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MATHEMATICAL DETERMINATION OF THE FRECHET

DERIVATIVE WITH RESPECT TO THE DOMAIN FOR A

FLUID-STRUCTURE SCATTERING PROBLEM. CASE OF
POLYGONAL-SHAPED DOMAINS.

HELENE BARUCQ*, RABIA DJELLOULI', ELODIE ESTECAHANDY?, AND MOHAND
MOUSSAOUTIS

Abstract. The characterization of the Fréchet derivative of the elasto-acoustic scattered field
with respect to Lipschitz continuous polygonal domains is established. The considered class of do-
mains is of practical interest since two-dimensional scatterers are always transformed into polygonal-
shaped domains when employing finite element methods for solving direct and inverse scattering
problems. The obtained result indicates that the Fréchet derivative with respect to the scatterer
of the scattered field is the solution of the same elasto-acoustic scattering problem but with addi-
tional right-hand side terms in the transmission conditions across the fluid-structure interface. This
characterization has the potential to advance the state-of-the-art of the solution of inverse obstacle
problems.

Key words. Scattering, Elasto-acoustic, Helmholtz equation, Navier’s equation, Shape deriva-
tive, Fréchet derivative, Inverse problem

AMS subject classifications. 35B65, 35J05, 35Q60, 35R30, 65N21, 74J20, 7T8A45

1. Introduction. One of the basic inverse scattering problems in scattering the-
ory is the determination of the shape of the scatterer using some measured scattered
far-field patterns [8]. This model problem, called inverse obstacle problem (IOP),
is relevant to numerous real-world applications including radar and sonar detection,
geophysical exploration, structural design, medical imaging, and atmospheric studies.
In spite of their apparent simple formulations, IOPs are very challenging problems
from both mathematical and computational viewpoints. The difficulties in study-
ing and/or solving IOPs are mainly due to their nonlinear and severely ill-posed na-
ture [8]. Nevertheless, given the applied nature of these problems and their prevalence
in sciences and engineering, IOPs have been subject to extensive studies leading to a
tremendous growth within the last three decades with an emphasis on the develop-
ment of computational methods (see, for example, [11, 14], and the references therein).

A large class of the proposed solution methodologies for IOPs belongs to the cate-
gory of regularized Newton-type algorithms [21, 17]. These methods appear to be
naturally well-suited for solving IOPs for two reasons. First, the Newton component
of these algorithms is the primary candidate for addressing the nonlinear aspect of
IOPs. Second, the regularization procedure is incorporated to restore the stability
to these problems. Employing this class of regularized iterative strategies requires
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however the computation, at each Newton-type iteration, of the Fréchet derivatives
of the scattered field with respect to the shape parameters at each given observation
point. Furthermore, it is well-known that the accuracy, fast convergence, and compu-
tational efficiency of these iterative algorithms strongly depend on the accuracy and
effectiveness levels in the calculation of the Jacobians that occur at each iteration.
Hence, characterizing these Fréchet derivatives is a necessary condition for solving
efficiently and accurately IOPs with regularized iterative algorithms. It is therefore
not surprising to note that a great deal of attention, documented by numerous pub-
lications in the literature, was given to address this issue. Indeed, depending on the
regularity assumptions on the shape of the considered scatterer, various approaches
were suggested to establish and characterize the Fréchet differentiability of the scat-
tered field with respect to the shape of the scatterer. Studies and results pertaining
to the case of acoustic scattering problems by rigid (not penetrable) scatterers can
be found, for example, in [29, 24, 35, 37, 25, 12]. The case of electromagnetic scat-
tering problems has been also studied by several authors and results can be found in
[36, 21, 9, 10, 30], among other references. The case of elasto-acoustic problems was
recently partially addressed in [7]. It was proved that the elasto-acoustic scattered
field and its corresponding far-field pattern are continuously Fréchet differentiable
with respect to the elastic domain. This important preliminary result was established
assuming the boundary of the considered elastic scatterer and its perturbations to be
Lipschitz continuous only. The proof of this result is a two-step approach based on
the ideas developed in [33, 40]. In the first step, the direct elasto-acoustic problem is
reformulated in carefully constructed Banach spaces that are invariant with respect
the the shape perturbations. The second step is devoted to proving that the condi-
tions for applying the Implicit Function Theorem are satisfied. It is worth mentioning
that [7] does not indicate how this derivative can be computed/characterized. Note
that this new result extends the one established in [13] to elastic object with rough
boundaries that are usually encountered in practical problems.

Characterizing the Fréchet derivative of the elasto-acoustic field with respect to the
domain is a delicate task that requires a particular attention. More specifically, for
elastic scatterers that are regular enough (of class C*; k > 2), it is relatively simple to
prove that the derivative is the solution of the same boundary value problem but with
different right-hand sides on the transmission conditions across the fluid-structure
interface (see Theorem 3.2 in Section 5.1). The proof of this result is straightfor-
ward and relies on the chain rule along with the classical trace theorems [34, 31, 19].
The case of Lipschitz continuous elastic domains, that are of practical interest, is more
complicated due to the presence of second-order derivatives of the elasto-acoustic field
in the transmission conditions (see Theorem 3.2). The presence of these higher-order
derivatives is problematic because it requires to define in an intrinsic way the Sobolev
space H3/ 2(T") and its corresponding dual space. In the case of a Lipschitz continu-
ous boundary, it is well-known that in general it is not possible to define H*(T") and
its dual except for s € [—1,1]. The underlying difficulty is that the multiplication
by an L°°(T')-function is not a continuous mapping from H'/?(T) into itself, which
constitutes an irremediable obstruction. It is worth mentioning that Geymonat and
Krasucki provided in reference [16] a characterization of the space of the traces for
functions in H2(f2) as a subspace of H'(I'). Unfortunately, the approach employed
to establish this result cannot be used for clearly characterizing the dual space. We
must point out that we previously announced in an extended abstract that appeared
in the special issue [5] that the main result of this paper is valid in the case of “pure”
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Lipschitz domains. Neither the derivation of this characterization nor the proof were
included in the paper due to space limitations. It turns out that the unpublished
proof was not correct. Indeed, one of the main intermediate trace results was not
valid for “pure” Lipschitz domains. We unfortunately are no longer convinced that it
would be possible to characterize the derivative of the scattered field as the solution
of an elasto-acoustic-type problem when the boundary I' is assumed to be Lipschitz
continuous only. Note that this property is true in the case of non penetrable ob-
stacles, i.e. acoustic scattering problems [12]. For this reason, we limit our study
to the class of Lipschitz curvilinear polygonal-shaped domains. This assumption en-
compasses a large class of domains since, at the computational level, all scatterer’s
shapes are transformed, after applying finite-element triangulations, into polygonal-
shaped domains. The main advantage in considering this class of Lipschitz continuous
domains is that the unit normal vector to the domain’s boundary I' is well-defined
and remains —at least— Lipschitzian everywhere except possibly at the vertices of the
considered polygon. This allows to adopt a ”divide & conquer” type strategy to prove
Theorem 3.2. More specifically, we adopt a two-step approach to establish this char-
acterization. In the first step, we perform a local analysis, i.e. at the edges level of
I". The goal in the second step of the proposed proof is to extend the local results
to the entire boundary I". This is accomplished through the derivation of two new
key trace results (see Proposition 4.9 and Proposition 4.10) that also appear to be
of independent interest. The computational implication of this theoretical character-
ization is that, at each Newton iteration, one need to solve a single linear system of
equations with IV, right-hand-sides; IV, being the number of parameters representing
the surface of the considered scatterer. This result has the potential to advance the
state-of-the-art of the solution of inverse elasto-acoustic scattering problems. Indeed,
the methodology adopted for characterizing the Fréchet derivatives with respect to
the shape of an elastic scatterer can also be applied to analyze the Fréchet differ-
entiability with respect to its material properties. This is relevant to many inverse
problems where not only the shape of an obstacle is of interest but also, and equally
important, its material properties. To the best of our knowledge, this class of in-
verse elasto-acoustic problems has not been solved yet. Last, we must point out that
employing adjoint-based formulations could be an attractive alternative for solving
inverse obstacle elasto-acoustic problems. One of the main advantages of this class
of methods is that the derivatives are expressed for all perturbations which makes
this class of methods independent of the number of the shape parameters. In addi-
tion, these methods require solving one forward problem and its corresponding adjoint
problem. However, since the resulting linear system corresponding to the direct prob-
lem is symmetric but not hermitian, its factorization cannot be reusable to solve the
adjoint problem. Hence, the computational cost associated with the assembly and
the factorization of two linear systems could be superior to the one required for the
solution of one linear system with multiple right-hand sides.

