél(k?)—kanhn(k:)

n=0

, (6.3.4)

where P,, denotes the n-order Legendre polynomial, and j;,, h}, the respective derivative of Bessel
and Hankel functions with respect to their arguments. Note that if only one incident plane wave
is considered to reconstruct the obstacle, i.e. ¥ = {d} and if the system of spherical coordinates
& = (p,0, ) is chosen such as £ -8 = cos then the axisymmetry of the scattered field is explicit
in (6.3.4).

From expression (6.3.4) one can recover some limiting behaviors:

e For a fixed 7, the sound-soft obstacle corresponds to 5 — oo, and thus «;,, — oo entails

jn(k)
A = — 6.3.5
which corresponds to the case treated in [78].
e Conversely, the sound-hard obstacle § — 0 at fixed 7, is such that c;, — 0 so
7k
An(B,m) = — nlk) (6.3.6)

>

n(k)
as previously shown in e.g. [153].

e Finally, if the obstacle has the same compressibility modulus and mass density that the back-
ground medium (8 = n = 1, i.e. no obstacle) then o, = j/,(k)/jn (k) which implies A,, = 0

and v = 0 as expected.
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6.3.2 Analytical topological sensitivity method
Analytical expression

The topological derivative (6.2.9) can now be given in the case of the scattered field (6.3.4). To find
the adjoint field 4, the problem (6.2.7) can be reformulated as

AQ(€, 8) + k*a(€, 8) = F(£,6) (R 5eY)
F(&,6) = —0(&,0)x g0 (§) ((eR ey 6.3.7)
du§,6) . ) _

where  gos denotes the characteristic function of the subset S°. Then using the Green’s function,

the adjoint field is given by the single layer potential

i€.0) = [ FCOGEO W (R sen), (63.8)

With the assumption that S° is a sphere of radius R, the equation (6.3.8) reduces to

(€, 8) = —R> /S W(RE,8)G(€, RE) dS; (€ € RY, 6 € %), (6.3.9)

The Green’s function will then admit two different expansions (6.B.10) depending on whether

|€] < R or |&] > R. In the situation considered of seeking the obstacle inside of the observation
o

surface, i.e. £ € S° (interior of S°), the adjoint field is expressed by

a(e, —kRQZ 1) (20 + 1) A (8, 0) | b (kR) 25 (k€] Pa(€ - 8) (€] < R, € X).

(6.3.10)
One may note, that according to (6.B.10), expression (6.3.10) should be modified in the exterior
domain |£| > R, and will then verify the radiation condition (6.3.7¢).
Finally, for a given sampling point z € S gbs, using relation (6.3.10), Jacobi-Anger expansion (6.B.3)
and properties (6.B.2), (6.B.6), and (6.B.8), with summation over the set 3. of incident directions,

the topological derivative is given by the relation
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“+oo

T(z, 3, )——4kaQZ%{ (2n + 1) (8, 0) | hn(kR)|*-

n=0
_ 201 —
(o4 02— i) dutalal? + 20 vz }

Truncation

6.3.11)

The relation (6.3.11) involves infinite summation over index n which has to be truncated for com-
putational purposes. On employing the results from Appendix 6.C, the leading terms in formula

(6.3.11) for topological sensitivity can be written as

2n
e EkR%i(2n + 1)A,(8,1)|hn(ER)|? njm;g(;B) <1+0< ))
3(1 — 3(1 — k 1
. (n(n+1)(2+§)—(1—77)k:2> gu(klz])* = 8§2+ﬁ <e |z|> <1+0(n>>
3k*(1-0) ,, 2 _ 3(1=05) _jon2 €k 1
e e = g (5) (e (7).
(6.3.12)
Accordingly, on writing T(z ZT (z,3,n) one has
T.(z,5,7n) = 0 <nl%> . (6.3.13)

Thus, the sum in (6.3.11) can be evaluated by retaining the terms up to a prescribed order n,.
However it should be noted that the asymptotic behavior of the Bessel and Hankel function in (6.C.2)
and their derivatives in (6.C.6) is such that the featured truncation errors are inversely proportional
to the order of these functions. Consequently, as observed in Figure 6.1, increasing the wave number

must increase the truncation order n, in (6.3.11).

Material sensitivity

The topological sensitivity method is based on an asymptotic expansion corresponding to the nu-
cleation of an infinitesimal obstacle, whose properties have been bound to match the ones of the

scattering obstacle in the previous developments for better understanding of the method. The be-
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Figure 6.1: Leading terms in topological derivative depending on frequency and material parameters

havior of the indicator (6.2.9) provided relies then strongly on the a-priori choice of the material
properties of the nucleating obstacle. Thus, while a shape identification technique will rely on their

correct match with the material parameters 3¢, n'™e

of an unknown obstacle, which supposes a
full prior information about its nature, the material sensitivity of the topological derivative can also
be seen as a potential tool for material identification [104]. From an other point of view, following a
study initiated in [143] in the time domain, the focus can be made on the quality of the identification
in the case where the assumed parameters 3, n are incorrect. The idea being that if the signs of
the two coefficients (1 — ) and (1 — n) of the two summands in (6.2.9) are correct relatively to
(1 — ™€) and (1 — n'"™) respectively, then the identification of the obstacle through pronounced
negative values of the topological derivative is correct. On the contrary, if both signs are incorrect
the contrast is inverted and the obstacle tends to be identified by the maximum positive values of the
indicator. The investigation of this hypothesis in the sequel, for a given set of true parameters 3""°,
true

7™, is based on the computation of an a-priori topological derivative T, derived from (6.3.11) as

a function of a-priori parameters 3 and 7 as

400
Tap(2, 8,1) = —4nkR? Z &e{i(zn + 1)A, (8™, ™) | hp (ER) |-

n=0

— 201 —
(o4 02— i) dutrlal? + 20 vz }

(6.3.14)
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In the equation (6.3.14), the coefficients A,, still depend on the true parameters as they are associated
to the field (6.3.4) scattered by the true obstacle and introduced in the topological derivative through
the adjoint field (6.3.10).

