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A domain derivative-based method for solving elastodynamic
inverse obstacle scattering problems

Frédérique Le Louér *

Abstract

The present work is concerned with the shape reconstruction problem of isotropic elastic inclusions from
far-field data obtained by the scattering of a finite number of time-harmonic incident plane waves. This
paper aims at completing the theoretical framework which is necessary for the application of geometric
optimization tools to the inverse transmission problem in elastodynamics. The forward problem is reduced
to systems of boundary integral equations following the direct and indirect methods initially developed for
solving acoustic transmission problems. We establish the Fréchet differentiability of the boundary to far-
field operator and give a characterization of the first Fréchet derivative and its adjoint operator. Using these
results we propose an inverse scattering algorithm based on the iteratively regularized Gauft-Newton method
and show numerical experiments in the special case of star-shaped obstacles.

Keywords : Elastic scattering, penetrable obstacle, boundary integral equation system, Fréchet derivative,
regularized Newton type method.

1 Introduction

This paper is concerned with the shape reconstruction problem of a three-dimensional bounded penetrable
obstacle from far-field data obtained by the scattering of time-harmonic incident waves in elastodynamics.
Efficient solution method for this inverse problem is of practical interest for various physical applications such
as non destructive testing or geophysical exploration.

In the last two decades, numerous new techniques have been developed for solving shape reconstruction
problems. Most attention has been spent on the following two categories of approaches: qualitative methods
and nonlinear optimization methods. Examples of qualitative methods are the Linear Sampling Method [12, 13]
and the Factorization Method [39] which have been developed initially for solving inverse acoustic scattering
problems in exterior domains. One can find in the scientific literature numerous extensions of these qualitative
methods to many different configurations : a non-exhaustive list of papers in linear elasticity includes inverse
scattering in unbounded domains [10, 11|, in half-spaces [4], in waveguides [6, 7] and in periodic structures
[34]. These inverse scattering algorithms are very efficient for physical applications which do not seek to recover
additional informations on the scattering object (i.e. material properties). The main disadvantage of sampling
methods is that it requires, especially in unbounded media, a knowledge of the full far-field patterns for all
directions of incidence and observation. Uniqueness results are also based on such criteria [22] excepted for
balls or convex polyhedral scatterers that can be determined from far-field data obtained by the scattering of a
single incident plane wave [33]. The inverse problem of recovering the shape of an obstacle from measurements
obtained by the scattering a finite number of incident waves can be numerically solved by nonlinear optimization
algorithms based either on geometric optimization tools or on topological optimization tools. In this case the
inverse problem is often formulated as a nonlinear least squares problem for which iterative algorithm can be
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applied to recover an approximate solution. Geometric optimization consists in minimizing the nonlinear least
square among a family of parametrized boundaries with same genus. The problem being severely ill-posed,
the least squares are regularized by a quadratic penalty term, the so-called Tyckonov regularization. Pioneer
work in this area were conducted by Kirsch [38] for solving the acoustic inverse scattering problem for sound-
soft obstacles. The whole approach requires the Fréchet differentiability analysis of the far-field pattern of the
solution to the scattering problem with respect to any parametrizations of the unknown boundary and, if it is
possible, a characterization of the Fréchet derivative as a solution to a new elliptic boundary value problem.
This was achieved by Kirsch using variational methods and alternative proofs were given by Potthast using
the integral representation of the boundary to far-field operator and the material derivatives of the boundary
integral operators [49] and by Kress and Péivarinta using a farfield identity [42]. We refer to [29, Chapter 4]
for a review of existing iterative algorithms which lead to different choices of penalty terms in the framework of
Hilbert spaces. An extension of these algorithms to Banach spaces can be found in [37] and references therein. A
rigorous inverse algorithm based on regularized Gauk-Newton [5, 28] iterations and boundary integral equation
formulations is described and analyzed by Hohage in [29, Chapter 4]. A fast and accurate reconstruction of
the scattering object illuminated by a finite number of (or even one) incident plane waves is obtained [29, 23].
However a good initial guess and its approximate location have to be known from the beginning. The method has
then been extended to other boundary conditions in acoustic scattering [31] since the needed theoretical results
on the Fréchet derivatives where known [24, 25]. Second degree method for solving inverse obstacle scattering
problems [27] are less popular since the characterizations of higher order Fréchet derivatives are rather difficult
to obtain. Topological optimization consists in minimizing the nonlinear least square (or objective functional)
by modifying the topology of the medium, as for example by creating multiple simply connected obstacles.
Topological optimization method are very efficient for finding the number, the location and the size of the
obstacles from a very small amount of data and without using any a priori initial information. We refer to [§]
for a description of an iterative algorithm entirely based on topological derivatives for the identification problem
of sound soft obstacles. Such method could be used as a starting point for determining intial guesses in the above
mentioned geometric optimization algorithm. Nonlinear optimization methods have the additional interesting
feature that one can combine them, through slight modifications in the algorithm, with gradient-based method
to approximate the parameters of the obstacles and recover the boundary conditions satisfied by the scattered
field at the interfaces.

Characterization of the Fréchet derivatives have been recently derived in electromagnetism for various bound-
ary conditions [41, 21, 16, 45, 50] and a fast inverse iterative algorithm is proposed in [30] for the identification
of dielectric inclusions in unbounded homogeneous media. In elastodynamics, the characterization of the first
Fréchet derivatives for the Dirichlet boundary condition case was obtained by Charalambopoulos in [9] extend-
ing Potthast’s approach based on a boundary integral representation of the solution. An alternative proof and
the Neumann boundary condition case have been recently investigated by the author in [45] extending Kress
and Péivarinta’ s approach based on a farfield identity. The purpose of this paper is to consider the case of
transmission boundary conditions and to present a numerical solution method for iteratively recovering the
shape of isotropic elastic inclusions.

The paper is organised as follows: In Section 2 we introduce the transmission problem of time-harmonic
elastic waves across the smooth boundary of a three-dimensional bounded obstacle. The forward problem is
reduced to systems of boundary integral equations following the very well-known direct and indirect methods
initially developed in acoustics [40, 43]. The nature of elastic waves makes rather difficult the construction of
uniquely solvable weakly singular boundary integral formulation for the transmission problem. Contrary to the
acoustic case, the resulting systems consist of strongly singular and hypersingular integral equations but we
prove that they are uniquely solvable for the range of wavenumbers characterizing elastodynamic waves. Using
these results, the far-field pattern of the solution to the transmission problem is given in terms of products of
boundary integral operators and their inverses. Among all the existing methods above mentioned, we prove in
Section 3 the Fréchet differentiability of the boundary to far-field operator using the recent results on the material
derivatives of boundary integral operators with either a weakly, strongly or hypersingular kernel established in



[15]. We give a characterization of the first Fréchet derivative and the adjoint operator, following ideas of
[29], which is needed in the implementation of the iteratively regularized Gauk-Newton (IRGN) method in the
framework of Hilbert spaces. In Section 4, we present the inverse scattering algorithm and we show numerical
experiments in Section 5. The boundary integral equation systems are numerically solved by applying the high
order spectral algorithm proposed by the author in [46] for solving elastodynamic problems in exterior domains.
Similar convergence rates than those reported in [46] and [19, 20] are observed. The characterizations of the
Fréchet derivatives are numerically compared to the finite difference method. The inverse scattering algorithm
is applied to the shape reconstruction problem of convex and non convex star-shaped obstacles.

