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Notation and symbols

Along this thesis we will use the following notation:

R* the set (0, ).

Ry the set [0, +0).

Xn(O)  the space Hy(curl, O) N H(div, O).
X% (O)  the space Hy(curl, O) N H(div=0, O).
Xr(O)  the space H(curl, O) N Hy(div, O).
X%(O)  the space H(curl, O) N Hy(div=0, O).

DO the space of infinitely differentiable vector fields with compact support in Q.
P y p pp

curl the (distributional) rotation operator.
curl; the surface rotation operator.

div the (distributional) divergence operator.
div, the surface divergence operator.

D(Q)) the space of infinitely differentiable functions with compact support in Q.
D, the Jacobian matrix with respect to the variable x.

the (distributional) gradient operator.
Im imaginary part operator.

Re real part operator.



Chapter 1

Introduction

The subject of this thesis is the study of some optimization problems in the context of
the mathematical modelling of electromagnetic phenomena. Let us start by trying to
answer the following question:

why electromagnetism?

It was November 2017 when my advisor Alberto Valli introduced me to the mathemati-
cal theory of Maxwell’s equations and the research topics behind it. After that, I started
diving into the subject and I was fascinated by several aspects. Despite Maxwell’s
equations being something everybody with a scientific education is somewhat familiar
with, I could barely imagine the mathematical challenges that arise from a rigorous
treatment of the theory. The spaces H(div) and H(curl) are already more than a half
a century old, yet the complete characterization of their trace spaces came only in
2002 [BCS02]. Differential constraints are frequently encountered, coming either from
governing physical laws or playing the role of gauge conditions for potentials, and they
make finite elements approximations more challenging. Those coming directly from
the models, in turn, can be dealt with in several ways such as saddle point formulations
with Lagrange multipliers, penalization techniques, or introducing new variables in
the form of scalar or vector potentials. Coercivity estimates and Poincaré inequalities
do hold, but a simultaneous control on the divergence and the rotation is required in
addition to some geometrical hypothesis [Sch18]. Speaking of the latter, another pecu-
liar feature of the topic - especially for eddy current problems - is the deep interplay
between the geometry of the computational domain (and possibly of relevant subsets
such as conductors or insulators) and the well-posedness of variational formulations
which goes beyond the mere analytical regularity of boundaries, involving instead
delicate aspects of algebraic topology that are sometimes overlooked. To name one, the
role of harmonics fields in the modelling of the eddy current system and their precise
characterization. Many of these are carefully addressed in the monograph [RV10] and
in [Ghil0; GKO4]. There is also a surprisingly large number of different resolution
approaches that can be employed to tackle the same problem: depending on the nature
of sources (e.g. voltage excitation or distributed current densities), on the geometry of



computational domains and on the specific task to be achieved, one method may be
preferable, even though in general each one has its advantages and drawbacks.

Different reduced models are known to derive from the full Maxwell system under
additional assumptions, e.g. making hypotheses on the time dependence or getting
rid of specific terms appearing in the equations. One of the most relevant is the eddy
current approximation that arises by neglecting the famous displacement current, a
term introduced by Maxwell himself that describes the propagation of electromagnetic
waves. Indeed it is known that in many practical applications, the typical propagation
speed of the wave is so large in comparison with the ratio between a reference length
(e.g., the diameter of a device) and the time scale of the given physical system, that it can
be thought as infinite, making diffusion the most significant phenomenon. Under the
PDEs viewpoint, since one is disregarding the term containing the first time derivative
of the electric induction, the underlying structure of the problem is de facto turned
into parabolic from hyperbolic. When the time derivative of the magnetic induction
is neglected too, one ends up with the so-called electro-magnetostatic model, where
the diffusive process is also not taken into account and the mathematical structure
is reduced to a div-curl system. This motivates why the eddy current model is
sometimes referred to as the magneto-quasistatic approximation of the Maxwell system.
In the time-harmonic framework!, this amounts to say that the time propagation
of the electromagnetic wave is considerably small with respect to the inverse of the
angular frequency. The eddy current model has been shown to provide a consistent
mathematical approximation of Maxwell’s, in the sense that it can be viewed as either its
low-frequency or low-permittivity limit; this can be understood as either the possibility
to write asymptotic expansions [RV10, Chap. 2] and [BD19; Rod99], or in a suitable
sense of operator limit [PP17].