For a given set of N sampling points 21, ..., 2y, the sign correspondence with the topological

derivative T(z, "™, n'™) (6.3.11) is measured by computing the indicator Z (3, ) defined by

Z sign ( 2P ;jﬂ’f ’ n,?le)) : (6.3.15)

where sign(a) = 1if @ > 0, and —1 if & < 0. Thus —1 < Z(3,n) < 1, and the extremum values
1 and —1 correspond respectively to a total match or inversion of the signs of the two topological
derivatives. Moreover small values of this indicator are associated with numerous differences of the
signs of the two topological derivatives. Owing to the coefficients in (6.3.11), the coordinates are
defined as

_(1=p)2+8™)
(24 5) (1 —pme)’
_ (d=mn)
(1 —ntre)’

and the Figure 6.2 is then plotted for a maximum range of —4 < = < 4 and —4 < y < 4 possibly

(6.3.16)

restricted by admissible values of the material parameters (3, 7 relatively to given 3¢ and 1", and
for a fixed wave number k = 5.

The Figure 6.2(a) corresponds to the case investigated in [143], and clearly highlights the idea
described previously that if z > 0 and y > 0 then Z(3,n) ~ 1, i.e. the signs of the a-priori
topological derivatives match the signs of the true ones, and if + < 0 and y < 0 then Z((3,n) ~ —1,
i.e. the signs of the topological derivatives are opposite. The intermediate cases where zy < 0 can
be discussed with further reference to the Figure 6.2(b). In the domain considered it can be seen
that the sign differences are greater than in the previous case as the values of the indicator Z(3, n)
are smaller. Furthermore the Figure 6.2(c) highlights that those differences can also be observed if
xy > 0, which suggests a moderation of the statement proposed in [143]. Finally the Figure 6.2(d)
corresponds to a situation where the hypothesis is valid almost essentially for the cases z = y.

In the light of the previous analysis, it can be claimed that the heuristic of the topological
sensitivity method (obstacle revealed by maximum negative values of T) can be strictly followed

with incorrect a-priori material parameters which lead to coefficients (1—3)/(2+ ) and (1 —n) of
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(i) correct signs and (ii) same proportional errors relatively to (1 — 3"™¢) /(2 4 ™€) and (1 — n"™"¢)
respectively. Owing to the interpretation of the parameters (3 as the ratio of the mass densities, and n
as the ratio of elastic moduli, the previous statements involves that the identification is correct if the
infinitesimal obstacle used in the asymptotic expansion (6.2.5) matches qualitatively the material
behavior of the obstacle sought. Furthermore, if (iii) both signs are opposite, providing (ii), then the
infinitesimal obstacle presents a complete opposite mechanical behavior than the unknown obstacle,
so the positive values of T become relevant since they correspond to the less likely possible matching
location of these two obstacles. Finally, the relaxation of the statement (ii) should involve a careful

interpretation of the topological derivative.
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This material sensitivity, particularly significant in the time harmonic domain, can be moder-
ated by multi-modal illumination of the obstacle or time domain formulation of the topological
sensitivity method (see [29] and [143]).

Numerical results

Numerical results are presented in this section for the computation of the topological derivative
(6.3.11), i.e. assuming that the nature of the obstacle is known. The set of incident direction is
defined as ¥ = {§ € R3|§| = 1}, then since the observation surface is a sphere concentric
to the spherical unit obstacle considered, the inversion is based on a unique observation, and the
topological derivative is axisymmetric. Thus, the indicator T is plotted along a radius for different
frequencies.
According to the previous considerations, the topological derivative relies strongly on the material
properties of the obstacle considered, so rigorous and systematic interpretation of the behavior of
the indicator is intricate. For better understanding let us differentiate the two different components
in T, namely the velocity term Ty and the pressure term Ty, such that, according to (6.2.9) and
(6.3.11), one has

Tz 8m) = S0, (2, B.) + (1 )Ty (2. B.) (63.17)

(2+5)

One may note that the weighting of the terms Ty and T, in (6.3.17) is governed respectively by
the ratio of the mass densities 3 and the ratio of elastic moduli 7, which is consistent with classical
governing equations of acoustics [151].

Figure 6.3 depicts the radial variation of the two components (6.3.17) of the topological deriva-
tive for several combinations of frequency and material parameters, chosen such that the ratio of the
acoustic impedance described in section 6.2.1 is /31 = 10 for the case 6.3(a), and \/Fn = 1073
for 6.3(b). On the Figure 6.3(a) corresponding to the case of a sound-soft obstacle, one can observe
that for [z| > 0, T\ attains its maximum negative value inside the obstacle (|z| < 1), while Ty, has
its minimum located outside of B (|z| > 1). Moreover, as the frequency increases, both minima
move to the boundary of the obstacle. This is consistent with the qualitative description of the di-
rect scattering by sound-soft obstacle in section 6.2.1, for which one can expect that an inversion
technique based on the velocity field should able to image the interior of the obstacle (non zero
velocity potential in B), while the use of the pressure field should emphasize its boundary (vanish-

ing pressure on 0B and in B). On the contrary, these behaviors are inverted for the scattering by a
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sound-hard obstacle, which match again the patterns observed in Figure 6.3(b).
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Figure 6.3: Topological derivative components depending on frequency and material parameters

246

The construction of the topological derivative T via the coefficients of the two summands in

(6.3.17) involves complex interactions between velocity and pressure components. Nevertheless,

as observed on Figure 6.4, as frequency increases, the method provides a reliable identification of

the boundary 0B of the obstacle. Moreover, it is noticeable on Figures 6.3 and 6.4, that whatever

are the behaviors inside the obstacle, the indicators are relatively smooth and tend asymptotically to

zero for |z| > 1, which contributes to increase the contrast between the obstacle and the background

medium.
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Figure 6.4: Topological derivative depending on frequency and material parameters

6.3.3 Analytical linear sampling method
Singular value decomposition of operator S

The operator S from L?(X) into L?(S°") defined by (6.2.10) is compact [133]. Moreover, (Y,™) for
n € N, —n < m < +n constitutes a basis of L2(X), and (hn Y )neN,—n<m<-+n constitutes a basis

for outgoing Helmholtz solutions in R? (see [153]), so, restricted to 598 it is a basis of restrictions
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to L2(S°%) of such solutions.