2 Elastic scattering by penetrable obstacles

Let Q C R? be a bounded domain with a smooth closed orientable boundary T' of class €2 at least and outward
unit normal vector n and let Q¢ denote the exterior domain R3\Q2. Throughout the paper we denote by H*(Q),
H; (Q°) and H*(T') the standard (local in the case of the exterior domain) complex valued, Hilbertian Sobolev
space of order s € R defined on Q¢ and T respectively (with the convention H® = L2.) Spaces of vector
functions will be denoted by boldface letters, thus H® = (H*)3. We also use the surface differential operators:
The tangential gradient Vr, the surface divergence divr, the surface scalar curl curlp, the tangential vector curl
curlr and the scalar Laplace-Beltrami operator Ar. For their definitions we refer to [47, pages 68-75].

For the formulation of the transmission problem we follow the notations of [11] and quote some important
results on potential theory from [17] and [44, Chapter 3] . The propagation of time-harmonic elastic waves in
the three-dimensional isotropic and homogeneous elastic medium is described by the Navier equation

A*u + pwiu = pAu + (A + p)Vdivu + pw?u = 0,

where w > 0 is a fixed frequency. We assume that the Lamé parameters g and A and the density p take
constant and different real values in 2 and Q¢. Moreover we assume g > 0 and 3A + 2p > 0. We introduce the

dimensionless Poisson’s ratio v = 2(}\7% Then, we have Afm = 21(1:25), )\)‘:2’; = 2(1171/) and iigﬁ = 23(,1_EZ)'
We set
H'(Q,A%) = {ueH'(Q): Auec L*(Q)},
H, (2°,4%) = {u€ Hp,(9°): Aue L}, (29} .
We use the following traces :
9 _ n -V, (normal derivative)
on ’ ’
T(n,0) = 2pi + Andiv+un X curl, (traction trace).

on

We note that, due to the trace lemma, ur € H%(F) for uw € H'(Q,A*) U H},.(Q° A*). The normal derivative

a%u‘p and the traction derivative Tur are both defined as distributions in H_%(F).

In what follows, we will use a lower or upper index i for all quantities related to the penetrable scatterer
Q and a lower or upper index e for all quantities related to the exterior domain €. The forward problem
is formulated as follows: Given vector densities f € H %(F) and g € H _%(F), find the solution (u!,u¢) €
H'(Q,A¥) x H},.(Q°, A¥) to the system of Navier equations in Q U Q¢

Afu' + pwu' =0 inQ, (2.1a)
Aful 4 powu® =0 in Q°, (2.1b)

which satisfies the transmission boundary conditions

u'=u‘+f onT (2.1¢)



and

Tiu' =T.u®+g onl. (2.1d)
In addition the scattered field u¢ has to satisfy the Kupradze radiation condition
ous, ou’
. P _sepe | : S 7€y | — =
Tlirgor (6r mpup> 0, TILII;OT ( o msus> 0, r=lz, (2.1¢)
uniformly in all directions. Here, the longitudinal wave is given by u;, = 7(52)72V divu® and the transversal
wave is given by ui = u® — uj associated with the respective exterior wavenumbers r; and kS given by

Ky = W/ pa(Aa + 214) "1 and K% = wy/ papia ® for a = i,e. We point out that the Kupradze radiation conditions
are sufficient conditions [44, Theorem 2.9, pp. 127] to obtain the following useful radiation conditions

Tlin;or (Tews, — inh (e + 2pe)us;) =0, TILHQOT (Tews —ikSpeul) =0, r=|x|, (2.2)
The conditions (2.2) together with the first Green formula for the Navier equation [17, Lemma 2.1] and Rellich’s
Lemma allow us to prove that the homogeneous transmission problem admits at most one solution. Existence
of a solution can be proved using boundary integral equation methods. Following [40, 43], we give an alternative
proof to [17] below, but available for smooth boundaries only.

K|z

Setting G(k, z) = c

47||7 the fundamental solution of the Navier equation is given by
|z

(k)2

It is a 3 X 3 matrix-valued function and we have ®*(x,y) = ' ®%(x,y) = ®*(y,z). For a solution to the Navier
equation (2.1b), one can derive the Somigliana integral representation formula for = € Q

u'(w) = / (@' (@, 9) Ty (y) — T[Ty @ (2, )] u'(v) ) ds(y), (2:3)

where Ty = T'(n(y),dy) and Ty®(x,y) is the tensor obtained by applying the traction operator T, to each
column of ®(x,y). For a solution to the Navier equation (2.1b) that satisfies the Kupraze radiation condition,
one can derive the Somigliana integral representation formula for € Q°:

u(@) = / ([T @ (2, )] (y) — @ (2, 9) T,y (y) ) ds(y). (2.4)

The transmission problem of time-harmonic elastic waves by a bounded obstacle €2 can be reduced in several
different ways to a system of uniquely solvable boundary integral equations. We present two different approaches.
The Calderén projectors for the time-harmonic Navier equation are

1 1
O (a,y) = — (sz, Yl

La

Ve Vi (G(Kg, x—y)— Gk, T — y))) .

1
Pt _ i§I+Da —S,

a

1
N, j:§I - D!
where I is the identity operator and the boundary integral operators are defined by

Suplz) = / & (a, y)p(y) ds(y).

Dup(a) = / TIT, (2, )} (y) ds(y),
Dp(x) = FT“’”" {0z, y)p(y)} ds(y),
Nob(@) = [ Too {700, @ w0 | dsw)

4



The operator S, is bounded from Hié(F) to H%(F) and compact from Hié(F) to itself. The operators
D, : H%(F) — H%(F) and D/, : Hﬁé(F) — H7%(F) are bounded and have a strongly singular kernel. The
operator N, : H? () — H: (T) is bounded and has a hypersingular kernel.

For a =i, e, we set p, = T(ufr, Tau“lr). We have the following results

]Deere = Pe> Peipe =0, P+pz’ =0, P'_pi = —D; -

K2 K2

The direct approach [40, Section 4.2] is used when f and g are the boundary data of a time-harmonic
incident elastic wave u'™¢ which is assumed to solve the Navier equation in the absence of any scatterer. In this
case, we have

uti
Pjpznc =0 and Pcipinc = —Pinc with Pinc = T Linc .
e ‘F
Using these results, we derive the following system of boundary integral equations of unknown p = p, = p.+p;..

(P — P )p = (I +]\(71D1;V6De) . :((%g‘_k%))@) p=p,. . (2.5)

If one solves the boundary integral equation system (2.5) then the solution of the transmission problem is given
by (2.3) and

u(@) = / (T[T @ (@, )] (u + u™) (y) = O (@, y) Ty (u +u™)(y) ) ds(y) - (2.6)

The indirect approach [40, Section 4.2] or [43] can be used for all boundary data (f,g) € H: (T) x H? (T).
It is based on the layer ansatz

ui(x) = /FT[Ti,yflﬂ(%y)]w(y)dS(y)+/F‘1>i(:v7y)<P(y)d8(y), x e (2.7)
ue(w) = / T, ()]t (y)ds(y) + / (2, y)p(y)ds(y), © €0, (2.8)

We set p = T(w,cp) and p = T(¢, —), then p, = Pfp and p, = F~p. We obtain the following system of
boundary integral equations

((I) _OI) (B =P )b = KI - ]\(fD—;V ?a 11((55[_55)9)} - <—gf) , 29)

If one solves the boundary integral equation system (2.9) then the solution of the transmission problem is given
by (2.7) and (2.8). In the sequel, we denote by I,, the boundary integral equation operator in (2.9) and by Ilp
the one in (2.5).