Despite such approximation nature, there are a myriad of contexts where the eddy cur-
rent model finds applications as the features of the physical system meet the mentioned
requirements. Metallurgy has probably been one of the very first ones in the form of
industrial melting procedures for metals: the core idea is to exploit the Joule effect
by making an alternating current flow into a helical coil twisted around a conducting
crucible. Detection of conductive objects [Jen+19] and defect detection in conductors is
another relevant application, where flaws are recognized through the measurement of
the variation of some key quantities. Interestingly enough, some diagnostic tools in
medicine are also built upon the eddy current approximation. Electroencephalography
(EEG) and magnetoencephalography (MEG) are two techniques used to map the hu-
man brain activity by recording respectively the electric and magnetic fields naturally

I Time-harmonic models are suitable whenever the physical quantities vary, or are assumed to vary,
periodically in time. This typically happens when the source is prescribed as an alternating current of the
form

Jr(x,t) = J*(x) cos(wt + ¢) = Re (]C(x)eiwt> '

Here w # 0 denotes the angular frequency, ¢ the phase angle, J* is real valued while J. = J*¢/¢ is
complex-valued. In view of this assumptions, one seeks for electromagnetic fields E, H featuring the same
structure and this entails the disappearance of the time variable from the system at the price of having to
deal with complex-valued vector fields.



1. INTRODUCTION

arising; in this case, the employment of the eddy current model can be justified by
their typical operating frequencies [Ham+93; DL19] (though it is not the most used
model). It is noteworthy that in the mathematical theory of EEG, it is customary
to consider sources represented by a finite sum of pointwise current dipoles: this is
exactly the same ansatz used in Chapter 3. Similar considerations hold for the magnetic
induction tomography (MIT), which is yet another medical, contactless imaging tool
used to investigate the properties of biological tissues [Gri01]. The eddy current system
is especially relevant in this thesis as up to two-thirds of it (namely Chapter 3 and
Chapter 4) is based or related to it.

While most of the literature is focused on linear materials and hence on linear problems,
nonlinearities also play a major role in electromagnetism. It is known, for example,
that the physical properties of ferromagnetic and diamagnetic materials exhibit a
strong dependence on external magnetic fields, giving rise to PDEs whose governing
differential operator has a quasi-linear curl-curl structure [Youl3; BLS05; NT17]. This
is precisely the type of operator that is considered in the first chapter, where the
magnetic reluctivity is given as a scalar nonlinear function v = v(x, |B|) depending
on the strength of the magnetic induction (or the curl of its vector potential). Highly
non-linear systems featuring hysteresis loops are as well of interest and can lead to
subtle mathematical models [FM89; FA93; Vis05].

Less famous, yet quite active in recent years is the study of Maxwell (quasi)variational
inequalities (VIs), both of first and second kind. Inequalities in electromagnetism were
probably first addressed by Duvaut and Lions [LD76], with the motivation of modelling
the propagation of electromagnetic waves imposing, at the same time, a constraint on
the strength of the electric field, resulting in a hyperbolic Maxwell obstacle problem
under the mathematical viewpoint. Following this pioneering work, other authors
contributed soon after [Mil77]. During the last twenty years the topic has become
active again: in [BCO0] second kind VIs in the time-harmonic setting are addressed,
in [Pri96] a first kind parabolic VI in high-temperature superconductivity (HTS) is
studied. The HTS framework appears to be fruitful in this respect as we can name
the recent works of Yousept [Youl7; You20a; You21], and [WY19], where numerical
schemes for the Bean’s critical state model in HTS are analyzed. [You20b] provides a
rather general well-posedness theory for hyperbolic Maxwell obstacle problems that
find applications in electromagnetic shielding, a practice intended to block, redirect
or reduce electromagnetic fields in a given region by means of suited conductive or
magnetic barriers introduced to minimize interference. The first chapter of this thesis
is strongly related to magnetic shielding and there can find applications.

The second major topic of this work is optimization, which blends with the described
electromagnetic framework. It is needless to say how pivotal optimal control of PDEs
and optimization in general has become in all sorts of engineering applications, and
electromagnetism is no exception. In the works of Troltzsch and Valli [TV15; TV16;
TV18] different classes of optimal control problems are discussed for the eddy current
system, both in the time-harmonic and transient regime. The case of full-Maxwell state
equation is treated in [BY16]. Quasi-linear optimal control problems are addressed