From equations (6.3.4), (6.B.2) and (6.B.4) we can deduce that

[SY,"](§) = 47ri"An(ﬂ,77)hn(kR)Y,f"”(é) (V€ € S, Vn € N,Vm € {—n,...,+n}).
(6.3.18)
Thus the set (0, )nen of singular values of S can be identified as

on = 41" A (B,m) (Yn € N). (6.3.19)

On the basis of the results from Appendix 6.C, it can be seen that these singular values have the

following asymptotic behavior which is independent of 7

2n
o = ik (;g) <e2k> n2i+1 (1 40 (i)) . (6.3.20)
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Figure 6.5: Behavior of singular values depending on frequency and material parameters

We notice finally (see Figure 6.5) that the asymptotic behavior depends essentially on frequency
rather than on material parameters. This dependence have to be considered in a regularization

method.
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Interior transmission problem

The integral equation (6.2.10) has a unique solution provided that k is not a transmission eigenvalue
(see paragraph 6.2.2). This paragraph is then dedicated to the question of the existence of such
eigenvalues, thus one seeks for a non trivial solutions u, and w to the problem (6.2.11), where in
the case of incident plane waves, the function v, takes the form of a Herglotz wave function, i.e. a

function of the form

ug(€) = /E e'*€24(5) dSs, (6.3.21)

where g € L?(X). In the same fashion as (6.3.1), these solutions can be expanded in a series of

spherical harmonics as

+oo  +n
ug(€) = > uljn(klE)Y(E) (£ € B),

n=0m=—n
too 4m (6.3.22)

wé) =" > wlia(vkIENY(€) (€ € B).

n=0m=—n
Thanks to Funk-Hecke formula (6.B.5), one clearly has that u, is a Herglotz wave function as
a series of such functions. Then owing to boundary conditions (6.2.11c) and (6.2.11d) one obtains
that there exists a non trivial pair of solutions u, and w if and only if there exists n, € Nand k € R,

k > 0 such that

O(nojno(k‘) = j7/10 (k)7 (6323)

where the term o, is defined in (6.3.3). In particular, it is noticeable that (6.3.23) implies that the
coefficient A, (3, n) in (6.3.4) is null.

Since the focus is made on the existence of transmission eigenvalues in the problem considered, one
can restrict the study to non trivial solutions (6.3.22) depending only on ||, i.e. uy4(§) = uojo(k|€|)

and w(E) = w0j0(7k|£
case considered of the scattering by a penetrable obstacle, this result is consistent with the result

), which characterize values k solutions of (6.3.23) with n, = 0. In the

in the more restrictive study [82], since j,(t) = sint/t. The Figure 6.6 represents the function
Jo(k) = aojo(k) — jl(k) for different values of the material parameters and characterizes the
existence of transmission eigenvalues & for which J,(k) = 0. This example illustrates that such

values do exist, and it is actually possible to show that they constitute an infinite countable set.
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Figure 6.6: Transmission eigenvalues depending on material parameters

Analytical expression

By virtue of the spherical-harmonics expansion (6.3.2) of the scattered field, the indicator function

g featured in the linear sampling equation (6.2.10) can now be computed analytically provided that

k is not a transmission eigenvalue. For a given sampling point z € S°%, then g, € L?(X) can be

expanded onto the set of spherical harmonics as

+oo  +n

9:8) =>_ > lg=lp v (8) (V8 € X). (6.3.24)

n=0m=—n
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owing to the definition of the set ¥ of plane wave unit incidence directions for which |§| = 1. Thus,
with relations (6.3.4), (6.B.2), and spherical harmonics orthonormality (6.B.10), equation (6.3.24)

reads

+o00o
5:0) = s > oDz 6) (weR). (6329)
n=0

AL (B,m

since A, (3,m) # 0 for all n € N if k is not a transmission eigenvalue.

Regularized solution

The previous section establishes the existence of the solution (6.3.25) to the linear sampling equation
(6.2.10). Unfortunately, this solution does not belong in L?(X) as shown in the sequel. From
the addition theorem (6.B.4) and spherical harmonics orthonormality condition (6.B.2) and finally

(6.B.6), the L?(X)-norm of the indicator function can be written as

k2 Z*"" gn(klz]) \?
2 _ n

Next, by means of the results in Appendix 6.C, one finds that

dn(klz) \N* _ 4 (148N (221N s 1
e () = (155) () (o fR)) e

From which it clearly follows that

1921l L2(s) = +o0. (6.3.28)

This result is not surprising since the countable spectrum of singular values (6.3.19) of operator
S has a single point of accumulation at zero. The blow-off feature of the L?(X)-norm of g, can
therefore be attributed to the smallest singular values. Then following the idea proposed in [71]
for electromagnetism, this solution can be regularized by truncation of the spectrum for sufficiently

small eigenvalues.
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Numerical results

On the Figure 6.7, one has represented the norm (6.3.26) of the indicator function provided by the
linear sampling method for a truncation of singular values (6.3.19) smallest than 10~°. Unlike the
topological sensitivity method, there is no need of any prior information on the material behavior
of the unknown obstacle, and the term A,, appearing in (6.3.26) comes from the exact knowledge
of the scattered field (6.3.4). As highlighted by the Figure 6.7, these material properties have a little
influence on the indicator function which behaves as expected in paragraph 6.2.2.

Nevertheless, as observed previously in [71] in electromagnetism, it appears that || gz||%2 ) > 1
for an sampling point z far from the obstacle boundary 0B, while || gZH%Q(Z) is relatively small
for |z| < 1. Moreover the transition region seems frequency dependent, so that for low frequency
(k = 5), the interface OB is not identified with sufficient accuracy, whereas high frequency (k = 20)

gives reasonable reconstruction of the obstacle.