Theorem 2.1 Let (f,g) € H%(I‘) X H_%(I‘). The boundary integral equation system (2.9) admits one and
only one solution p =" (¢, @) € H%(F) X Hﬁé(F).
PROOF. We proceed in two steps. First we prove injectivity following [43, proof (ii) of Theorem 4.2], then we

prove that the boundary integral equation operator is a Fredholm operator of index zero. We conclude using
Riesz theory.

e Let consider the homogeneous form of the system (2.9) which means f = 0 and g = 0. Since the
homogeneous form of the transmission problem (2.1a)-(2.1e) admits the trivial solution only, we obtain
u, = 0in Q° and u’ =0 in Q. It follows P;*p =0 and P, p = 0 and

P p=-p and P'p=p. (2.10)



Now we introduce the following displacement fields

V@) = [Tt @y]lwisy) - [ Ve ne@isy. o
r r
@) =~ [T, @@y - [P Eevise). @
We deduce T(vleF,Teva) = —P_p and T(vlir,Tiva) = Pfp. From (2.10), we deduce (v.,v;) solves

the homogeneous form of the transmission problem (2.1a)-(2.1e) where we have interchanged the interior
parameters p;, \;, p; with the exterior parameters j., A, p.. Hence, the solution (v¢, v?) € Hl(Q, AY) x
H;,.(Q° A}) is identically equal to zero and coming back to (2.10) we obtain p = 0 = p.

Now we prove that the boundary integral equation operator is a compact perturbation of an invertible
operator. To this end we consider the principal parts of the boundary integral operators obtained in [18§].
To describe their behavior we use an orthonormal basis ((y;o))OSKNO, (y;l))jeN*, (yf))jeN*, (yf’))jeN)
of L? (T") consisting of the eigenfunctions of the scalar and vector Laplace-Beltrami operators. (It seems
easier than the use of the Fourier analysis especially in linear elasticity [2].) We precise that ()7;0))03 j<No
span the nullspace N of the vector Laplace-Beltrami operator and ((y](,”)jeN*, (yf))jeN*) span the set

of tangential densities with non vanishing surface divergence or surface curl. We refer to the appendix for
more details. From [18, Lemmas 3.2 to 3.5] we deduce that the principal parts of the boundary integral

operators, written in the function basis (yg.”, y§2), yf’)), behaves as follows when j — oo
3 —4v, -1
e 0 0
8ta(l — va) i 1
_1
P_1(S,) = 0 ﬂﬁj : 0 +0 (ﬂj_l)
0 3 — 4y, 5‘7%
8,“/(1(1 Va) J
0 1-2y,
4(1 —v,) B .
RDa)=| 0 0 0 +0 (@ ) , Py(D.) = "Py(Dy)
— 20,
4(1 —vy) 0
and u .
_ a 2
2(1— l/a)ﬁj 0 0
Pi(N,) = 0 —%5; 0 +oQ) .
Ba o3
0 0 - f2
2(1 — vg) i

Let jr2_, g+ be the isomorphism between L?(I') and H*(T) defined by (A.2). We extend this definition

to its bevariate analogue jr2, r2_, gox e (ry (9, %) = (jrz—m=(¥),jr2 r¢(¥)). To homogenize the units
we use the following invertible linear transform : U : (¢, %) — (¢, pe®). By composition, the operator
1

I,, is a Fredholm operator of index zero on H? (T') x H™2(T") if and only if

. —1 .
J = 1 1 OU OI OUO 1 1
o =Jgbm-Sr2xr2 op o2 HY xH %

()

is a Fredholm operator of index zero on L*(T') x L*(I'). Now we denote by (90§0))0§j<N0, (5 )j>1,

(gpf))jzl and (gag-g))jzo the Fourier coefficients of the density ¢ € L*(I") and by (L/J§O))o§j<No> (%('1))]'21»



(%2))21 and (1/)](3))j20 the Fourier coefficients of the density ¢ € L*(I"). The principal part of Jop is
a compact perturbation of an invertible operator A that can be rewritten as a sequence of 2 systems
with respectlvely 2 equations for the 2 unknowns ((pf) 1/1(2 ) and with 4 equations for the 4 unknwons

( (1), Lp] ,w (1) 1/1(3 ). The associated matrices are

- 1) 1
whose determinant is equal to § + i(i + £2) # 0 and
1 a b 0 a = ﬁ - ﬁ
Z (1) (1) withy b = (8?21_:152) e 452))
0 ¢ —a 1 ¢ = (2(1iue) - ﬁQ(liui)>

whose determinant is equal to (a? + bc — 1)? # 0. Indeed, under the hypothesis on the Lamé parameters

we have 2(1 —v,) > (1 —2v,) > 0 and 4(1 — v4)? > (3 — 4v,) > 0. It follows a? < § — W <3

be < %— % 16(13’;‘;’(’{7%) — Z—: 16(133’(’;7%) < % and 1—a?—bc > 0. We choose A as the identity operator
1

on (M@ (Cy(()o))z. We have (Jo, —A) =0 (Bj 2) in the function basis (yg.l),yf),yf)) when j — oo.

Then J,p = A+ (Jop — A) and (J,, — A) is compact from L? (T) x L? (T) to itself.

Remark 2.2 We also deduce the unique solvability of the equation (2.5) since Ilp is related to the adjoint
operator (IOP)TH of Loy for the L? duality product that can be written as folows

ol = (1 o) (1 o)

An interesting feature of the systems (2.5) and (2.9) is that one only has to implement and store four boundary
integral operators for both systems. Numerical experiments are presented in Tables 1 and 2.

The radiation condition implies that the scattered field has an asymptotic behavior of the form

ke ||
e p ~ (&
uf(z) = ——u (&) + Eh

x|

T
uniformly in all directions & = ﬁ The fields u;° and u® are defined on the unit sphere S? in R? and known as
x
the longitudinal and the transversal far-field pattern, respectively. Using the direct approach (2.5) the far-field
pattern can be computed via the integral representation formula

ing||

1
u’ (& +O<>, x| — oo,
@+0(5). Io

u>® = (% _ﬁ;) (T?Lz) )

and using the indirect one (2.9) the far-field pattern can be computed via the integral representation formula

= 7) (1)



where the far-field operator % is defined by (see [3, equations (2.12) and (2.13)])

Z (ﬁ;)—/ e —sea s 1 s ") o) dsty) (2.11)
D = e R3 In o+ 200 T ey v). .

and the far-field operator % is defined by (see [3, equations (2.12) and (2.13)])

T

Z@) = [ | [ olls — & © ]

efim:i-y

:
[Te,y[ﬁc ® @]M] P(y) ds(y).

e—imi:i:-y 1
47 ] Ae + 21,

The direct method is used to compute the farfield pattern of the solution to the forward problem while the
indirect one is required to compute the Fréchet derivatives of the boundary to farfield operator. The direct
method has the advantage to provide the boundary data which are needed to compute the boundary data of the
Fréchet derivatives (see Remark 3.2). The connection between the two integral formulations given in Remark
2.2 is used to obtain the characterization of the adjoint operator (see the step 2 in the proof of Proposition 3.3)

3 The Fréchet derivative and the adjoint operator

From now on, we choose a fixed reference domain ..y with a closed and orientable boundary Tye; of class €
at least and we consider variations generated by transformations of the form x — g(x) of point @ in the space
R3, where q is a smooth vector function defined in a neighborhood of I}.;. We consider diffeomorphism q from
Ler to T'q := {g(x); @ € I\er}, such that the surface I'y is still a smooth orientable boundary of a domain 4
with same genus as .f. We have the continuous embedding H*([yef, R?) < €1 (Trer, R?) for any s > 2 (see |1,
pp. 98] and [47, pp. 50]). We choose s > 2 and we define the following open set of admissible variations

Q := {q € H*(T\er, R?) : g injective, det(Dgq(X)) # 0 for all X € Ler } - (3.1)

By nq we denote the outward unit normal vector to I'g and, in what follows, we will distinguish the quantities
related to the elastic transmission problem at the interface I'q through the index q.