The remainder of the paper is organized as follows. In Section 2, we specify the
nomenclature and assumptions adopted, and formulate the considered elasto-acoustic
scattering problem [28]. In Section 3, we specify the considered class of Lipschitz
continuous domains and state the main result of this paper: Theorem 3.2. This result
shows that the Fréchet derivative with respect to the domain of the elasto-acoustic
scattered field is a solution of the same elasto-acoustic scattering problem but with
different right-hand sides in the transmission conditions across the wet interface I'.
Section 4 is devoted to the derivation of preliminary trace results that form the math-
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ematical framework of the proposed study. Some of these results do not appear to
be standard and they may be of independent interest. The proof of Theorem 3.2 is
given in Section 5. We first prove this theorem in the case where the boundary T is
regular enough (Section 5.1). Then, we extend the proof to the case of Lipschitz con-
tinuous polygonal-shaped domains (Section 5.2). Concluding remarks are presented
in Section 6.

2. Problem Statement.

2.1. Nomenclature and Assumptions. Throughout this paper, we adopt the
following notations and assumptions:

Q° is a polygonal-shaped domain of R? whose boundary I is assumed to be
Lipschitz continuous.

Of = R2\ O is the homogeneous inviscid (fluid) medium surrounding the
elastic domain.

| - | is the Euclidean norm in R?.

x is a point of R?, understood as a column vector and r = |z is the distance
from an origin point to x.

d is a unit vector representing the propagation direction of the incident plane
wave.

0
v is the outward normal to I" and W is the normal derivative operator.
v

St = {x € R?||z| = 1} is the unit sphere in R

V is the gradient operator in R%2. The gradient of a scalar function is a
column vector field. We adopt the notations from Simon-Murat [33] for the
Jacobian matrix. The gradient of a column vector field is a matrix, where the
partial derivatives are listed in rows. For a row vector field, we also define the
gradient as a matrix, where the partial derivatives are the columns entries.

V- is the divergence operator in R2.
A is the Laplace operator in R2.

D(E) is the space of infinitely differentiable functions with compact support
in F.

D'(E) is the standard space of distributions [1].

C%(E) is the set of all Lipschitz continuous functions on E C R?, equipped
with the norm ||¢[|co.1 () = [[¢llco(m) +|@|Lip(m). Where |¢[Lip = sup [p(z1)—

T1FT2
P(w2)|/lwr — wal.
CY(E) is the space of functions with continuous derivatives on E C R2.

C™(E) is the space of functions with continuous derivatives up to order m on
E c R?, with the maximum norm of all derivatives.

L?(E) is the standard Lebesgue space [1].

For a bounded domain E C R? and for m € N, the standard Sobolev spaces
are H™(E) [1].
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2 (E) and H;" (E) are the spaces of functions that are respectively in L?(D)

and H™(D) for any open bounded set D in FE.

e H}(E) denotes the space of functions of H'(E) that vanish on the boundary

OFE, that is,

HY(E) = {w € H'(E), wjop = 0}.

e H*(T') are the trace Sobolev spaces [1].

e H5(T") are the dual spaces of the trace Sobolev spaces in the regular case

equipped with the dual product (-,-)_s s [1].

e [ :R? — R? is the identity mapping or the unit matrix.

e 0:R? — R? denotes an admissible perturbation in (C 1(R2))2. It is assumed

to have a compact support and to be small enough so that I + @ is bijective

in R?, for example 0] (c1(r2))2 < 3

e O = (I +60)Q° is an admissible perturbed configuration of the reference

domain Q°; e = s, f. Note that 2§ = Q°.

e I'y is the boundary of Qj and v is the outward normal to I'g. Note that

Iy =T.

e [¢'] is the Jacobian matrix of 6. Hence [0'] = (891 > .
1<l,j<2

0

e [0']" is the transpose Jacobian matrix of .
e T'rp is the trace operator on I'.

e Dq, and Dy are two bounded domains with smooth boundaries, such that

(2.1) Dic*cQ’ cD,.

e The symbol — denotes continuous injection between two normed spaces.
e We say that 6 — wuy is locally differentiable if for every open set D strictly

included in 2° and strictly included in €23 the restriction of ug to D is dif-
ferentiable [33, 40]. Similarly, in the unbounded domain, we say that 6 — pyg
is locally differentiable if for every open set D strictly included in Qf and
strictly included in Qg the restriction of py to D is differentiable. We denote
by (u',p") = ((Oug/00)(0)h, (Opg/00)(0)h) the local derivative of (ug,pg) at
6 = 0 in the direction h, where h is a vector field satisfying h € (C%(R?))2.

2.2. Mathematical Formulation of the Problem. The scattering of a time-

harmonic acoustic wave by an elastic obstacle {23 embedded in a homogeneous medium

Qg , depicted in Figure 2.1, can be formulated as the following boundary value problem

[28]:

V- o(ug) +w?psug = 0 in Q3 (a)
Apg + E*py =0 in Q(’; (b)
0 T(up) = —pove — gve on Iy (c)
BVP (1 o P
2 Po g
iy = 204 2T T d
W prug - Vg 9ve " v on I'g (d)

lim /r (81’9 - ikpg) =0. (e)

r—400 or
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Receiver
°

Source

Fic. 2.1. An admissible perturbed configuration Qf of the reference domain Q°, where o is
either s or f.

where the pair (ug, pp) represents the elasto-acoustic scattered field vector. py is the
scalar-valued fluid pressure in Q(]; , whereas uyg is the vector-valued displacement field in

- i< g.d . . .
8- g=p"" = e s corresponds to the given incident plane wave. w is the angular
frequency and cy is the speed of sound in the fluid Qg . w and ¢y are associated with

w

the wavenumber k by k = —. py (resp. ps) is a positive real number denoting the
cr

density of the fluid Qg (resp. the scatterer 23). o is the stress tensor related to the

strain tensor € by Hooke’s law [28]. We consider here the case of an isotropic medium,

and assume o to be invariant under rotations and reflections [28]. Consequently, we
have:

(2.2) o(ug) = AV - ugl + 2pe(ug),

where ¢ is the strain tensor given by:
1
(2.3) e(ug) = 3 (Vug + (Vug)') -

and the Lamé coefficients A and p are two positive real numbers. This means that we
assume ()3 to be a homogeneous scatterer.
Last, 7 denotes the traction vector on the surface of the scatterer g, that is,

(2.4) 7(ug) = o(ug)ve.

We recall that the scattering amplitude pg o, of the acoustic scattered field py that
is the solution of BVP (1) is defined on the unit sphere S! and is obtained from the
asymptotic behavior of pg [8]:

ikr

(2.5) Po = e\/; <p9,oo (%) +0 (i)) ; r= |zl = +oc.
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Recall that the far-field pattern can also be expressed as follows [8]:

eim/4 . ape Heiky
A ikz-y _
260 o) = S [ (5w - T )

Observe that the direct problem BVP (1) contains the standard exterior Helmholtz
problem given by Egs. (b) and (e), and the Navier’s equation given by Eq. (a) gov-
erning the equilibrium of an elastic scatterer. These equations are coupled via the
transmission conditions given by Egs. (¢) and (d). The first one is a dynamic interface
condition whereas the second one is a kinematic interface condition [28].