6.4 Effect of noisy data

One of the key parameters affecting the quality of the identification with techniques such as the
topological sensitivity method or the linear sampling method is the use of noisy data. This issue
is discussed in this section to highlight the contrasting behaviors of the two methods. Thus, let
v denote a noise distribution over the observation surface defining a noisy measurement v of the

scattered field v such that

5(€,8) = v(£,8) +v(§) (€9, 6eX). (6.4.1)

6.4.1 Topological sensitivity method

Let T denote the noisy topological derivative resulting from the noisy data (6.4.1), which is char-
acterized by a noisy misfit function (. Using the adjoint field formulation (6.2.7) and (6.2.9), the

topological derivative can be expressed without loss of generality by

= 8—('0 U - z A Vul(z
Tz o) = [ [ RGO -HY60 - A Vu(z.0) .
—(1 = n)k*G(z,¢)u(z,6)] }(z, &) dS; dS;.



CHAPTER 6. ANALYTICAL COMPARATIVE STUDY IN ACOUSTICS 253

H9||%2(Q)

(@ p=05 n=2

191172 0

x|

b)yB=4 n=2
Figure 6.7: Indicator from the linear sampling method depending on frequency and material parameters
where V , involves partial derivative with respect to z. Since the noisy counterpart of the topological

derivative is obtained by replacing ¢ by ¢ in the previous relation, the perturbation T, induced by

the noisy measurement can by defined as
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op Oy
(e

[(1-p)V.G(2,¢) - A-Vu(z,8) — (1 - nk*G(z, ¢)u(z, 9)] }(z, 0) dS; dSs|.

T, (2, 8,m) =|T — T|(=. 5,7)

(6.4.3)
An upper bound for the perturbation can be then deduced as
dp Oy
T |(2, 8,n) < C(z, 5, )‘ o= o , (6.4.4)
u  Ou L2(Sobsx )

where the function C' of the point z is defined with an intermediate constant ¢ depending only on

the material parameters through

C(z,B,n) = c(B,n) (IIVZG(z, M 2oy [Vu(z, )2z + 11G(2, )| L2050 lu(z, -)Hm@)) ;
(6.4.5)
and

op 390

ou Ou

‘ 92 _de* (¢, 8) dS, dSs. (6.4.6)

L2(SobsxX) / /50*’*

The right-hand side of the inequality (6.4.4) is related to the global amount of noise in the

measurements, and in the case of the least-squares misfit function considered herein, it reduces to

Since z ¢ S and z ¢ X, the function C' defined in (6.4.5) is clearly bounded, which implies the

boundedness of the perturbation of the topological derivative. Thus, the robustness of the topologi-

dp Oy N 1
T A = |17 — vl L2(sobsxx) = 1212 - I7]l £2(S0bs) (6.4.7)
du  Ou L2(Sobsx ) (Sobs) (Sobs)

cal sensitivity method is highlighted in the inequality (6.4.4) and is essentially a consequence of the
regularity of the Green’s function and the incident field. Moreover, if the use of a least-squares mis-
fit function involves that the perturbation of the topological derivative depends linearly on the noise,

a misfit function of higher order can provide even more regularization against such perturbation.
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6.4.2 Linear sampling method

Owing to the description of the linear sampling method (6.2.10), let S denote a noisy scattered

operator, and let j, € L?(X) be a solution of the integral equation

(S321(6) = /Z 3(E,6)52(8) dSy = G(€.,2) (V€ € S™), (6.4.8)

This operator can then be decomposed as S =8+38,, where S, is the perturbation induced by the
noise and which corresponds to the same decomposition of the solution g such that g, = g +g. ..
Equations (6.2.10) and (6.4.8) provide then

(S +80) (g + g2)](€) = [Sg=](€) (V€ € 5°). (6.4.9)

Using a classical operator norm (see e.g. [149]) on L[L?(X), L?(5°%)] denoted by || - ||op. it can
be deduced that

||9z1/HL2(Z)
’ < IS Hop ISy llops (6.4.10)
”gz +gzaV||L2(Z) H HOPH Hop
which can be recast in
S
||QZ,V”L2(E) < COHd(S) H V||op, (6.4.11)
192 + gzpllL2(m) 1S lop

where Cond(S) = ||S|jop/|S™||op stands for the condition number of the operator S.

Since the operator S is compact, its singular values accumulate at zero and then [|S™1||op > 1.This
implies that S is ill-conditionned, and from the inequalities (6.4.10) and (6.4.11) it can be seen
that the relative error on the indicator provided by the method results from a large amplification
of the perturbation on the scattered operator. Thus the use of the linear sampling method requires
an efficient regularization of this operator such as Tikhonov regularization widely employed in

applications [46].

6.5 Conclusion

In this study, the acoustic inverse scattering by a penetrable obstacle is investigated by way of non
iterative techniques that are the topological sensitivity and the linear sampling methods. To pro-

vide a common framework for the assessment and the comparison of the two methods, the forward
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problem of scattering by a sphere is solved analytically in a general setting which emphasizes the
influence of the combined material properties of the background medium and the obstacle. On one
hand, the topological sensitivity method, associated with the heuristic interpretation of an infinites-
imal perturbation of a cost functional, is implemented via an adjoint field formulation which allows
the use of generic measurements of the scattered fields. The closed form of the indicator function
obtained permits a numerical investigation of its critical dependence on the material parameters in-
volved in the problem, as well as its behavior as a function of the frequency of the excitation. On
the other hand the analytical implementation of the linear sampling method, which is supported by
key theoretical results, emphasizes the crucial role of the interior transmission problem character-
izing frequency values at which the method is ineffective. Apart from this discrete countable set
of particular values, the focus is made on the influence of the frequency on the accuracy of the in-
dicator. These methods are then implemented in formulations which take into account partial and
discrete monitoring of the scattered fields. In this specific setting, numerically fast computations
are of particular interest with the use of separation between variables of observation and sampling
points. Finally, special attention is given to characterize and compare the effects of the use of noisy

data on the two methods that are formulated in a general setting.
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6.A Partial and discrete observations

This section is concerned with the identification of the obstacle B within the framework of the
foregoing discussion in situations where n°? discrete observation points, located on a part of a non-
concentric sphere O = {Cp, ped{l,... ,n"bs}}, are used to monitor the scattered field. The set of
sampling points is denoted D. Special attention is given to reducing numerical cost by a method of

separation of variables.