Let F: Q — LQ(Sz) denote the operator which maps a parametrization g € Q of a boundary I'g to the
far-field pattern ug® corresponding to the incident field u'"c, Using (2.5), the operator F' admits the factorization

ZTL('

Fla) = v = (Fea %) [a]” (T 'u) | 62

Theorem 3.1 (characterization of F'[q]) The mapping F : @ — L*(S?) with s > 2 is Fréchet differentiable
at all g € Q for which T'q is of class €2, and the first derivative at q in the direction & € H*(Lyer, R?) is given
by

F'lql¢ = Ug?g )
where vy’ is the far-field pattern of the solution (v}, £ Vq.¢) to the Navier equations (2.1a)-(2.1b) in R3\I'y that
satisfies the Kupradze radiation condition and the tmnsmzsswn conditions on I'q

{ q € et Fae
Tﬂ);){ = Tevt?& + g;,gv
with
fae=—(€0q ' ng) (aiqué - aanq(uf; + u")) ,
Gae = (€007 ng) w? (pitg — pe(ug +u'™))
+divr, ((foq™" ng) Leg[0" (ug) — 0% (ud +u')]Leq) -



where for a = i,e we have set 0°(u) = \o(divu)ls + pq ([Vu] + TIVu)) and ltq =I5 —ng @ ng and (ul, ug)
is the solution of the transmission problem (2.1a)-(2.1e) at the interface I'y.

PROOF. Let g € Q such that I'y is of class €2 at least. The solution (uf,u) of the transmission problem
(2.1a)-(2.1e) at the interface I'q admits the following integral representation

—1 uiFC . —1 UiFC

ug = (.@e,q _%74) [Ilp,q} Te"u’%‘j and  wug = (—@i,q ‘%74) [Ilp,q} Te'lifsz ’
q
where .7, g and Z, 4, for a = i,e, are the single layer and double layer elastic potential operators [44, Egs.
(3.1) and (3.2), pp. 300-301]. The material derivatives of the boundary integral operators as well as those of
the surface differential operators have been extensively analysed in [15] in the framework of Sobolev spaces.
In [15, Section 4], it is shown that the material derivatives of the boundary integral operators with a pseudo-
homogeneous weakly or a strongly singular kernel exist at every order and the kernel of high order derivatives are
still weakly or stongly singular. In [15, Section 5|, this results are extended to boundary integral operators with
a hypersingular kernel, as for example N, [15, Example 5.3], by expressing them in terms of surface differential
operators and boundary integral operators with a weaklysingular kernel. The factorizations of the operators
D,, D!, and N, can be found in [46, Lemmas 2.2 and 2.3]. Moreover the successive material derivatives at q in
any direction £ involves the first tangential derivatives of £ only. By the chain and quotient rules, we conclude
that the boundary to far-field operator F' is infinitely Fréchet differentiable.

o0 o0
Writing €24 and (2 as increasing unions of compact subsets g = U K, and Qg = U K : , we can establish
i=1 i=1
the differentiability properties of the potential operators [15, Theorem 4.8] by analysing their restrictions to
K, U K; for all p > 1. Let us fix p > 1. The kernels are ¢*°-regular in K, U K; so that, by the chain

and quotient rules, the potentials and the mapping G : ¢ € Q — (uz,ug) € HI(K;,A;?‘) X Hl(K;,A:)
are infinitely Fréchet differentiable. Since we can interchange the differentiation with respect to g with the
differentiation with respect to @ € K, U K5, we deduce that the first Fréchet derivative G'[g]é = (v], ¢, 5 ¢)
for any € € H*(Tier, R?) C € (Ier, R?) solves the Navier equations (2.1a)-(2.1b) in K7 U K,}. Collecting the
results for all p > 1, we deduce (”f;,gv'“f;,g) solves the Navier equations (2.1a)-(2.1b) in Q4 U Qg. However
the first Fréchet derivatives, considered as functions in 4 U §2g, lose regularity. Since we can interchange the
differentiation with respect to q and the passing to the limit |x| — oo we deduce that Vg e satisfy the Kupradze

radiations conditions (2.1e) and vg% is the farfield pattern of vg .. The boundary data of vé,g and vg . exists

as distributions in H~? (Tq) x H 7%(I‘q). It remains to compute the transmission conditions satisfied by the
first Fréchet derivative. We have

{uéoq—(UZJrui”C)oq =0

{o'(ug)ng} o g — {oc(ug +u)ngtoq =

We will use the expansion of the gradient on the boundary I'q [47, Eq. (2.5.208)]:
ou

Vu = VFqUI[‘q —+ nqn— s

on I} and for all g € O .

and the material derivative of the normal vector given by [15, Lemma 4.3] 94{nqoq}& = — ([Vr, (£ 0 g7 ')ng)oq.
e By differentiation with respect to g, we have

0= {uyoq—(ug+u™)oq}€=vgeoq+& (Vuy), 0q—vieoq—§ (V(ug+u™)) oq
=g0q VG604
+(&-ngoq) <aui e +ui”“)> oq
q
ong 1 Ong 1

+€- {quufl — qu(uz + umc)} oq .



From the first transmission condition (2.1c) on I'y we deduce £ - [V, u}]oq—§& - [V, (ug +u"")]oq = 0, and
. /

the expression of f ..

e We also have

0= {{0*(ulnq) o a — (o0 (u + u"Ing) o q) €
= {cri(v;&)nq} °oq— {Ue('vg,g)nq} oq
{i€0a™) Voluy), Ing - (€0 a ) Vo'lug + u™)| Ing | oq
— {0 )V, (€0 a7 g — 0. (uf + u™) Ve, (€ 0q g | oa,

and

(€oa™) Vo'(ug) Ing = (£og™ nq) {fnqai(u;)} ng+[(Eoq") - Vol (ul)n,

(€oq-ny) [a‘zqcﬂ(u;)} ng + (€0 q) - Vi, (o' (ul)ny)
oi(ul) (€0 q ) Vi my) |

We develop in the same way [(£ 0 g7') - Vo°(ug + u'™) - Ing. We use the second boundary condition to
q

simplify (0 q™!) - V(0" (ul)ng) — (0 q™") - Vi, (0°(ug + u'™“)n,) = 0. We finaly get
0 = {0"(vge)ng} o g — {0°(vge)ng} oq