This boundary value problem has been investigated mathematically and results per-
taining to the existence, uniqueness and regularity can be found in [28, 32, 27, 22, 6],
among others.

3. Main results. We consider the class of curvilinear polygonal-shaped domains
Q% whose boundaries I' are globally Lipschitz continuous, as illustrated in Figure 3.2.

M
More specifically, the boundary I is given by I' = UI‘j, where I';; j=1,..., M, are
j=1
the M sides of the polygon 2° ordered with j increasing and counterclockwise. The
jth side line I'; is assumed to be of class C'''. We denote the vertices of the polygon
Q° by S;;5=1,...,M, and we set Sp41 = Si, so that I'; is the curve or the straight
line joining the vertices S; and S;i1, as illustrated in Figure 3.2. Furthermore, we
assume that:
at each vertex S;, the semi-tangents to I';_; and I';
(H) . .
are neither parallel nor forming an angle of 7.
Note that under assumption (H), the unit normal vector v to I' is well-defined and
Lipschitz continuous everywhere except at the vertices S; and Sj + 1. We denote by

v; the unit normal vector to I'; and we assume the basis {7, v;} to have the canonical
orientation, where 7; is the unit tangent vector to I';.

Remark 3.1. The following example illustrates the important role of assumption
(H) on the boundary I" for defining the traces on a polygonal-shaped boundary.
Let g be a real-valued function given by:

1
0, S <2<0
g ST =

g(x) = /I dt 0 < 1
e <z<-=.
0 \lnt\l/Q 2

11
It is easy to verify that g is continuously differentiable on (—2, 2>, and that ¢'(0) =

0. However, for any positive number «, g cannot be an element of che,
Next, assume that, locally, g represents a curve I' of the boundary I' of 2° and consider
the function:

u(z,y) =y in Q°.

Observe that u € H' ¥ in the neighborhood of the origin for all k. However, the trace
of u is not in H3/2(T). The latter being defined in the classical and standard intrinsic
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- 1 1
sense. Note that I" is composed of two curves generated by g in (—2, O) and <O, 2>

respectively, and both curves are separately of class C2.

Given that, it is important to be very careful when considering the traces on H*(T") for
s> 1or s < —1 in the case of polygonal-shaped boundaries. Assumption (H) allows
to define such traces via a restriction to each side of the boundary and appropriate
connections at the end points.

Fic. 3.2. Illustration of a globally Lipschitz continuous polygonal-shaped domain.

The aim of this paper is to establish under assumption (H) the following theorem.

THEOREM 3.2. Let (u',p’) be the local derivative at § = 0 in the direction h €
(C2(IR?))? of the solution (ug, pg) of the problem BVP (1). Then, (u',p') is the solution
of the boundary value problem:

Vo) +wpsu’ =0 in Q°
Ap+ k' =0 in Qf
(') = —p'v+ F(u,p,h) onT
BVP(2) ,
Wi v = ai—l—G(u,p, h) onT
ov
op’
1. et S / —
i v (G i) =0

where the functions F' and G are given by:

(3.7) F(u,p,h) = —h'Vo(u)v — Vp' - hv + o(u)[R']'v + pT [W]'v,

(38)  G(u,p,h) = —(wpsVu—V(Vp")h v+ (Wpsu—Vp") - [W]'v,
and pT = p+pi"°. The notation h*Vo(u)v stands for:
(3.9) h'Vo(u)v = [h'Vo,(u)v]i=1 2,
[th

where oy is the I'" row of the matriz o(u).
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Recall that the mapping 6 — pg o is continuously Fréchet differentiable, at § = 0
in the direction h € (C?(R?))2, from (C'(R?))? to (C™(S))? (see Corollary 3.2 in [7] or
Remark I11.3.2.1 in [14]). In addition, the following characterization of the derivative
of the far-field pattern (9pg,o0/90)(0)h still holds (see [8]).

COROLLARY 3.3. Let pl_ be the far-field pattern of the solution p’ of BVP (2),
and let (Opg,0/00)(0)h be the derivative at § = 0 in the direction h € (C?(R?))? of
the far-field pattern pp .o of the solution pg of BVP (1). We have

8p@,oo
00

Remark 3.4. Establishing that p’ (resp. u’) satisfies the Helmholtz (resp. Navier)
equation in Q7 (resp. Q°) does not pose any additional difficulties, as demonstrated
in Lemma 5.14. The only part of the proof of Theorem 3.2 that deserves a very careful
consideration is the construction of an appropriate mathematical framework in which
the transmission conditions in BVP (2) are well-defined because these conditions incur
higher-order derivatives of the elasto-acoustic scattered field (u,p) (see Egs. (3.7)-
(3.8)). Giving sense to these derivatives in the case where the interface I' is regular
enough (e.g. C?) is relatively straightforward, as demonstrated in Section 5.1. This
however is no longer the case for polygonal-shaped domains of class C%!. For the
considered class of boundaries, the proof appears to be technical and requires an
analysis at a piecewise level, i.e., locally on I';, as shown in Section 5.2. It relies on
the characterization of the spaces given by Egs. (4.10) and (4.16) to give sense to the
traces of their functions via the surjectivity of the trace operators in Proposition 4.5
and 4.13 along with the density properties.

(0)h = pr

[oohs

4. Auxiliary results. We specify in this section the adopted mathematical
framework for the elasto-acoustic scattered field (u,p) and we establish preliminary
trace results that are relevant to the proof of Theorem 3.2.

4.1. Mathematical framework for the pressure field and trace proper-
ties. Let D(A,Q/) be the maximal domain of the Laplace operator A in the fluid
domain Q7. Hence, D(A, Qf) is given by [19]:

(4.10) D(A, Q) ={qe LL.(QF), Aqe L} ().

loc loc

We also introduce the following Sobolev space:

(4.11) HP(Q1) = H2,(97) N HY ().
Next, for j = 1,..., M, we consider the following Sobolev space:
0
(4.12) HJN(Q’C) ={qc H} (), a—q =0onT, ¢g=0onTyforl#j}.
v

In addition, for s = 1/2 or 3/2, we consider the following trace spaces:
(4.13) H*(T;) = {p € H*(T,); ¢ € H*(T)
where g =¢ponT; and g=0o0nT'\T,}.

Similarly to the standard notations, the dual space of H* (T;) is denoted by f{_s(f‘j),
and is equipped with the pairing product (-, )~ —ss1;-
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The following trace results stated as a proposition are immediate consequences of
the results established by Grisvard in [19, 20] (see Theorem 1.5.3.4 p.54 and Theorem
1.5.3.6 p.57 in [19]) for polygonal domains of class C1''. These results have been also
extended to Maxwell’s system but only for domains with strictly polygonal /polyhedral
boundaries in (see [2, 3, 4]).

ProproSITION 4.5. For j =1,..., M, the operators p — <p|pj, ), that are

9P

8Vj ITs
well-defined on HfOC(Qf), can be extended to linear and continuous operators from
D(A, Q) into H=Y/2(T';) x H=3/%(T;). Furthermore, for any p € D(A, Q) we have

the following two properties:

M
(4.14) /prsD do — /f Appdz = (p,0y, )~ —1/2121,; ¥ o € HP(QF),
Q Q

j=1
(4.15)
/m pAY dx—/m Appde = (0, p ) m_sponjors; V€ HY(Q): j=1,... M.