O

Figure 6.8: Limited observation in obstacle identification

6.A.1 Topological sensitivity method
Semi-analytical expression

With reference to the integral formulation (6.3.8), if the set of observation points is discrete a corre-

sponding discrete adjoint field { is defined by

(£,8)=-> (¢, 0)G(E,¢) ((eDbdey), (6.A.1)

¢co
where the scattered field is given by (6.3.4). Owing to the results of the previous section, the choice
of the sets O and D to ensure the condition (¢, &) € O x D, || > |£| can be made without loss of

generality. Then using the Green’s function expansion (6.B.10), the adjoint field can be expressed
by
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400 400

S S S 1)+ DR G e (K (KIE]

T €0 n=0n'=0
Pa(C - 8)Pu(C - §).
(6.A.2)
Once again, for a given sampling point z € D, using equations (6.A.2) and (6.B.3), property

(6.B.2) and summation over § € 3, a discrete topological sensitivity can be deduced as

+o0o 400

T(z,B8m)=—kY_ > Y. %{ (2n + 1)(2n" + 1) A0 (8, 1) hn (kIS s (KIS )-

¢€O n=07n/=0
)

5 VB, 5) VEu(E 2)-
(1 —n)k*Po(C - 2) P (S - 2))

3]{52(1_5) -/ r2 ro2
2 WD ) P C - 2P E - 2) }

il (ki) (25
(6.A.3)

Using the addition theorem (6.B.4), the previous relation can written as

+o00 +mn  +oo  +n’ .
Tz =-n%Y Y Y 5 % { T (KIS (RIC) Y (E) V2 (C)-

(€O n=0m=—nn/=0m'=—n’
[-n<k|z|>jn/<k\z|>(3“ b)

2+p
2 — — ’
2 bl DT ()] }

V() VYT (2) - (- )P (2)V) <z>)

(6.A4)
where the angular derivatives of the spherical harmonics are given by (6.B.11). One can check that
the relation (6.A.4) can be transformed into (6.3.11) in the case of an observation on a complete
sphere and using properties (6.B.2), (6.B.6) and (6.B.8).
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Numerical implementation

The separation of variables achieved in the Green’s function expansion (6.B.10) can be used to
reduce the numerical computation cost. This is in fact, the idea of the fast multipole method [158].

The topological sensitivity (6.A.4) is of the form

+o0o +n  +oo  +n'

T(z,6,n) = ZZ Z Z Z R {a(n,m,{)b(n,m, z)c(n’,m’,{)d(n',m’, z)} ,

¢eEON=0m=—nn/=0m'=—n/
(6.A.5)

where, owing to previous section and Appendix 6.C, the sums over n and n/ can be truncated at
n, and n! respectively. Nevertheless, in practice the truncation orders are set to be equal n, = n).
For the sake of brevity let us introduce the function of integer M : m +— M(m) = max{n €

N, floor(n?/m) = 0}. Since O = {{,,p € {1,...,n°™}}, the following quantities are computed

o A1, 0) € Myyors (n,41)2(C) whose entry indexed by (p, g) is defined by
A(no, O)pg = a(n,m,¢,) withn = M(q) and m = q — (n?+n+1)

e B(no,2) € My 41)2,1(C) whose entry p is given by

B(no, 2)p = b(n,m, z) withn = M(p) andm = p — (n®+n+1) 6.A6)
o C(no,0) € My 41)2 00 (C) whose entry (p, g) is

C(no, O)pq = c(n’,m’,¢,) withn’ = M(p) and m’ = p — (n> + n' + 1)

e D(no, 2) € My (n,41)2(C) with

D(no, 2)p = d(n/,m/, z) withn’ = M(p) and m’ = p — (n'* +n' +1).

Then, for each z € D, the topological sensitivity (6.A.3) can be computed as

T(z,8,1m) = R{D(no, 2)C(ne, O)A(ne, O)B(ne, 2)}, (6.A.7)

where the product C(n,, O)A(ne, O) is computed only once.
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6.A.2 Linear sampling method
Semi-analytical expression

In the case of discrete and limited observations described earlier, for a given sampling point z € D
and provided that k is not a transmission eigenvalue, one seeks for the function g, € L?(X) as a

solution of the linear integral equation

[S8:](¢) = G(¢, 2) (V¢ e0). (6.A.8)

The use of (6.3.4) and the expansion of g, onto the set of spherical harmonics (see (6.3.24))

leads to

[Sg=l(¢) =4 > Y i An(B,mhn(kIC) 8]0 Y () (V¢ € 0). (6.A.9)

Thus, with reference to the Green’s function expansion (6.B.10), equation (6.A.8) can be solved
numerically. Moreover, with reference to the previous section, this ill-posed problem can be regu-

larized via truncation of the n-indexed summations.

Numerical implementation

One seeks the coefficients ([g2]") solution of the discrete problem, V¢ € O

nNo,—nIME+n’

o +n . k nf) +n’ — .
D i A(Bmhn(kIC) gl V() = ZTF DD b (kIChw (kl2z))YE (2)Y0 (0,
n=0m=—n n'=0m/=-—n’'

(6.A.10)
where O = {¢,,p € {1,...,n°®}} and A, (3,7m) # O for all n € N (see paragraph 6.3.3) if k
is not a transmission eigenvalue. For numerical purposes, the truncation orders are set to be equal

no = n., then the following quantities are computed
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®  S(no,0) € Myas (n,+1)2(C) whose entry (p, q) is defined by
S (10 O)pa = " (B, M) (KIS, )Y (E,) with n = M(q) and m = g — (n® + 1 + 1)
® g€ M, 41)2,1(C) which defines the unknowns at point z
lg2)p = [g2]' withn = M(p) and m = p — (n* +n + 1)
o E(no,0) € My (n,41)2(C) whose entry (p, g) is defined by
E(10, O)pg = %hn(k|¢p|)y,¢(&p) withn = M(q) andm = ¢ — (n®> + n + 1)
e F(no,z) € M(,11)2,1(C) depending on point z with
F(no, 2)p = jn(k|z|)Y7"(2) withn = M(p) and m = p — (n® + n 4 1).
(6.A.11)

Then, for each z € D, one seeks for the solution g, of the equation

S(no, O)gs = E(ne, O)F(ny, 2), (6.A.12)

where the terms S(n,, Q) and E(n,, O) are computed only once.