{i€oa ng [gaawp)] - €oa n) 5

O_i e nc
i

— {0 (W) Vr, (60 a™" - mg) — o (uf +u)Vr, (€0 q ! mg) foq.
Now we use the following decomposition of the divergence on I'q [47, Eq. (2.5.210)]

divu = divp, u + ng - 887“ . (3.3)
q

We obtain
[aoi(uf])} ng = div Gi(ué)qu —divr, Gi(ug)|rq = —piw2ué|rq —divr, Gi(ué)‘rq ,
and
((oq " ng)divp, Gi(’uf;)|rq + Gi(uf})hqqu ((oq ' ng) =divp, ((50‘11' ng) Gi(“il)\r) :

We use again the second transmission condition to simplify ¢(u})ng ® ng — 0°(ug + u™)ng @ ng = 0 on Iy

and then, ngq ® ng(o’(ul) — 0°(ug + u'™))I; 4 = 0. Collecting all the results, it yields the expression of 9ye

We have (f;,g,g;’g) € Hfé(l“q) X H*%(Fq). For smooth boundaries I'q, the boundary integral equation

system can be solved on the space of weaker regularity H _%(Fq) x H _%(Fq). Since the far-field operators
F,q and K g are smoothing operators, we still have v% € L*(S?) by using this characterization. The

characterization of higher order derivatives requires additional regularity for the boundary I'y.
[ |
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Remark 3.2 For numerical convenience, it will be useful to express the boundary data T(f;yg,g;,s) in terms of

the boundary data T(ufl,Tiué), which is solution to the system (2.5), and their tangential derivatives. We use
the following rewriting of the traction trace operator on I'q

Toug = 0"(ug)ng = 2paMaug + (Ao + 20)(divug)ng — pamng x curlug

aug a : a
La an + Mgug | + (Ao + pa) (divug)ng

a

ou
= (Mot 2'%)8771,3 — AaMagug + (A + fta)ng X curlug.

where Mg is the tangential Giinter derivative on Tq defined by Mq = ([Vr, -Jng — ngdivr,) [44, Equation
(1.13) and Theorem 1.8, pages 282-284]. These formulas together with (3.3) lead to

5]
ng X (Taul X ng) = pang X (ug X nq) + 1a[Vr, uglng,

Ong

a

ng - Toul = (Ao + 2p10)g - aTZ + Aq divr, ug

and
ng - Toug = =24, divr, ug + (Mg + 241,) divug .

We set é'nq = (foq71~ nq) and I, ¢ = ng ® ng, then we have

(dr¢) —vlale = (%) .
where

Bulale = &n, { (x5 — s ) madive, vy + | (s — o) Tma T + (= ) e T |} (39)

and

Bolal€ = €, (pi — pe) wuy + divr, (&, 00(uh) ) + divr, (&, 0n(Tiu})) (3.5)
with
o) = (3535~ 50 ) (e e (9 9 e
and

n(Tiug) = —— — . Tiug)lig -
0 ( uq) <)\z+2ﬂz )‘e+2ﬂe) (’I’Lq uq) t,q

An interesting feature of these formulas is that they make appear the contrasts between the interior and exterior
values of the Lamé parameters. Numerical experiments are presented in Table 3 and attest the theoretical results.

With the objective to use Gauk-Newton iterations we need to compute the adjoint operator F” [q]TL2 of F'[q]

for the complex L? inner product (not to be mistaken the L? duality product mentioned in Remark 2.2).

Proposition 3.3 (characterization of the adjoint F” [q}TLZ) Let g € Q and

ine e—i.‘iz@"y < x h(z R e—m;i‘y < Nz dsiz .
u(y) = /S? W(x x h(X)) X X + m(x (x))x | ds(x), yE

11



denote the vector Herglotz function with density h € L2(S2) and ui - the interior wave solution to the elasto-

dynamic transmission problem at the interface I'q with the mcwlent wave u;l"C. Then the L*-adjoint of F’ [q] is
defined by

= da(mate{ (s = ) o T - )

+ (/\ Fome T Ntom +2# ) (divr, UTI) (nq 'TiuTﬁ)
+ (ﬂi - ;%) (T; u’ X ng) - (Tiu ? X ng) (3.6)
_|_

(pi — pe)w? ul ufzfz — Ut(’lTZ) : quuq’ﬁ

+ (2 xm) (na Tig) (dive, W) | ) o

where Jq is the determinant of the Jacobian matriz of the change of variable X — q(X) and, for two (3 x 3)
matrices A and B whose columns are denoted respectively by (a1, aq,as) and (b1, ba,bs), we have set A : B =

ay-by +az-by+as-bs.

PRrROOF. The proof consists of three steps:
1. factorization of F'[q] and F’[q]*"L2 : Due to (2.9), Theorem 3.1 and Remark 3.2 F'[q] has a factorization

F'lq¢ = Alq)Blqgl€ where Aldl = (Zq Foa) [Iop,qu (—OI ?) .

Let us denote by (.A[q])*L2 and (B[q])*L2 the adjoints of .A[q] and B[g] with respect to the L? inner products.
Therefore, the adjoint of F’[q] has the factorization

F’[Q]|*L2h = (B[q])|L2(A[q])TL2h,

and (Blg])

and it remains to characterize (A[q])}
e

2
2. characterization of A[q]”kL2 : Let us consider first the adjoint of .%, 4 : H'(T) — L*(S?) for some ¢ € R. For

any h € L*(S?) we have

o 1 6i/<;Lx y . . ein;iry . .
JD,Q‘Lzh (y):E I [IR%*QT(X)CB]‘FW[Q}@:B]

The function u{"“(y) is analytical on T'q. We also obtain

inc
b= (Teuh )
inc )
Un

Therefore, using Remark 2.2 to pass from I, to op, it follows that

. 10 [ Teuge
(Ala)j,,h = (O 1) Wopal| 2 ( uiﬁnﬁ )

= I 0 op,q Teuglc - ui,

h

(%\uq 54;3711)*];2
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where we have used (2.5) in the last line.
3. characterization of B[q]TLz: We use

—Tiuz i —Tiu; i
B[q]TLQ - 7 a€ = Re - 7 7B[q}€
Yq.h L2(Tyet,R3) Yq.h L2(Ig)x L2(Ty)
= —Re <T1uflﬁ, B [q]E>L2(Fq) + Re< 50 Bala ]£>L2(Fq) :

For B1[q] we obtain

—Re <Tiuf,,;1731 [Q]€> —/F (€oq™ " ny) Re{ (ﬁ - ﬁ) Tiuy g, - Inq Tiug
q

+<i——)Tu T Toul

Ai 7
+<>\i+l2lh 3 +2ME)T’U, i Ngdivr, uy }ds

We use a change of variable to pass from an integral over I'g to an integral over I} and we finaly get

Lry)

~Re <Ta B, [q]g>L2(Fq) - /F ¢ J, (nq Re{ (ﬁ - ﬁ) (ng - Tl 1)(ng - Tiug)
+ (i ue> (Tiu' u 5 X Mg): (TﬂTZ X Tg)
+(ﬁ,ﬁ)( Tu —)(lep ul)}>oqu.
For Bz[q] we obtain
Re< o B2la ]£>L2(Fq) = /Fq (oqg™ ' mny)Re {(,0z — pe) wQuf]ﬁ 172} ds
+ /F Re {@-diwq ((goq—l. nq)at@))

+ u;ﬁ -divr, ((Soqfl- nq)o‘n(Tiuié)> } ds.