Proof. Since T is a polygonal-shaped boundary satisfying (H), then Eq (4.14) is
a direct consequence of Lemmas 3.2 and 3.5 in [18]. To establish Eq (4.15), we first
observe that since ¢ € H}¥(/), then due to assumption (H) and the compatibility
conditions of the traces at the vertices, we necessarily have i) € H3/2 (T';). Therefore,
Eq (4.15) becomes an immediate consequence of the density result given by Theorem
1.1 and Lemma 2.3 in [18].

4.2. Mathematical framework for the displacement field and trace prop-Jj
erties. Let o be the stress tensor given by Eq. (2.2) and D(V -0, Q) be the maximal
domain of the operator V - ¢ in the solid domain Q°. Hence, D(V - o,Q®) is given by
[19]:

(4.16) D(V-0,0%) = {v € (L*(2°))?, V-o(v) € (L*(2%))?}.
The next two lemmas state important properties of the space D(V - o, Q%).

LEMMA 4.6. The space D(V - 0,Q%) equipped with the scalar product:

(4.17) (u,v)v.e = / u-vdr + /(V co(u)) - (V-o(v))de,

is a Hilbert space.

Proof. Since D(V - 0,Q%) is a subspace of the Hilbert space (L?(Q°))2, it is suffi-
cient to show that D(V - ¢,Q°) is closed. To this end, let (u,) be a Cauchy sequence
in D(V-0,9°%). Then, (u,) and (V - o(u,)) are also Cauchy sequences in (L?(Q%))2.
Since (L?(2%))? is complete, then there are u,g € (L*(92°))? such that u,, — wu

n—-4oo

and V - o(up) o in (L?(9°))2. Consequently, for all ¢ € (D(Q%))?, we have:
n—-+0oQo

(V-olun), @) = (un, V-a(p)) — (u,V-0(p)) = (V-0(u),p) = (g,¢).

n—-+o0o

We conclude that V - o (u) = g € (L?(2%))?, and thus u € D(V - 0,Q°). O
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LEMMA 4.7. (HZ(QS))2 is dense in D(V - 0,Q°%) equipped with the graph norm
corresponding to the scalar product (-,-)v.. giwven by Eq. (4.17).

=S

2

Proof. We prove that (D(Q )) C (Hz(ﬂs))2 is dense in D(V - 0,°). To this
end, we consider a continuous linear form L defined on D(V - g, Q7).
Observe that, for u € D(V - 0,Q%), we have (u,V - o(u)) € (L3(Q%))? x (L2(Q%))%
Therefore, D(V - o,Q%) can be identified as a subspace V of (L?(2%))% x (L?(Q2%))2.
Note that V is closed. Thus, using Hahn-Banach theorem (see Chapter IV, Section 5
in [41]), every linear continuous form on D(V - 0, 2®) can be associated with a linear
form on V, that can be extended to a linear continuous form on (L?(02%))% x (L?(Q%))?.
Consequently, L can be represented as follows:

(4.18) L(u) = f-(V-o(u))de +/ g-udx,
Qs

s

where f, g € (L*(Q%))2. o
Assume that L(u) = 0 for all u € (D(£25))2. Then, it follows that:

(V-o(f)+g,0) =0; Ve (DO))>
Therefore,
(4.19) V-o(f)+g=0 in (D'(Q%))>%

Consequently, all we need to prove is that L vanishes on D(V - ,Q%). To this end,
we define F' = f and G = g to be the extensions of f and g by zero outside Q°. Let
U € (D(R?))? and u = Ujgs. Then, we have:

(4.20) L(u):/sg~udx+ st-V-U(u)dx: G-de—i—/ F-(V-o(U))dz.

R2 R2

Since L vanishes on (D(Q¢))?, we necessarily have:
G-Pdr+ | F-(V-o(P))dx =0,V Pc (DR?))?
R2 R2
that is,
V-o(F)+G=0 in (D'(R?)2

Hence, we obtain F € (L?(Q°))? and V-0(F) = —G € (L*(Q*))?%. Tt follows from the
regularity results of elliptic operators [15] that F € (H?(R?))2.
In addition, it follows from Theorem 4.12 p.90 in [34] that f € (HZ(92*))2. Conse-
quently, we have:

o(fljr=0.
Using Eq. (4.19), we obtain:

V-o(f)+g=0in (L*(Q))*

Furthermore, there is a sequence (f,,) C (D(92°))? such that (see Theorem 4.12 p.90
in [34]):

fo — fin (H* Q%))

n—-+oo
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Thus,

Voo(fa) — V-o(f)in (L2(Q%))>2.

n—-+4oo

Let u be in D(V - 0,9°). We then obtain:

L(u) = lim (g-u+ fn-(V-o(u)) dx

n—+00 [

— lim [ (g-u+(V-0(f) u) da

n—+o0o Qs

Z/SS(9+V~U(f))-udx
=0.

This means that every linear continuous form on D(V -, 2*) that is zero on (D(Q#))?
must vanish on D(V - g,Q°). This concludes the proof of Lemma 4.7. d
Next, for j = 1,..., M, we set by H*(T';) = (H*(T;))?, where the trace space H*(T';)
is given by Eq. (4.13). Similarly, we denote by H™*(T';) its corresponding dual space,
ie. H=*(T;) = (H*(T;))%. Moreover, we define the spaces H]D(QS) and H;V(QS) as
follows:

(4.21) HP(Q°) = {v € (H*(Q°) N Hy(2)*, o(v)yr, =0, V1 #j},

(4.22) HY (Q%) = {v € (H*(Q%))*, o(v)yr =0, v, =0, V1 # j}.

Next, we state two additional technical results that can also be of independent interest.
The first result is a standard result that is formulated as a lemma.

LEMMA 4.8. Consider the open interval I = (a,b) where a and b are two arbitrary
real numbers with a < b. Let ¢ be a Lipschitz continuous function on I = [a,b]. Then,
the mapping f — f is linear and continuous from H*(I) into H*(I) for 0 < s < 1.

The second result is a trace result that is formulated as a proposition.

PROPOSITION 4.9. Let Q be a polygonal-shaped domain satisfying assumption (H).
Then, the operator TV defined by:

M
T Q)N Hy(Q) — [[ HV2(T;) =P
j=1
t
s Tley — < ou ou )

“—ITys+++s = |T
v Qg T

is linear, continuous, and surjective. Moreover, T' admits a linear and continuous
operator R' such that:

T' o R' = Ips.

Proof. The result in the case where (2 is a strictly polygonal-shaped domain is a
direct consequence of Theorem 1.1 and Lemma 3.5 in [18].
In the case of curvilinear polygons, we first transform the curvilinear edges into
straight lines and then we employ Lemma 4.8 to conclude. O
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In the following, we present trace results on the displacement field. These results
do not appear to be standard and they may be of independent interest.

ProposiTION 4.10. For j =1,..., M, we have:
(i) The mapping Yo0; : u = wr, is linear and continuous from H;V(QS) into
H3/2(T;). In addition, 7o ; admits a linear and continuous right inverse.
(i) The mapping Yo.; : u = o(u)y|p, is linear and continuous from Hf(QS) into
fIl/Q(Fj). In addition, v,; admits a linear and continuous right inverse.
Proof. The only property that deserves a special attention is part (ii). Indeed,
the proof of part (i) is to some extent straightforward. More specifically, for strictly
polygonal-shaped domains, property (i) is a direct consequence of Theorem 1.1 in [18].
For curvilinear polygons, the proof of (i) is similar to the one used for establishing
Proposition 4.9.
Next, we prove part (ii). We set:

(4.23) P? = P! x P!

where P! is defined in Proposition 4.9. It follows from Proposition 4.9 and the tensor
product’s properties that:

(4.24) > =T'@T': W = (H*() N H}(2))” — P2

is linear, continuous, and surjective. In addition, 72 admits a linear and continuous
right inverse, denoted by R?, i.e., T? o R? = Ip».
Let u = (u1,uz) € W and f given by:

(4.25) f=T%*u).