The resolution of the previous equation faces the problem that in general n°® # (n, + 1), so
the systems (6.A.12) can be either an over or under-determined problem. Furthermore, the operator
S(ne, O) inherits the compactness of S. To deal with these issues, the solution g, is computed using
a Moore-Penrose pseudoinverse based on the singular values decomposition of the operator. Then

the L?(X)-norm of the indicator function is given by

(no+1)?

lg=ll2) = D llgzlnl™ (6.A.13)
p=1

6.B Spherical harmonics and their properties

Noting S = {¢ € R3,|¢| = 1} and Ag the angular part of the Laplacian (i.e. the Laplace-Beltrami

operator), then the set of spherical harmonics (Y,)"*),eN, —n<ms<n verifying

AgY," (&) +nn+1)Y,"(() =0 (V¢ € S,VneN,VYm e {—n,...,n}), (6.B.1)
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constitutes an orthonormal basis of L2(), so

/ Y)Y (C) dSe = SO (V(n, 1) € N2 Y(m,m') € {=n, ..., +n}x{—n',...,+n'}).
S

(6.B.2)
The Jacobi-Anger expansion [1] for plane wave in direction § € ¥ is expressed by
e*eO =N "(2n + 1)i"jn(kIC)Pa(C - 8) (V¢ ERP S €X), (6.B.3)
n=0

where P, denotes the n-order Legendre polynomial. The spherical harmonics verify also the addi-

tion theorem

“+n

Pa-0) = st 3 VMOTTC) (v(€.Q) € 5, (6B.4)

m=—n

so that from (6.B.3), (6.B.4) and (6.B.2) one can obtain the Funk-Hecke formula

/ ekCIy™(§) dS5 = 4mi™j, (E[C))Y,™(C) (V¢ € R®,Vn e N,Ym € {—n,...,n}). (6.B.5)
S
Moreover Vn € N P, (1) =1 so

+n
> VQOVEQ) =T (wes) (6B.6)

m=—n

Using the fact that

VY(C) - VY (¢) = % [As(YV(QY(C) — AsY Q)Y (Q) — Y (€)AsY,(C)]

(6.B.7)
then, with relations (6.B.1) and (6.B.6), one obtains
- — n(n+1)(2n + 1)
> VY - VYR(G) = o (V¢ € 9). (6.B.8)

m=—n

To expand the Green’s function onto the set of spherical harmonics, let us introduce the Gegen-
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bauer theorem [1]

ikl 400 | -
€—¢| ik > (20 + Dhn(k|C])dn(KIE)) Pa(€ - O) if ] > €], (6.B.9)
n=0
then with the addition theorem (6.B.4), the Green’s function is given by
+oo  +n o
GEQ) =ik > > halklC)in(KIENY," @)V (C) if || > €] (6.B.10)

n=0m=—n

Finally, for a point { = (p, 0, ¢) in spherical coordinates, the derivative of spherical harmonics

w.r.t. angles 6 and ¢ are given by relations

(Y2(0)
o0 "
8Ynm(&) _ (2n+1)(n+m+1)(n—m+1)yﬁl(&) Nl s
P iy (@)

6.C Asymptotic behavior of special functions and their derivatives

6.C.1 Spherical Bessel and Hankel functions of the first kind

The asymptotic behaviors of the spherical Bessel and Hankel functions of the first kind with respect

to the order n are given by [78]

0= g (0 (5),

6.C.1)
1 @2n—1) 1
hp(t) = ————— |1 — ,
()nﬂoo itm 2n=1(n — 1)! ( +O(n>>
owing to Stirling formulae n! ~ (2)" \/27n, it can be deduced that
1 et \" 1
=g () (40(3),
n— 2

* 2nv2 \2n " (6.C.2)

o5 (&) (o(}))
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With respect to the argument ¢, one also has the following asymptotic behavior at 0

Jn(t) 2! !t” (14 0(t))), 6.C.3)

-0 (2n+1)

and at infinity

gnlt) = %cos [t - n_2|_17r] <1 +0 (1)) . (6.C.4)

6.C.2 Derivatives of spherical Bessel and Hankel functions

The derivatives of j,, and h,, w.r.t. their arguments are given by the recursion formula [1]

For f,, = j, or hy, then f/ (t) = nfn1(t) ;n(?:—ﬁ 1)fn+1(t), (6.C.5)

then their asymptotic behavior w.r.t. the order n can be deduced from (6.C.2) as

= st (2) (-0 (2)

(6.C.6)
-nv2 (2n\" 1
n = —=(2) (1 -
0,z () (o)
as well as w.r.t. the argument ¢ one has at 0
() = EEUIEE (14+0())) (6.C.7)
IS0 enr 11" ’ “
and at infinity
1 n 1
-/ _ - _ -
Jn (1) LT 7008 [t 2%} (1 +0 <t>> . (6.C.8)
6.C.3 Legendre polynomials
From [20] the following result is due to Stieltjes
2\ 2
(sin.0) 2| Py (cos 0)| < <n> (V0 € [0;7)). (6.C.9)
s

Then, owing to [185], the Laplace relation for the asymptotic behavior of Legendre polynomials

precises this property with
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Py(cost) = (m ;M) cos Kn + ;) 6— ﬂ <1 40 (i)) (V0 €)0: 7). (6.C.10)

6.C.4 Derivatives of Legendre polynomials

N

The Legendre polynomials derivatives can be expressed by means of the recurrence relation

Pl(z) =0
/ _ TL(TL + 1) Pn—l(l') — Pn—i—l(ff) . (6.C.11)
Py(z) = @nt D) T if n # 0.