We note that the vector columns and the vector lines (Tn(Ti'le]) and oy ("TZ) are tangential fields and we can
use the integration by part formula frq @1 divp, @ods = — qu Vr, @1 - pads for any scalar function ¢, and any
tangential vector function ¢,. We finaly get

— . i — De z _ % d
e (up Balale) = [ € I (ma e {(p: = )l i} ) o s
_/F € Jg (nq Re {quu;ﬁ : oy ()
+ quufzﬁ : O'H(Ti’u,f])}> ogqds,
Witthui—'G(T»ﬁ):(#—#)(n ul)(Vr,ul ot Iy q) and (Vp u! - 1y g) = dive, ul ,
a g,h " TMA\T1Tq Ai+2p; Ae+2pe q Fq t.q Pq™qh - ta Pqa %qh-
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4 The inverse scattering algorithm

In this section we present the inverse problem of interest and describe an inverse scattering algorithm when the
unknown scatterer is diffeomorphic to a ball which means I.s = S2.
We consider the scattering of m € N* incident plane waves of the form [3, Section 3] or [22, section 3]:

. 1 . e 1 ;€
ui"(x) = — e (dy x p,) X dp + ———— "= (d, - p,)d,
Do) = -y x ) x dy o+ e T )
where for £ = 1,...,m we have dy, p, € S®. When the polarization p, - d¢ = 0, the incident plane wave u}"*
oscillate in a direction orthogonal to the direction of propagation. They are called shear waves. When p, = d,
the incident plane waves oscillate along the direction of propagation. Let Fy : @ — L*(S?), £ = 1,...,m

denote the operator which maps a parametrization ¢ € Q of a boundary I'y to the far-field pattern ug®
corresponding to the incident field u}"¢. These operators may be combined into one operator F : Q@ — L2(Sz)m,

F(q) := (Fi(q),...,F.(q))". The inverse problem is formulated as follows: Given noisy far field measurements
U, ... Uy, 5 Solve ford=1,....m

Ff(qé) = UZO&-

We also combine the measured far-field patterns into a vector ug® = (ugS,..., u5y s)T € L*(S*)™ such that
the inverse problem can be written as
F(q') = uf". (4.1)

Here, § denotes the noise level which is measured in the L*(S?)-norm, i.e. |[u$® — ug®||p2(g2)m < d. To compute
an approximate solution to (4.1) we use the IRGN method [5, 28, 29]. At each iteration step, the iterates of the
IRGN method can be computed by

5 . 5 5 s
AN 41 ‘= argmilge prs |F(an) + F'lav](a — a) — ugo”i‘z(sam +anlq— qO”%{S(S%R?’)} : (4.2)
Here q, = g is some initial guess, and the regularization parameters are chosen of the form ay = agy™"
with v > 1, which provides logarithmic convergence rates of the IRGN method [28, 29, Theorem 4.9] when the
stoping rule is given by the Morozov’s discrepancy principle (5.1).
The updates (0q)n = q% 41— g% are the unique solutions to the linear equations [5]

(awt + F'lad][ . Filad]) 0a)k = S Filad]]. (uils — Frlad)) +ax(ab — ad). (4.3)
k=1

which is solved by the conjugate gradient (CG) method.
In the special case where we seek to restore a star-shaped scattering object with respect to the origin, we
can consider special parametrizations of the form

q="TRr with (Rr)(X) :=r(X)X, xe€§?

with a function r : S — (0,00). Then the function r is uniquely determined by I';. In this case we set, for
some 5 > 2, Quar = {r € H*(T,R) : 7 > 0}. As R(Qstar) C Q, we can define Fyqy : Qupar — L*(S?)™ by

Fiar = FoR.
Then Fiqr is injective if a star-shaped interface I'y is uniquely determined by the far field data u$®, ..., u;y.
We obtain F,,, [r]*"Hh = X - Re{...} o g where the expression in the curly brackets coincides with the one in

Proposition 3.3.
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Fully discrete algorithm. To solve the forward problem and compute the Fréchet derivatives we use
the fast spectral method proposed by the author in [46]. For any n € N* let HX be the (n + 1)2 finite
dimensional space spanned by the orthonormal scalar real spherical harmonics of degree at most n and let
Q.. be the 3(n + 1)? — 2 finite dimensional space spanned by the orthonormal vector spherical harmonics of
degree at most n. Let O,, and .%, be the projection operators on Q,, and HE defined in [20, Eq. (3.10)] and
[19, Eq. (2.44)] respectively. In the sequel, we consider that the solution to the boundary integral equations
systems and the unknown parametrization are approached by vector or scalar spherical harmonics of degree
at most ngo; and ngear, respectively. The far-field data are evaluated at 2(Nmeqs + 1)2 quadrature points

X = T(cos ¢y sin b, sin ¢, sin 0, cos 0;) with 6, = cos™! z,, where 25, s = 1,...,Nmeas + 1, are the zeros of the
T
Legendre polynomial of degree neqs + 1, and ¢ = ——— ., 7 =0, ..., 20meas + 1.
nmeas Jr 1

Following details in [46], we denote by [I,p] the spectral approximation of the operator I,, defined

Msol

on the space Q2 and by [Ilp}n l the spectral approximation of the operator Ilp. The discrete numerical

Msol
scheme for solving the forward problem using the system (2.5) is: find ufbwl = O"saluf] oq € Q. and
ti]‘sol = On.,, (TZUZ) oq € Q,,,, such that
i u;ﬁLsol — Onsol Jquin.C °q
[Iop] Nsol <t:“bsol> (On%l Jq(Teuznc) oq . (44)
Setting (ﬁ;v,q _ﬁ;,q)n the spectral approximation of the elastic far-field operators defined from (@%SOZ to

Qn,,..., then the approximate farfield data is

)
B = (Foa ~Foabu,, (1) (45)
Nsol

The discrete numerical scheme for computing the Fréchet derivative of Fy,,- at 7 in the direction v using the
system (2.9) is: find ¢, = O, ,¥Y,0q€Q,,,, and @, = Op_,p,°q € Qy,,,, such that

'l)bnso _ _O"sol Jqf:],g o q _
Lopl,..., <‘Pnsoj =\ Onrdagl e 0q where £ = Rv . (4.6)

Setting (F q %7q)n ~ the spectral approximation of the elastic far-field operators defined from Q2  to
Qu.,...., then the approximate Fréchet derivative of the farfield data is

Bl = (Foa Foa)u,, () (1.7)
Nsol

The discrete solution space for the inverse problem (4.1) is H%mr undowed with the norm of H® given in the
appendix. We denote by jﬁfg _, g+ the restriction of the isomorphism defined by (A.1) to real-valued functions
and by B, ® = .2, j%z _, s its discrete approximation. In practice, we represent v by the vector B, * v

Nstar Nstar—

and we solve (4.2) in L? [29, Chapter 5|. The complete algorithm is the following.
1. Choose an initial guess qg =gy = Rro.

2. For the parametrization qf\, = er\, : Tyot — R3 of the current reconstruction 'S, := q‘]sv (Tret) of the inter-
face, evaluate F;q,(rd) by solving (4.4) for all incident waves £ = 1,...,m. Save the Fourier coefficients
of the interior boundary data uy,, ~andtj,  on '), and compute the discrete far field patterns uy,
for the (th incident wave and the interface 'y, with (4.5).