Let S be the mapping such that:

(4.26) oy, =8u); j=1,...,M.
In the following, we prove that:

(4.27) S(u) € P?

and for j = 1,..., M, there is an invertible 2 x 2 matrix A; which satisfies the following
three properties:

(a)

(4.28) S(u); = A;j(T?u);
(b)

(4.29) det Aj = p(X+2p)

that is the determinant of A; does not depend on the curvature of I';.
(c) The entries of A; are Lipschitz continuous.
We first prove Eq (4.27). For j =1,..., M, consider the line segment I';. At any point
z € T'j, we denote by 7 = (11, 72)" (resp. v = (v1,12)") the unit tangent (normal)
vector to I'; (we omit here to use the subscript j for simplicity purposes). Recall that
the basis {7, v} has the canonical orientation. Hence,

(430) V1 = —T2 and Vg = T1q.
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Using Eq (4.30), one can easily verify that for u € (H?(Q) N H&(Q))z7 we have:
Ou Ou
(4.31) gr | =B % ,
v dy

where B is a 2 x 2 matrix given by:

(4.32) B= (”2 _V1> .

141 Vo

Hence, B is invertible (det B = 1) and we have:

ou ou n ou
ouw - Ou,  Ou
ox or ov
439 ou_ 0w o
gy ar T80

Since u € (H} (Q))27 it follows from Eq. (4.33) that:

ou_ o
(4.34) gz 1aau
o = g
Therefore,
o TU eIy =1, M
Consequently,

iy 00 € HYA(D,); j=1,..., M.

ou
Next, we determine the matrix A;. To this end, we express o(u)v in terms of W
v
For j =1,..., M, we have:
ou

olu)y = AJ%

on I';,

where

g (pr O+t (At v,
! A+ mwrive p+ (A +p)vi

Since I'; is CU! then vy and vy are Lipschitz continuous. Therefore, V12, 1/22 and vyvy
are also Lipschitz continuous on I';.
Furthermore, since v? + v2 = 1, then it is easy to verify that:

det Aj = p(A+2p); j=1,...,M,
that is the determinant of A; does not depend on the curvature of I';. Hence, A; is

- 2
an isomorphism on (H 1/2 (Pj)> which ensures the surjectivity of the mapping. ]
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Remark 4.11. Observe that we can characterize explicitly the right inverse of T2.
Indeed, we have:

R, = B2 @ A7,
j=1

Jj=

‘ _ 2
where, for f7 € (H1/2(Fj)> , we have:

M _ + _ _ t
<'®1Aj 1) (f17~'~an) = (Allflv"'aAleM)
]:

and R? is the extension mapping of the normal derivatives given by the Corollary of
Theorem 1.1 and Lemma 3.5 for s =0 in [18].

Next, we construct two lifting operators for the trace mappings vo,; and vs ;, respec-
tively. These operators are needed to prove Proposition 4.13

LEMMA 4.12. For j =1,..., M, there are two positive constants Cy and C, that

depend on I'; only, such that:
(i) For ¢ € H3/2(T;), there is p € H;V(Qs) such that v () = ¢ and

lellaz@e) < CollClgssaqe, -

(i) For ¢ € 1:11/2(I‘j), there is 1) € Hf(QS) such that vo;(¥) = & and

1Yz < Crlléllgar ;)

Proof. First, we prove part (i). Let j € {1,..., M}. We already know (see Propo-
sition 4.10) that the mapping vo,; : u +— ur, is linear, continuous, and surjective from
H;V (Q*) to H3/2(T';). In addition, its nullspace is (HZ(€2*)). Therefore, o ; is linear,
continuous, and bijective from HY (Q%)/(Hg(€2*))? into H?3/2(';). The open mapping
theorem (see Theorem 6.6 in [41]) allows to conclude that g ; is an isomorphism
from HY(Q®)/(H3(2%))? to H¥2(I';). Therefore, there is a positive constant Cp,

that depends on I'; only, such that, for any ¢ € ﬁ3/2(Fj), there is ¢ € HjV(QS) that
satisfies:

el 2 ey < COHCHﬁB/Q(rj)’

which concludes the proof of part (i).

Next, we prove property (ii) of Lemma 4.12. We already know (see Proposition 4.10)
that, for j € {1,..., M}, the mapping v,; : u = o(u)yr, is linear, continuous,
and surjective from HJ (Q*) into H'/2(T';). In addition, its nullspace is (H3(Q2°))2.
Therefore, 75 is linear, continuous, and bijective from HP(Q%)/(H3(Q*))? into
H'/2(T;). Tt follows from the open mapping theorem (see Theorem 6.6 in [41]) that the
trace of the traction field is an isomorphism from H/2(T;))/(HZ(Q*))? to HY/2(T;).
Hence, there is a positive constant C, that depends on I'; only, such that, for any
¢ € HY2(T;), there is ¢ € HP (Q°) which satisfies:

191l 200y < Clléllgrzr,)-
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The following results formulated as a proposition extend the trace properties stated
in Proposition 4.10 to the space D(V -0, Q?). This proposition provides key results for
proving that the expressions given by Egs. (3.7)-(3.8) are well-defined. We must point
out that, since the boundary I' is assumed to be a Lipschitz continuous polygonal-
shaped boundary, it is not possible to prove Proposition 4.13 by using the standard
approach based on the duality and the density arguments [34, 19, 20].

ProposiTION 4.13. For j =1,..., M, we have:
(i) The mapping o,j : u — ur, is linear and continuous from D(V - 0,Q%) to
H-V2(Ty).

(i) The mapping Vo, : u — o(u)um is linear and continuous from D(V - o,Q*)
to H3/2(T;).

(i1) For v € D(V -0,Q°), we have:
(4.35)

[ a¥-otoydo= [ Veotwpds = (w0l 1yaajar,s ¥ o € HYQ).
s Qs

(4.36)

/S uV-o()de— | V-o(u)pdr = —(o(u)v;,¥)~ —3/23/2r,; YV € Hév(QS)I

Qs

Proof. We use the lifting operators introduced in Lemma 4.12 along with the
density results stated in Lemma 4.7 to establish Proposition 4.13. Note that our ap-
proach in the proposed proof follows the ideas in [2, 3, 4] to establish similar results
in the case of the Laplace operator.

First, we prove the result for the trace operator vy ; given in part (i) of Proposi-

tion 4.13. Let (u,v) be in (H?(Q%))? x HP(Q*). It follows from Green-Riemann
formula that:

/Fu.a(v)yds:/Su.(v.g(v))dﬁ Vu: Vode

i e

:/qu~(V~a(v))dx—/s(v-a(u))-vda:+/ra(u)1/-vds
:/Su'(V'o(v))dxf/s(v~a(u))-vdx.

Therefore, we have:

< ullvollvllv.o

/FAu-a(v)Vds

J

< Mlullv-ollvllzz ey

Using the lifting operator introduced in Lemma 4.12 (see property (ii)), we conclude
that there is a positive constant C; (that depends on I'; only) such that, for { =

Yo,i(v) € HYA(T):
/ ué ds
1",

J

< GilpllvolElarzr,):
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Recall that the norm of the dual space H™'/2(T;) of H/?(T;) is given by:

Hwnﬁ—lm(l“j) = sup <¢7§>~,*1/271/2’FJ‘.
EEHYV2(T)) 1€l gasa =1

Hence, we have:
lullg-12(r,) < Crllullv-o-

Consequently, the linear operator 7o ; is continuous from (H?(2°))?, equipped with
the norm || - ||v., into H~/2(T;).

Moreover, (H?(Q%))? is dense in D(V - 0,Q°) (see Lemma 4.7). Therefore, we can
use Hahn-Banach theorem (see Chapter IV, Section 5 in [41]) when applied to the
extension of linear and continuous forms on a subspace [39]. We conclude that the
trace mapping 7o, ; can be extended by continuity to a linear continuous operator from
D(V - 7,Q°) into H-/2(T;).