Then, the asymptotic behavior is deduced from (6.C.10) as

Pl(cos) = ( 2n >%Sin[(”+;)9_ﬂ <1+O<i)> (V0 €]0:7]).  (6.C.12)

n—oo \ 7sin @ sin 0



Conclusion

Conclusions

The focus of the research described in this dissertation is the theory of inverse scattering in solid
mechanics which aims at detecting and identifying scattering obstacles in an elastic background
medium through the use of elastic or acoustic illuminating waves. Over the past decade, the lim-
itations of customary treatments of the latter class of problems, that employ either weak scatterer
approximation or non-linear optimization techniques, have spurred the development of the so-called
sampling methods for obstacle reconstruction. These methods have in common a paradigm change
in their approach to inverse scattering, in that they seek only a qualitative information about hid-
den scatterers within a computationally efficient and robust framework that makes use of the full-
waveform measurements of the scattered field. The qualitative information that is recoverable by
these methods can be ordered by the level of “complexity” as i) information on the presence of
obstacles, ii) geometrical information on their location and shape, and iii) information on the ma-
terial characteristics of a hidden obstacle. In this context, the present study is concerned with the
advancement of two such sampling methods, namely the topological sensitivity approach and the
linear sampling method that jointly carry a potential of detecting, reconstructing, and characterizing
obstacles in an elastic solid with moderate computational effort.

Even though the question of possible theoretical links between the two methods is addressed
via a simple but instructive analytical case in Chapter 6, the TS and LSM techniques rely, to a
large extent, on fundamentally different concepts. In particular, the topological sensitivity method
is based on the heuristic interpretation of the perturbation of a given cost functional generated by
the introduction of an infinitesimal flaw, whereas the linear sampling method relies on the resolution
of a linear integral equation of the first kind featuring a fundamental singular solution to the wave

(Navier or Helmholtz) equation. The developments proposed in this study aim to i) address the

266
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unresolved theoretical issues of the LSM, ii) extend the range of application of both the TS and
LSM techniques and iii) demonstrate their usefulness for practical applications.

By building up on earlier TS studies, the topological sensitivity method is implemented within
a classical FEM computational platform in Chapter 1 to assess its ability to deal with time-domain
inverse scattering problems, and constitutes a first comprehensive study of this kind. Chapter 2
introduces a novel extension of the method to deal with three-dimensional time-domain crack iden-
tification with an emphasis on on the ability of the TS approach to furnish a comprehensive “point-
by-point” information on both crack presence and its local orientation (i.e. the normal on a crack
surface). The study demonstrates that in contrast to the relatively involved, but mathematically rig-
orous, analysis required to arrive at the correct formulation of the topological gradient field, the
subsequent numerical implementation is rather simple. This feature, together with a remarkable
robustness of the TS method in situations involving noisy data, highlight the promise of this tool in
the context of real-life engineering applications.

A comprehensive study of the linear sampling method in the context of acoustic inverse scat-
tering, together with a novel perturbation study that for the first time provides clues towards its
performance in a multi-frequency setting, is given in Chapter 3. For completeness, the multi-
frequency developments are illustrated through both analytical and numerical examples. Chapter
4 is concerned with the study of the interior transmission problem for (visco-) elastic bodies, a non-
traditional boundary-value problem whose issue of well-posedness is critical for the applicability
and performance of the LSM. Finally, the characterization of the set of frequencies, for which the
homogeneous interior transmission problem does not have a unique solution, which is a lynchpin
toward extension of the linear sampling method toward multi-frequency inverse scattering and ma-
terial characterization of a hidden scatterer, is addressed in Chapter 5 in a comprehensive study of
the corresponding eigenvalue problem.

As mentioned earlier, Chapter 6 represents the first step toward exposing the commonalities

between the TS and LSM techniques that makes use of an instructive analytical study.

Possible directions for future work

In what follows, suggestions are given for future work and developments on inverse scattering
in solid mechanics in the context of the topological sensitivity approach and the linear sampling

method.
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Error in constitutive relation. To a large extent, previous topological sensitivity studies have
focused on the mathematical developments of the small-defect asymptotics and on the use of the
topological gradient as a flaw indicator function, rather than on the structure of the featured cost
functional. In solid mechanics, energy-like cost functionals which measure the error in the consti-
tutive relationship, are of particular relevance, as their use to quantify local perturbations of proper-
ties of a reference body spread out from the seminal work by [135]. The topological sensitivity of
energy-like functionals has been only recently established by [25] for Stokes flow problems and by
[33] in elastodynamics. These studies may soon inspire others, on both theoretical and numerical
aspects, contributing to a wider use of the topological sensitivity method within the solid mechanics

community.

Configurations with heterogeneous media. Most of the work on the topological sensitivity has
been concerned with the nucleation of an infinitesimal flaw in a homogeneous linear elastic solid.
The literature addressing TS for heterogeneous background media is scarce, notably [61] for the
Helmholtz equation and [107] that deals with heterogeneous viscoelastic bodies with piecewise-
analytic distribution of the material parameters. Further extension to configurations with randomly
distributed physical properties, is a challenging problem that has numerous applications. In this
respect one can refer to [132] for an introduction to stochastic mechanics and [97] for an overview

of wave propagation and time reversal method in random media.

Use of dimensional analysis toward the asymptotic perturbation studies. The use of dimen-
sional analysis toward the development of the topological sensitivity approach may lead to signifi-
cant simplification of the formulation and may represent a completely new avenue toward extending
the TS studies for more general configurations. The work by [107] in the context of heterogeneous
solids is, to the authors’ knowledge, the first attempt to use dimensional analysis for a topological

perturbation study.