If the stopping rule is not satisfied at the Nth regularized Gauf-Newton step, then:

3. Compute the next iterate q}s\, 41 by minimizing the least square (4.2) (or solving the equivalent linear

equation (4.3)) by the conjugate gradient method. In each CG step we need to compute FY,,.[r%]v and

star
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Elor [T?V]Tﬂh numerous times. The Fréchet derivatives are evaluated by solving (4.7) for k =1,...,m. The

right hand sides can easily be evaluated using the discrete boundary data (uznwl,t}}mm) (see Remark

3.2). T @ T ith h = ' (A (m) f fields
.2). To compute F, [qN]|L2h with h = (h',... R'™), we compute traces of the total fields for

star

Herglotz incident fields with kernels h® by evaluating

T T Q= T
0q) = [y, (% %a),,,, 0"

Nmeas

T _ ,

(=On.u (Tiu;w) °q, Onsozu;w
(see proof of Proposition 3.3). The surface derivatives which appear in the formulas (3.4)-(3.6) can be
computed analytically using some identities stated in [30, Section 3] or [46, Section 3] which link surfaces
derivatives on I'g to surface derivatives on S2. The discrete analogue of the integration by part formula

used in the proof of Proposition 3.3 is exact when one uses these identities.

5 Numerical experiments

The forward problem. We present numerical experiments for low and medium frequencies to highlight the
fast convergence of the spectral algorithm [20, 46] that we use to solve the elastic transmission problem. We
consider various smooth convex and non convex obstacles whose the parametric representations and visualiza-
tions are given in [19, 48]. The surfaces are characterized by their diameter denoted size_obj. The convex
shapes are the sphere, denoted by sphere(size_obj), the ellipsoid with principal diameters a, b and ¢ denoted
by ellipsoid(a, b, ¢) and the rounded tetrahedron denoted by tetra(size_obj). The non convex shape is the
stellated dodecahedron denoted by stell(size_obj).

As a first test, using the indirect approach (2.9), we compute the far field, denoted by u
off center point source located inside the elastic obstacle :

o0

ps» created by an

u'me(x) = —[®°(x,s)]p, s€Qandpec S

In this case the total exterior wave has to vanish so that the far-field pattern of the scattered wave u® is the
opposite of the far field pattern of the incident wave. The following far-field representation is obtain by applying
the kernel of the far field operator %, to p (see (2.11)).

1 —iK &S 1 B
U (&) = —© (& x p) x & £

exact LLe Ar T+ Ao + 2,ue Ar (iL’ ' p) Z.

We choose s = T(O, 0.05,0.0866) and p = T(l, 0,0). In the tabulated results we indicate the uniform-norm error
(by taking the maximum of errors obtained over 1300 observed directions, i.e neqs = 25) :

oo

pS]nsol — Ugy

- ug)iactHOO = 1nax [uoo exact"

I mase | [uFS).

As a second test, using the direct approach (2.5), we compute the far-field pattern, denoted by Upy,, created

by the scattering of an incident plane elastic wave. In the tabulated results (excepted for the sphere) we indicate
the real part and the imaginary part of the polarization component of the far-field evaluated at the incident
direction : [uSg, (d)]n,,, - - In the case of the sphere we know the analytical representation of ugg, (d), thus we
compute the errors ||[ugs,]n,,, — Ugract|loo Dy taking the maximum errors over 1300 directions as for the point
source radiation. The representation of u;ﬁv(d) is given by a series expansion of the vector spherical harmonics

(see [46, Appendix| for more details). Here, we consider an incident shearing plave wave with d = ' (0,0,1) and
T
p= (1,0,0).
In all simulations, the mechanical parameters characterizing the exterior domain are p, = 1, A, = 2 and
pe = 1 so that kg = 2x7. In the interior domain we set p; = 1.3, \; = 1.8, ; = 1.1. The size of the scatterers
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Table 1: Solution of the forward transmission problem : numerical examples for medium and high frequency scattering.

ke =87 kS = 247
sphere(8.0)%) ell(8.0)%,4.0%5,4.0%%) sphere(24.0)3) ell(24.02%,12.02%,12.0%%)
Nsol ||[u;3‘1]nmz - uziactHoo ||[u[o)2]nsol - uz;éactnoo Nsol H[U?v)v]nsoz - ugiactHOO H[ug:}nsoz - U’gactHOO
30 5.4101E — 03 1.2902E — 06 80 1.1005 2.1431E — 05
35 1.1801E — 06 2.4828E — 09 85 4.7521E — 04 4.5892E — 08
40 1.6390E — 09 1.8113E — 11 90 7.3925E — 07 8.0673E — 11

Table 2: Solution of the forward transmission problem : numerical examples for low frequency scattering

surface ol |l[ugs)ng, — uSactlloo  Relugy(@)n,, -p Imfugy(d)]n,,, - P
15 1.6623E — 04 0.246 216 901 0.039 464 026
tetra(1.02902%) 25 1.2149E — 05 0.245 997 865 0.039157197
K =2 35 7.3789E — 07 0.246 014 718 0.039116 512
45 8.7730E — 08 0.246 017 049 0.039116 029
25 2.0217E — 04 0.221 257743 0.039 813 339
stell(1.01162S) 40 9.4046E — 06 0.220 496 093 0.039 521 322
KE =3 55 1.9360E — 06 0.220 449 588 0.039 547 333
70 2.9745E — 07 0.220 455 459 0.039 545 784

is indicated between brackets and is expressed in terms of the exterior S-wavelength )¢, = 27 /k¢. As it was
reported [19, 20, 46], we observe extremely fast convergence rates for smooth convex obstacles but the presence
of angularity or concavity greatly increase the needed number of degree of freedom. In both cases, the spectral
algorithm intially developed by Ganesh and al. [19, 20| is very competitive with already existing fast BEM
method for low and high frequency scattering.

The Fréchet derivative.  To attest the theoretical results we compare the Fréchet derivative obtained by
solving the transmission problem given by Theorem 3.1 and Remark 3.2 with the Gateaux derivative typically
defined by

i Fla+t8) —Flq)

t—0 t
We choose I'y = Ther = S?, hence ¢ = I and the object is sphere(1.0)5). The direction & and the different
values of ¢ are defined in Table 3. The radial funcion v is described by the spherical coordinates of any point
X € S? denoted by (6, ¢) € (0;7) x (0;27) U {(0,0); (0,7)}. The material parameters and the incident elastic
plane wave are chosen as previously with k¢ = 7. We have set nineas = 7, Nsor = 10 and ngrer = 5. As expected,
we observe linear convergence rate.