Second, we prove the result for the traction field operator. Let (u,v) be in (H?(2%))%x
Hév (©°). We apply the standard integration by parts formula and obtain:

/Fja(u)y.vds/S(v.a(u)).vdm/svu:vvdx
:/QS(V-U(U))-vd;L’—/SU-(V~a(v))dx+/ru-a(v)uds
:/S(v.a(u».vd%/gsu.(v.o(u))dx.

It follows that:

< llullvollvllv.o

/r,v o(u)v-vds

J

< Nullv-ollvll (a2 (0 ))2-

We can then use the lifting operator introduced in Lemma 4.12 (see property (i)) for
the trace operator 7o ;. Hence, there is a positive constant Cj (that depends on T';
only) such that, for ¢ = 7o ;(v) € H*2(T;), we have:

/1“- o(u)v-(ds

J

< Collull o ¢ gz r, -

Since the dual space H—3/ 2(T';) is equipped with the following dual norm:

H‘P”ﬁ—?»/z(rj) = sup <<P7C>~,73/2,3/2,Fj,
CEH3/2(Fj)aHCHI:Ism(Fj):l

we deduce that:

lo () llg-s/2(r,) < Collullv.o-

We conclude that the linear operator v, ; is continuous from ((H%(Q%))%,] - |lv.o)

into (A~3/2(T;), || - Hﬁ_g/z(rj)). Finally, since (H?(°))? is dense in D(V -, Q%) (see
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Lemma 4.7), we can apply the Hahn-Banach theorem (see Chapter IV, Section 5 in
[41]). Hence, the mapping 7, ; can thus be extended to a linear and continuous oper-
ator from D(V - o, Q%) into H™3/2(T;).

The Green formulae given by (iii) are then easily derived as immediate consequences
of (i) and (ii). |

5. Proof of Theorem 3.2. This section is devoted to the proof of Theorem 3.2.
To this end, we first establish that ' satisfies the first equation of BVP (2) and p’
satisfies the second and last equations of BVP (2).

LEMMA 5.14. Let (p’,u’) be the local derivative of the elasto-acoustic field (p,u)
at 0 =0 in the direction h € (C*(R?))2. Then, (p',u’) satisfies the following:

(5.37) Ap +k%p =0 in QF,
(5.38) Vo) +wpau’ =0 in QF,
and

. 317/ VAT

Proof. We only establish Eq. (5.38) since the proofs for Eq. (5.37) and Eq. (5.39)
can be found in reference [12] where only the exterior Helmholtz problem was consid-
ered and assuming I' to be Lipschitz continuous. We set:

(5.40) B=V - o0+wpl,
and

(5.41) o = Buyg.
Note that:

(5.42) ¢o = Bu,

where u is the solution of the elasto-acoustic scattering problem BVP (1) for § = 0.
Since the elastic scattered field up satisfies the elastodynamics equation given by
Eq. (a) in BVP (1), we have:

(5.43) P9 =0 in Qf,
which can be re-written in the reference domain Q° as follows:
(5.44) doo(I+6)=0 in Q°.

On the other hand, B is a linear and continuous operator from (H'(0*))? into
(D'(9%))2. Hence, B is differentiable —at least— in the distribution sense, that is,

v — (Bwv, @) is differentiable for each ¢ € D(Q*), and we have:
0B

5.45 — =B
(5.45) 5

Furthermore, the mappings 6 — wug o (I 4+ 0) and 6 — wy are differentiable [7, 14].
Therefore, 8 — ¢g o (I + 0) and 0 — ¢y are continuously Fréchet differentiable,
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and locally continuously Fréchet differentiable —at least— in the distribution sense at
6 = 0 in the direction h € (C?(R?))2. Consequently, for an admissible perturbation
6 € (C'(R?))? in a neighborhood of zero, we obtain:

D6y

(5.46) o

(Oh = 5000 (I +O)Oh~VoOh i 0"
In addition, using Eq. (5.42), we obtain:

(5.47) Vé(0) = V(Bu) =0 in Q.

Moreover, we deduce from substituting Eq. (5.44) into Eq. (5.46) that:

%() _ 9B Oug
00 T Ou 06

Finally, we deduce from Eq. (5.40), Eq. (5.45) and Eq. (5.48) that:

(5.48) (0)h =0 in Q°.

(5.49) Vo) +wpsu’ =0 in Q°,

which proves Eq. (5.38). 0

To establish the boundary conditions stated in Theorem 3.2, we proceed in two steps.
In Step 1, we derive these conditions assuming the boundary I" to be regular enough
(Ck, k > 2). In Step 2, we prove that the obtained transmission conditions are
well-defined when I is assumed to be a polygonal-shaped boundary of class Lipschitz
continuous (C%1).

5.1. Derivation of the transmission conditions for regular boundaries.
We assume in this section that the boundary T is regular enough (C*, k > 2).
The following result pertains to the derivation of the first transmission condition (see
Eq. (¢) in BVP (2)).

PROPOSITION 5.15. Let (u,p) be the solution of BVP (1) and (u',p') its corre-
sponding local derivative at § = 0 in the direction h € (C*(R?))2. Then, (u',p)
satisfies the following boundary equation:

(5.50) 7(u') = —p'v+ F(u,p,h) on T' ae,

where F is given by Eq. (3.7).

Proof. Let 0 be an admissible perturbation in (C*(R?))2. Then, it follows from
Eq. (c) of BVP (1) that:

(5.51) (o(ug) +po+g)ve =0 on Ty ae. .
We set:
(5.52) ¢9 = o(up) +po + 9.

Hence, it follows from Eq. (5.51) and Eq. (5.52) that:
(5.53) dorg =0 on I'y a.e.
which can be re-written on the reference boundary I' as follows:

(5.54) pgo(I+0)go(I+6)=0 on I' ae. .
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Furthermore (see [33], Lemma 4.8), we have:

1

(5.55) voo (I+6) = 70T J(0)v on I' ae.,
where

(5.56) JO)=[I+0)]" in R2
Observe that:

(5.57) J(0)=1.

Substituting Eq. (5.55) and Eq. (5.56) into Eq. (5.54) leads to:
(5.58) pgo(I+6)JO)r=0 on T ae. .

Next, we evaluate the Fréchet derivative of Eq. (5.58) with respect to 6. To this
end, we extend Eq. (5.58) to an open set D containing I'y. Let the extension of the
unit normal vector v into (L>°(R?))? be still denoted by v. Likewise, the transported
solution (ug o (I +6),pg o (I +60)) is extended into the whole D and the extension is
also denoted by (ug o (I +0),pp o (I +6)).

We consider the following auxiliary function ¢y defined in the domain D by:

(5.59) wo =¢go (I+0)JO)v in D ae. .
Note that ¢y satisfies:
(5.60) wp =0 on T' ae. .

Observe that the mappings 6 — pg o (I 4+ 6) and 6 — wuy o (I + 0) are differentiable
at 0 = 0 in the direction h € (C2(R?))? [7, 14]. In addition, since (a) § — go (I +0)
is differentiable, and (b) the stress tensor operator o is linear and continuous, then it
follows that 6 — ¢y is differentiable —at least— in the distribution sense at § = 0 in
the direction h € (C%(R?))2.

Furthermore, the mapping 6 — J(0) is differentiable at # = 0 in the direction h €
(C2(R?%))? from (C*(R?))? into (C'(R?))?, and we have (see Eq.(44) in [12]),

a.J(0)

(5.61) 5

(0)h = —[n"]".