Quantitative approach by higher-order expansions. The first-order asymptotic expansion of a
given cost functional, in terms of the linear size of the infinitesimal domain perturbation, leads to the
formulation of the corresponding topological gradient which is used for a gualitative geometrical
identification of unknown scattering objects. High-order developments, that have been addressed in
[178, 31, 32] for 2D potential problems and in [30] in connection with the Helmholtz equation in

3D, were motivated by their potential for quantitative identification of the size of the scatterer(s) by
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minimization of higher-order terms. Such studies can be extended to a broader class of problems,

including elastodynamic inverse scattering and crack identification.

Interface crack identification. The exploitation of the topological sensitivity approach, devel-
oped in this Ph.D. project, for the identification of cracks in homogeneous solids or interface cracks
in bimaterial bodies, constitutes another promising perspective as this problem arises in a num-
ber of applications dealing in particular with composite materials. A numerical implementation of
the method to perform, an extensive campaign of simulations is needed to assess its effectiveness.
However, given in particular the availability in closed-form of the corresponding polarization ten-
sors, the simplicity of the method may contribute to its generalization in an engineering context for

non-destructive material testing.

Mathematical justification. The topological sensitivity method relies on the formulation of a
topological gradient stemming from a mathematically rigorous asymptotic perturbation of a cost
functional for an infinitesimal defect. The use of this method in inverse scattering problems is,
however, based on a heuristic interpretation of this gradient to define an indicator function for fi-
nite defects. A deeper analysis of the method is needed to provide both a better understanding of
this indicator and a firmer mathematical justification of its use in applications, so far supported by

numerical experiments.

Linear sampling method

Formulation using reciprocity gap. The linear sampling method makes a recourse to the solution
of a linear integral equation of the first kind, where the left-hand side of the equation (i.e. the kernel)
is constructed from the experimental data, while the right-hand side depends on a singular solution
to the featured wave equation in the reference (defect-free) domain. For applications that deal with
full- or half-space configurations, this solution is usually the relevant Green’s solution. However,
for situations where the background medium is bounded, such fundamental solution is not known
analytically and its numerical computation can suffer from prohibitive approximations [see e.g.
141]. To circumvent this drawback, the method can be combined with the reciprocity gap principle
following the work by [74] in acoustic inverse scattering. This strategy avoids the need to compute
the fundamental solution and thus opens new perspectives for the use of the linear sampling method

in inverse elastodynamic problems dealing with finite solids.
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Qualitative material identification. A comprehensive study of the interior transmission problem
in the elasticity case presented in this dissertation represents a theoretical advancement in that it
establishes a link between the lower bound on the (experimentally-observed) transmission eigenval-
ues and combined material properties of the scatterer and the background medium. In earlier studies
by [51, 41, 49], dealing with the Helmholtz equation, such relations are used to obtain qualitative
information on the physical properties of a hidden scatterer. The question of such use of the LSM

in elastodynamics is still open and may have a wide range of practical applications.

Inverse scattering in the time domain. Most of qualitative inverse scattering methods have been
initially formulated for time-harmonic problems. An obvious alley toward the extension of such
works toward time-domain problems revolves around the use of the Fourier transform. Such ex-
tension however raises the issue of the so-called (interior) transmission eigenfrequencies that may
pollute the observed spectrum of the scattered data and, depending on the sampling technique used,
may render the method unusable. This in particular applies in the case of the linear sampling
method, whose multi-frequency treatment is for the first time rigorously addressed in this thesis and
cited reference work [103]. For completeness, it is also noted that a time domain treatment of the
LSM has been proposed in [67]. Notwithstanding the contribution of the latter work, however, a
time domain scattering situation where the undesirable (interior) transmission eigenvalues intersect

the Fourier spectrum of a prescribed transient signal as in [103] is still an open question.

Common challenges

Tests on real experimental data. The topological sensitivity approach and the linear sampling
method have each been the subject of a large number of studies that aim at establishing their the-
oretical foundation and exploring their range of applications, via numerical simulations that make
use of synthetic measurements. At present, however, the supporting literature dealing with the ex-
perimental data is relatively scarce, and the only light in this direction was shed in [87] and [186]
in the context of the TS and the LSM, respectively. As a result, there is a significant need for ad-
ditional experimental studies to build up examples using real scattering measurements which could
be more effectively designed through the proposition of benchmark problems for qualitative inverse

scattering methods.

Explore a unified inverse scattering theory. Inverse scattering problems, that have been the

subject of intense studies over the last twenty years, have witnessed the growth and the flourishing
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of qualitative methods that aim at providing a robust and computationally effective alternative to
the customary linearization and non-linear optimization approaches. In light of the diversity of the
sampling techniques developed so far, however, the question of the commonality (if any) of their
theoretical platform, arises naturally. In direct scattering problems, the so-called scattering operator
(see e.g. [136]) plays a central role and inverse methods have early been conceived as strategies to
extract the informations it contains [78, 124]. A brief review of the literature on the subject, with an
emphasis on the methods covered by this dissertation, is given below to highlight the importance of
the idea. It is believed that an in-depth review of the cited and related works may lead to significant

progress towards a unified theory of qualitative methods for inverse scattering.
e Exploitation of the spectrum of the scattering operator: [79, 125, 147].

e Linear sampling and factorization methods, seen as two comparable strategies [17] to extract

information from the scattering operator in a “simple” way [46].

e Parallels between the MUSIC algorithm and linear sampling and factorization methods: [69,
126].

e Use of the MUSIC algorithm to deal with inverse scattering problems: [7].

e MUSIC algorithm and time reversal: [85, 86].

e Time reversal and imaging: [62, 95, 171, 37].

e Exploitation of the spectrum of the time reversal operator and DORT method: [168, 169, 170].
e Time-domain topological sensitivity method and time reversal analogy: [88].

e As the topological sensitivity method employing least-square misfit function leads to a topo-
logical gradient in the form of a single-layer potential over the observation domain and whose
kernel is the scattered field, analogies naturally arise with the adjoint version of the linear

sampling method proposed by [156].

Figure A provides a synthetic diagram of these interconnections between the topological sensitivity
method (TSM) and the linear sampling method (LSM). Solid lines represent theoretically estab-

lished links, while dashed lines stand for future research directions.
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