in [Youl3] and in [NT17], respectively in the static and time-dependent parabolic
setting. The field of design optimization also finds fertile ground in electromagnetism:
[Gan+15; GAL15; GS21] are all examples of topological sensitivity analysis being
exploited to optimize the shape of electric motors and machines. We will be focusing
on two types of optimal control problems and a topology optimization task. These
fall into the class of infinite-dimensional optimization problems that cannot be solved
directly apart from some special cases, therefore the determination of optimality
conditions, adjoint equations and descent directions is of paramount importance as
most numerical approximation algorithms rely upon them. Descent directions in
the field of shape optimization are related to the concepts of shape topological and
derivatives: while the shape derivative aims at measuring the sensitivity with respect to
regular perturbations of the boundary [SZ92; DZ11], the topological derivative assesses
the influence of creating small holes around certain points of the domain (or there
changing the material properties). It has been observed that a combination of the
two can lead to an improvement of level set methods seeking for optimal designs
[HKOO07; BHR04]. For what concerns optimal control problems discussed in Chapter 2
and Chapter 3, in the former we prove classical first order necessary and sufficient
conditions involving Gateaux derivatives, whereas in the latter a system of Clarke-
stationarity type is achieved [Cla90]. This is a consequence of the approximation
procedure and the dual formulation via Lagrange multipliers. Despite second order
sufficient conditions have been investigated in various instances [CRT15; CT16; CT09]
for scalar elliptic and parabolic operators, including optimal control tasks driven by
obstacle problems [CW21], to the best of author’s knowledge they haven’t been studied
in the H(curl) framework yet (even in the equality case). To conclude, in Chapter 4 we
compute the first order topological derivative for a shape functional depending on the
solution of a low-frequency electromagnetic problem which is closely related to the
eddy current system, see Section 4.2 for details on this connection.

This thesis is articulated in three chapters. Despite the common thread being opti-
mization in the context of Maxwell-related PDEs (and inequalities), they are somehow
standalone and independent of each other. Chapter 2 contains the analysis of an
optimal control problem governed by a quasi-linear magnetostatic obstacle problem,
featuring first order (differential) state constraints. The same optimal control problem
in the equality case was treated in [Youl3]. It is to be said that the transition to
an obstacle problem is all but straightforward as the inequality structure makes the
control-to-state mapping non-differentiable, and the presence of a first order state
constraint in the obstacle set makes the derivation of a proper optimality system rather
challenging. To the best of the author’s knowledge, this represents the first scientific
work where optimal control is addressed for a quasi-linear Maxwell VI, especially with
state constraints involving the curl.

Following a concise preliminary discussion on H(curl) and H(div) spaces and orthog-
onal decomposition results (that are also used in the other chapters), the first part of the
chapter is dedicated to the existence theory for the state variational inequality. This is
achieved utilizing a coupled relaxation-penalization technique: the penalization allows
to obtain a sequence of approximating equations (VI,), while the relaxation to get rid of
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the explicit first order constraint with the introduction of an additional variable. Note
that existence could be also proved directly with the theory of nonlinear monotone
operators, but the approximation approach turns out to have several advantages. First,
it naturally provides the so-called dual formulation of the state inequality (2.18), i.e.
a mixed formulation where a Lagrange multiplier appears and is characterized via
an inequality condition. Secondly, it serves as a basis for the subsequent study of
optimality conditions as it features a solution mapping that is more regular, namely
weakly Gateaux differentiable. The optimal control analysis begins in Section 2.2;
while the existence of optimal controls is shown in a standard way, the derivation of
necessary optimality conditions demands a regularization of the optimization problem
itself. For this, we make use of the regularized state equation, introduce an adjoint
equation and state the corresponding optimality system (see Theorem 2.2.8) thanks
to the improved regularity previously mentioned. Such an optimality system still
depends on the approximation parameter 7: the ultimate task is to somehow pass to
the limit to obtain optimality conditions (with a proper characterization of the involved
Lagrange multipliers) for the original optimal control problem. In particular, we seek
for orthogonality conditions and sign conditions that are analogous to those known for
optimal control of classical H 1 obstacle problems (cf. [MP84, Thm. 3.2], [MRW15, Thm.
2]), except we have a nonzero obstacle function d(-) that is obviously expected to play
a role.

The crucial ingredient to prove such conditions are uniform bounds for the Moreau-
Yosida penalization term and its derivative, which respectively appear in the (regu-
larized) state and adjoint equation. It is exactly in this instance that the presence of
first order differential constraint heavily affects the analysis (especially for the adjoint
equation), see Remark 2.2.13 for technical details. Theorem 2.2.9 is one of the main
contributions of the chapter and contains an optimality system for each given optimal
solution of the original problem (Pg,), as well as a sign condition for the adjoint multi-
plier (2.94). Similarly, using other technical assumptions we can show a first version
of what we called orthogonality condition (2.116), see Corollary 2.2.12. Section 2.2.3
closes the chapter and is devoted to better characterizing the adjoint multiplier under
mild geometrical assumptions (in fact, we just need that the obstacle set coincides with
the computational domain and that it is simply connected). It is shown that taking
a Helmholtz projection is enough to get one of the mentioned uniform bounds, and
this turns out to be sufficient to deduce a satisfactory orthogonality condition (2.136)
involving the obstacle: Theorem 2.2.15 shows the complete optimality system in this
alternative setting and adds up to the most relevant contributions of the chapter. Most
of the material is based on a preprint in collaboration with Irwin Yousept and Maurice
Hensel (University of Duisburg-Essen), which is not yet submitted but very close to.