Consequently, the mapping 0 — g is differentiable —at least— in the distribution sense
at @ = 0 in the direction h € (C?(R?))2. Next, we evaluate its local derivative with
respect to 6. We proceed by evaluating the derivative of each term of py. We have:

o 0o (T 0)TO) Oh = 5 (o (T+0) OO}

9J(0)

(5.62) +po 0 (I +0),—55(0)h

Moreover, it follows from applying the chain rule that:

G oot +onon=20

(5.63) i

(0)h + Vpg(0) - h.
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Consequently, it follows from substituting Eqgs. (5.63), (5.61) and (5.57) into Eq. (5.62)
that:

55 000 (T 0170 (O = (T 0)h + () 1) v =yl
that is:
(5.64) % (po o (I +0)T(0)) (0)h = (5 + Vp- h) v — p[h']'v.
Similarly, we have:
(5.65) 92 (g0 (I+6)JOW) (0)h = Vg - hv — g[h]'v.

00

0
On the other hand, the computation of 2 (o(ug)o(I+0)J(0)r)(0)h deserves a special

attention due to the presence of the stress tensor ¢. Indeed, we evaluate this local
derivative by considering each tensor coordinate. More specifically, let o;(ug) be the
I*" row vector of the matrix o(ug), I = 1,2. Then, we have:

0
. — (o(ug) o J(0)v h=|= (o;(ug) o NJ(0)v h .
(566) g o) o (1400 Oh = | ((wa) o U+ SO O]
On the other hand, we have:
o (ou(ua) o (I +0)J(0)0) (0)h
= D (o) o (1-+0) IO + ar(us) o (140, 2 )pr ;1= 1,2

Moreover, applying the chain rule to each entry o, (u) of the row vector o;(u), as in
Eq. (5.63), leads to:

;_(gl(u@) o(I+0))(0)h

— |5 o (146 1]
00

1<m<2

(0O)h+ h - Valm(ug)(O)}

1<m<2

Otm (M(O)h) + htValm(u)}
L 89 1<m<2

Let Vo(u) be the Jacobian matrix defined by:
00y (1)

Oz; ]1<j,m<2

Vo) = [Vor(uh i cymes = |
Thus, we have:
(o1(ug) o (I +0)J(0)v) (0)h

_ (m (88“09(0)11) + htVal(u)) v — ()W)t

SE
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Consequently, we obtain:

% (o1(ug) o (I +6)J(0)v) (0)h = (oy(u') + ' Vo (u)) v — oy(u)[W]'v; 1<1<2.

Using the notation:

(5.67) h'Vo(u) := [h'Vo(u)] I<i<2
we deduce that:
(5.68) % (o(ug) o (I +6)J(0)v) (0)h = (o(u') + h'Vo(u)) v — o(u)[h]'v.
Note that:
2
(5.69) h'Va(u)v = lz htVUlm(u)ym]
m=1 1<i<2

Therefore, it follows from Egs. (5.60), (5.64), (5.65), (5.68), and (5.69) that:

dpy / t nt
—g (O =W+ h'Vo(uy - o(u)[]'v +

(5.70) pv+Vp-hv —plhl'v +Vg-hv —g[h']'"v  in D.
Since the boundary I' is assumed to be regular enough (C*, k > 2), each term in

Eq. (5.70) is well-defined on I'. Then, it follows from both equations (5.59) and (5.58)
that:

o(u v+ h'Vo(u)y — o(u)[h'v +
(5.71) p'v+Vp-hv —p[h])'v+Vg-hv—g[h']'v=0 on T.

Eq. (5.71) can be re-written as follows:
(5.72) 7(v) = —p'v — WiVo(u)v + o(u)[b']'v — VpT - hv + pT [W]'v,

which concludes the proof of Proposition 5.15. ]

Next, we derive the second transmission condition given by Eq. (d) in BVP (2).
The result is stated in the following proposition.

PROPOSITION 5.16. Let (u,p) be the solution of BVP (1) and (u',p') its corre-
sponding local derivative at @ = 0 in the direction h € (C*(R?))2. Then, (v,p’)
satisfies the following boundary equation:

/

(5.73) Wi v = aa—p + G(u,p,h) on I' ae.,
14
where G is given by Eq. (3.8).
Proof. Let  be an admissible perturbation in (C'(R?))2. We set:
(5.74) Yy = w’prug — Vpg — Vg.
Then, it follows from Eq. (d) in BVP (1) that we have:

(5.75) g vg =0 on I'y ae. .
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We re-write Eq. (5.75) on the reference boundary I" and obtain:
(5.76) Yoo (I+0)-vgo(I+6)=0 on I' ae. .
Egs. (5.76) and (5.55) allow to conclude that:

(5.77) Yoo (I+6)-JO)w=0 on ' ae. .

Next, we extend Eq. (5.77) to an open set D containing I'y. Similarly to the proof of
Proposition 5.15, v denotes an extension of the unit normal vector v into (L°°(R?))?,
and the transported solution in the whole D is also denoted by (pgo(I+86),ugo(I+86)).
We are then able to introduce the auxiliary function ¥y defined on D as follows:

(5.78) Uy =1pgo (I +6)-J(O) in D.
Observe that:
(5.79) Uy =0 on I' ae. .

Furthermore, the mappings 6 — pg o (I + 6) and 6 — wug o (I + 6) are differentiable
at § = 0 [7, 14]. Since 6 — go (I + ) is also differentiable and V is a linear and
continuous operator, it follows that 6 — g o (I + 0) is differentiable —at least— in the
distribution sense at # = 0 in the direction h € (C?(R?))2.

Let 1}, denote the I*" coordinate of the column vector vy, where | = 1,2. Then , it
follows from applying the chain rule to a scalar function that [33]:

(5.80) 9 Yoo (I+6))(0)h

(
— g5 or+onom

We are now ready to differentiate the function ¥y given by Eq. (5.78) with respect to
6. Using the chain rule and Eq. (5.61), we have:

O 0y = 2o o (14 0)(O)h - J(0),_, +
(5.81) ¢90(I+0)‘9=0o827(;)(0)h1/ in D.

It follows from substituting Eq. (5.61) and Eq. (5.80) into Eq. (5.81) that:

(5.82) %(O)h - (%’j(o)h + ng(o)h) - J(0)y — (0) - [W]tv in D.

Using Eq. (5.57) and Eq. (5.74), we obtain that:

(5.83) Vo (0) = w?prVu — V(Vp) = V(Vg).
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where the gradient of the vector field u is given by:

8ul

(584) Vu = [Vul ']1< <2 = |::| .
TR Ox; 1<4,1<2

Furthermore, we also have:
o 1\h — 2, 210 vy o (2P0 (Y
20 (0)h = wpy 50 (0)h v(&& (0)h> V(ae(O)h .

Hence,

200
00

From Eq. (5.82) to Eq. (5.85), we deduce that:

(5.85) (0)h = w?psu’ — Vp'.

oY,
a—;(O)h = (Wpspu' — Vp') v+ w?psVuh v —
V(Vp)h-v -V (Vg)h-v —
(5.86) (w?pju—Vp—Vg)-[M1'v in D.

Since T is C*, k > 2, then we obtain from Eq. (5.79) and Eq. (5.86) that:

(W?pspu' — V') -v+w?pVuh v —
V(Vp)h-v—V(Vg)h-v—
(w?pju—Vp—Vg)-[W]'v=0 in T,

which concludes the proof of Lemma. 5.16. O
Note that the proofs of Proposition 5.15 and Proposition 5.16 rely on the fact

0 oY,
that %(O)h and T;(O)h are well-defined. This can be easily verified in the case

where I is regular enough, i.e., C¥, k > 2. The case where I is assumed to be only a
Lipschitz continuous polygonal-shaped boundary needs more careful considerations,
as demonstrated in the following.

5.2. Extension to Lipschitz polygonal-shaped boundaries. The goal here
is to prove that the transmission boundary conditions given by Eq. (5.50) and Eq. (5.73)]}
are well-defined in the case where I' is assumed to be a Lipschitz continuous polygonal-
shaped boundary. To this end, we proceed by analyzing separately each term of the
functions F' and G given by Eqgs. (3.7)-(3.8).
The following two properties are direct consequences of the classical trace theorems
applied to the solution (u,p) of the direct problem BVP (1) for 6 = 0.