Application to the inverse problem. The first test is concerned with the shape reconstruction problem of
a convex obstacle illuminated by only one incident plane shear wave directed from top to bottom. The convex

Table 3: Numerical computation of the Fréchet derivative : comparison with the finite difference method

3 Vit t llvge — vaelloo
c— R e E -0l 1.7340E — 01
- g+t — g _ —
v(X) = 2 cosfsin ¢ + 2 cos 20 sin 3¢ t g B g; };gﬁg B 8;
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obstacle is the rounded tetrahedron whose the visualization is given in Figure 1 (a). In this case, we do not
consider noisy farfield data so that § = 0. We show in Figures 1 (c) and (e) some shape reconstruction for
various values of the interior density p;. The Lamé parameters are defined as above and we choose k¢ = 2
so that the diameter of the scatterer is roughly 1X;. The exterior density is p. = 1. To compute the exact
far-field data we use ng,; = 25. To compute the far-field data at each iteration step we use ngo,; = 20. The
radial functions describing the unknown parametrization belong to HY;. We use a mesh grid of 128 (n,eqs = 7)
degrees of freedom to evaluate the far-field pattern. The initial guess is the unit sphere. We run the algorithm
until the 30-th iteration step is achieved. We choose ag = 10~2. We observe that the shape reconstruction of the
scatterer is quite slow with a weak constrast between the exterior and interior densities and Lamé parameters.
The numerical experiments show that at the 30-th iteration step with p; = 1.3, only the 4 vertices of the
tetrahedron are recovered but the 5 edges remains concave. Increasing the constrast by considering p; = 2, we
obtain an accurate reconstruction of the tetrahedron. Other experiments have been conducted and we found
that using higher values of the frequency (k¢ = 3 or k¢ = 4) and illuminating the scatterer by several incident
plane waves (as for example 3 or 6 shear waves) greatly reduces the needed number of iterations to obtain an
accurate reconstruction of the obstacle.

Our second test is concerned with the shape reconstruction of the (rounded) stellation of the dodecahedron
whose the visualization is given in Figure 1 (b). This shape consists of 20 peaks located at the 20 vertices of the
regular dodecahedron. In this case, we reconstruct the obstacle from noisy far-field measurements corresponding
to the scattering of 6 incident plane shear waves from top, bottom, front, back, left and right sides. We consider
a noise level of 5% random noise. The Lamé parameters are defined as above and we choose k¢ = 6 so
that the diameter of the scatterer is roughly 2X}. To compute the exact far-field data we use ns, = 40. To
compute the far-field data at each iteration step we use ngs, = 30. The radial functions describing the unknown
parametrization belong to H5,. The initial guess still is the unit sphere. Using the discrepancy principle, the
algorithm is stopped at the first index N for which

1F(qi) —ui®|| <76 (5.1)

where we choosed 7 = 1.5. We set again oy = 1072. With this stopping rule we obtain the picture presented
in Figure 1 (d) after 14 iterations and the picture presented in Figure 1 (f) after 10 iterations. We observe that
noisy measurements affect the accuracy of the shape reconstruction of scatterer for weak constrast between the
interior and exterior Lamé parameters and densities. One can see in Figure 1 (d) that the peaks are assembled
two by two. This phenomenon is amplified by letting the algorithm running until the L? error between the
farfield data and the farfield pattern of the unknown scatterer is closed to 6. We find that with p; = 1.3
the shape of the unknown scatterer stagnates and we definitively obtain the result presented in Figure 1 (d),
whereas the shape reconstruction process is not finished in the case p; = 2 and the size of all the 20 peaks are
well recovered.

These numerical experiments were realised in few hours using matlab programing language. The vector
nature of elastic waves greatly increases the dimension of the integral equation systems and makes the whole
algorithm significantly slower than in the case of acoustic waves. Rather recently, iterative methods for the
shape reconstruction, avoiding solving the direct scattering problem at each iteration step, have drawn some
interest [35, 36]. Investigations will be conducted in this area of research. Another future research line is the
combination of topological optimization tools with geometric optimization tools to find the location, the shape
and the material properties of multiple elastic obstacles between interfaces of piecewise homogeneous media.

Acknowledgement. The author gratefully acknowledges Prof. Dr. Thorsten Hohage from the Institute of
Numerical and Applied Mathematics at the University of Goettingen for providing the inversion toolbox he
developed with Matlab programing language [28, 29].
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Figure 1: Iterative shape reconstruction of the tetrahedron (left side) and the stellated dodecahedron (right side).
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Appendix

This appendix is devoted to the construction of an orthonormal function basis of the Hilbert space LQ(F). We
use the eigenfunctions of the scalar and vector Laplace-Beltrami operators following [47, Section 5.4.1]. Using
this funcion basis we introduce some isomorphisms between Sobolev spaces.

Since T is a compact manifold, the scalar negative Laplace-Beltrami operator (—Ar) admits a countable
increasing sequence of non-negative real eigenvalues (5;);en associated with the normalized eigenfunctions
(Y;)jen satisfying the eigenvalue problem —ArY; = 8;Y; in L?(T') . We have 3; # 0 for j > 1. Any scalar
function 7 € L?(T") can be expanded on the basis Y; in the form

Zr] , with Z \T]|2 < 400 .

7=0
For any s € R, the space H*(I") of distributions can be redefined as

o0

HYT) = qr; Y (1+6)°|r]> < o0y,

J=0

+oo

undowed with the norm ||r[|%. = 3 (14 8;)° |r;|*>. We naturally deduce the following bicontinuous isomor-
j=0

phism between the spaces L?(T") and H*(T) :

JresHs L*(T) — H(I)
(A1)
= ()0 = i (rm(L48) Ry
— >0
Since Ar = divr Vr = —curlp curly, the vectors VrYj and curlpY; = VY, x n are eigenvectors of the

tangential vector negative Laplace-Beltrami operator —Ar = curlp curlp —Vr divr with the eigenvalue §;. Let
N be the nullspace of the vector Laplace-Beltrami operator. If the surface I' is simply connected then N = {6}

otherwise, let Ng € N* be the dimension and (ygo)

_1 _1
we set y§3) =nY; and for j > 1 we set y;l) = ﬁj *VrY; and yg?) = Bj * curlp Y;. The concatenation of the

sequences (y;o))05j<Nm (yg.”)jeN*, (yg?))jeN* and (y§3>)j€N forms an orthonormal basis of L?(T").

)Jo<j<N, be an orthonormal function basis of M. For j >0

Any vector dentity ¢ € L*(T") can be expanded in the above eigenvector basis as follows
No—1 +oo +oo
0) (0 1)~,(1 2)4y(2 3)~y(3
LIS ME LT SO IS S LY
J=0 J=1 j=0

We call (<p§ ))0<j<NO, (gogl))pl, (gpg-Z))jZl and ((pg-g))jzo the Fourier coefficients of . The space L*(T') is defined
by o o

> @GP, N O L SN[, 3)
L) := w;\% ’ +Z’% ‘ +2 “/L’ +“F’ ’ +’% ‘ s
j=0 J=1

2 No— 2 2
undowed with the norm ||p|[2. = ‘@ég)‘ + OZ ‘cpgo)’ U%l)‘ ‘@22)‘ + ‘(pgg)‘ ] For any s € R we
Yo = ri_ *i_
define the vector space H*(T") by (extending [47, (5.4.17)] to non tangential fields)
S = - e (| @
H*(D) =< ¢ | +Z @5 @i | <+,
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I S OT O @1 4 ,® ]
undowed with the norm ||¢||%. = ’gp ‘<p + Z ’cpj ‘ + ‘gaj ‘ + ‘gaj ’ . We naturally

deduce the following bicontinuous 1som0rphism between the spaces L*(T') and H*(T) :

Jr2oHs : L*(T) — H*)
oo o) = @
(SDE‘O))KKNO (¢§0) - ﬁ)lé](No
= (L%N — (so§-” = (@-)-éﬁ)m - (A.2)
(L) (305'3) - (Bj)igﬁ)jm

In the special case I' = S?, the expression of the eigenvalues and the eigenfunctions of the scalar and vector
Laplace Beltrami operator are well-known. The exact expressions are given for instance in [30, Appendix B|.
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