PROPERTY 5.17. Let (u,p) be the solution of BVP (1) for § =0 and h € C*(R?).
Then, we have:
i. p[l']'yr € (L3(I))*.

i. u- [W])'yp € L*(T),
where (W]t is the transpose Jacobian matriz of h.

Proof. First, we prove property i. First, recall that p € H3/2(Qf) [26, 38]. Note

loc
that this result is an immediate consequence of Jerison-Kenig Lemma [26]. Then, we
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have pr € H'Y2(T"). Moreover, because h € (C*(R?))?, each entry of its Jacobian
matrix [A'] is continuous. Since v € (L*°(T))?, the vector [A']'vr defines a vector
of (L°°(T"))?, which is a multiplier of L*(T"). Hence, we must have p[h/]'vr € (L*(I))2.

Next, we prove property ii. Since u € (H%?(Q%))?, then up € (HY?(I))%. In
addition, we have shown in the proof of property i that [2/]'vjr € (L°°(T'))?. Then,
we deduce that u - [h']'vr € L*(T). O
The next properties result from Proposition 4.5 and Proposition 4.13.

PROPERTY 5.18. Let (u,p) be the solution of BVP (1) for 6 = 0 and (u/,p’)
its corresponding Fréchet derivative at § = 0 in the direction h € (C*(R?))2. For
ji=1,..., M, we have:

i P, € H-/2(Ty) .

ii. o(u)vp, € H3/2(T;).

. Opf e
. 2, € H=3/2(T;).

w. u - VIr,; S FIﬁl/Z(Fj).

Proof. First, we prove property i. Since p € Hli/cz(ﬂf)7 then p’ € Hllo/cz(Qf)
[33, 40, 23]. Moreover, since p’ satisfies the Helmholtz equation (5.37), then we
have p’ € D(A,Qf). Consequently, we can apply Proposition 4.5 and conclude that
pirj € 1{]’1/2(Fj). Additionally, we know that v is locally regular. Hence, we neces-

sarily have p'vp. € H1/2(T)).

Next, we prove property ii. Since u € (H?/2(Q°))?, then v/ € (H'/?(92°))2. On the
other hand, u’ also satisfies Eq. (5.38). Therefore, v’ € D(V - 0,Q°). Consequently,
we can apply Proposition 4.13 and conclude that o (u')v| € H-3/2(T1y).

property iii is a corollary of Proposition 4.5.

Finally, we prove property iv. From Proposition 4.13, we have: Ullr‘j € 13171/2@]_).
Moreover, since v is regular on I';, then we must have that v’ - Vr; € H~1/2 (ry). O

Next, we use again Proposition 4.5 and Proposition 4.13 to show that (Vp - hv)p,
(Vp-[W]')r, (Vuh-v)r, and o(u)[h/]'vp are well-defined. To this end, for simplicity
denote by (H~'/2(T';))?*? the space of square matrices of order 2 whose entries are
in H=1/2(T;).
PROPERTY 5.19. Let (u,p) be the solution of BVP (1) for & = 0. Then, for
Jj=1,..., M, we have:
i. Vp-hvp, € HV/2(Ty).

purposes, we denote by 9 one of the partial derivatives 1 < j < 2. Moreover, we

ii. Vp- [ty € HTY2(Ty).

iii. Vuh-vp, € H-Y2(T;).
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iv. o(u) W]ty € HVA(T)).

Proof. First, we prove property i. Since p satisfies the Helmholtz equation given
by Eq. (b) in BVP (1) and using the fact that the partial derivatives of p commute
with the Laplace operator, then we have:

(5.87) A(9p) + k*op = 0.

Observe that dp is in Hllo/f(Qf) because p € ng’o/f(Qf). Thus, using Eq. (5.87), we
have dp € D(A,Qf). Hence, Proposition 4.5 ensures that dp;r, € H~'/2(T;), and
therefore Vpjr, € H™Y/2(I';). Using the fact that the direction & € (C2(R?))2, Vp-hyr,

remains in H~1/2(T;). Then, since v is locally regular, Vp - hvp, is also in H-1/2(T;).

Second, we prove property ii. We have shown in proof of property i that Vpr, €
H~'/2(T';). Moreover, observe that each entry of [#/] is in C'(R?). Hence, using the
fact that v is locally regular, we deduce that Vp - [h/]'vj is also in H=2(Ty).

Third, we prove property iii. It follows from the fact that (a) u satisfies the Navier
equation given by Eq. (a) in BVP (1), and (b) the partial derivatives of u commute
with the elastodynamics operator, that:

(5.88) V -0 (0u) + w?psdu = 0.

Since du € (HY?(Q#))?, then it follows from Eq. (5.88) that du € D(V - 0,°).
Hence, it follows from Proposition 4.13 that dur; € H1/2 (T';), and therefore Vur, €
(H~'/2(T;))>*2. Using the fact that h € (C*(R?))? and v is locally regular, we deduce
that Vuh - v, is also in H=Y2(1y).

Last, we prove property iv. We have shown in proof of property iii that duir, €
H~'/2(T;). Consequently, the trace of the strain tensor e(u) € (H~'/2(T;))**2.
Using Eq. (2.2), we conclude that the trace of the stress tensor o(u)r, remains in
(H='/2(I;))?>*2. Furthermore, since each entry of [h'] is in C'(R?), and v is locally
regular, we deduce that o(u)[h]'v ., € H/2(T)). ]
The proof of Theorem 3.2 is completed after proving that the high-order derivative
terms (V(Vp)h) - vir and h'Vo(u)yr are also well-defined.

PROPERTY 5.20. Let (u,p) be the solution of BVP (1) for 6 = 0. For j =
1,..., M, we have: ~
i. W'V (Vp)yr, € H-3/2(T;).

ii. (WVo(uyr,)1<i<e € H3/2(T;).

Proof. We first prove property i. We have already shown that dp € D(A,Qf)
(see the proof of Property 5.19). Therefore, Proposition 4.5 ensures that V(dp) - vr,

is in H—3/2(T;). Consequently, V(Vp)yp, is in H3/2(T';). Moreover, since hir, €
(C3(T;))?, we deduce that:
KN (Vp)vr, € H3/2(T;).

Next, we prove property ii. We have shown that du € D(V - 0,2°) (see the proof
of Property 5.19). Therefore, Proposition 4.13 ensures that o(Ju)vr, € H-3/2(T)).
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Consequently, doy(u)yp, € H=3/2(Ty), for all 1 < [ < n. Hence, Vo (uyr, €
H~3/2(T';). Moreover, since hir, € (C*(I';))?, we conclude that:

(htVal(u)Vm)lSng S E_S/Q(Fj).

Remark 5.21. We must emphasize on the important role of the local regularity
of the unit normal vector in the previous proofs. Indeed, this regularity property was
crucial to establish the well-definedness on I' of quantities such as p’v and v’ - v.

6. Summary & Conclusion. We have proved that the Fréchet derivative of
the elasto-acoustic scattered field with respect to Lipschitz continuous polygonal-
shaped domains is the solution of the same elasto-acoustic scattering problem but
with different right-hand sides in the boundary conditions. From a computational
viewpoint, this result is relevant to the solution of inverse obstacle problems with
regularized iterative methods. Indeed, the scatterers are transformed into polygonal-
shaped domains when employing finite element methods for solving the corresponding
direct scattering problems. In addition, all entries of the Jacobians are evaluated, at
each iteration, by solving the same linear algebraic system with multiple right-hand
sides. From a mathematical viewpoint, the proposed proof can be extended to three-
dimensional problems, i.e., scatterers whose domains are polyhedra.
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