In Chapter 3, an optimal control problem for an E-based formulation of the eddy current
system with a pointwise source (Dirac measure) is discussed. The relevance of this type
of problem is twofold: on the one hand, as already quoted, pointwise dipole sources are
customary in applications related to medical imaging; on the other hand, one can think
of it as a particular instance of a measure-valued optimal control problem, a topic that
received considerable attention in the last decades due to its flexibility in applications



and its intrinsic theoretical challenges. We refer e.g. to [CCK13; CK16; KPV14] for
optimal control problems in measure spaces governed by parabolic equations, and
to [CK12; PV13; CK19] for the elliptic case. Section 3.1.1 contains an overview of
boundary value problems featuring measure sources and serves as a motivation for
the apparent impossibility to treat the general case (namely, without assuming that
the control measure is a Dirac mass) in the context of electromagnetism. Section 3.3
is dedicated to the study of the state equation. To this end we utilize a technique
based on a spitting of the unknown, which involves the fundamental solution of a
curl curl — Id type operator. Even though this approach has already been applied to a
related inverse problem [ACV11], our contribution lies in a deeper study of the solution
mapping and in the need of keeping track of the control dependence throughout the
analysis. In addition, we discuss how to deal with an alternative boundary condition
(Section 3.3.3). If existence of optimal solutions comes with relative ease, some attention
is required to set up an adjoint method that is consistent with the split structure of the
state variable. This leads to the introduction of two adjoint states. In Theorem 3.4.5
we prove necessary and sufficient first order optimality conditions that are the main
contribution of the chapter. The present results can be found in a published work of
the author [Cas20].

Chapter 4 is the fruit of a collaboration between the author, Kevin Sturm (TU Wien)
and Peter Gangl (TU Graz), which is very much still a work in progress. In particular,
in this thesis we just compute the first order topological derivative for a low-frequency
electromagnetic problem (which resembles a classical vector potential formulation for
the eddy current system), but lay the groundwork for the derivation of higher-order
ones and for the extension to the actual eddy current model. In Section 4.1 we provide
a kind of new take on Beppo-Levi quotient spaces in R® for the curl operator, which
are needed to define appropriate correctors, also known as auxiliary fields. The very
first one defined in Lemma 4.3.9 is already known in the literature?, others, like (4.128),
are not and indeed they turn out to be more delicate to analyze because non-solenoidal
right hand sides entail the appearance of a gradient multiplier in strong interpretations,
as shown in Lemma 4.6.2. A related novelty in this respect is Lemma 4.3.12, which
appears to be an extension of results like [BS21, Lem. 3.7] (where the underlying
context is elasticity) - used to deal with inhomogeneous Dirichlet conditions created by
the addition of correctors - in the presence of a saddle point structure. Our analysis is
performed within a Lagrangian framework that allows to consider at once the shape
functional of interest and the differential problem it is constrained by. More precisely,
the Lagrangian is given as the sum of the shape functional and the variational problem
defining the state variable, and the adjoint (or averaged adjoint) is then defined by
taking suitable partial derivatives (see Section 4.1.1). The Lagrangian framework is a
customary approach both in shape and topology optimization [GS21; Stul5; Stu20; BS21;
HLY15; GS22; IK08]; in Section 4.1.1 we review it and add some remarks concerning
the adaptation to functional spaces of complex-valued functions, which are suited
for the time-harmonic regime of the state equation. More specifically, we employ

2We refer to [AVVO01, Sec. 5.1], but our approach is a bit different as we make use of a weak formulation
in a quotient space, and then select a representative with suitable properties.
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the so-called averaged adjoint method introduced by Sturm [Stul5]: as explained in
[BS21], compared to other approaches, it has the advantage of shifting most of the
work towards the asymptotic analysis of the averaged adjoint equation and of being
applicable to a wide range of cost functions. It is known that the computation of
topological derivatives requires pointwise evaluations of the state and adjoint field, and
it is usual to assume that such regularity holds; under a summability assumption on the
impressed current and using techniques of elliptic regularity theory, here we prove that
those fields actually enjoy the necessary regularity. We refer respectively to Lemma 4.2.6
for the direct state and to Lemma 4.4.1 for the averaged adjoint. We stress another time
that the first-order topological derivative can be computed with sole knowledge of the
first order expansions provided by Theorem 4.3.14 and Theorem 4.4.5; the introduction
of other auxiliary fields (cf. the boundary layer correctors (4.128) and (4.139)) and the
derivation of improved expansions (cf. Theorem 4.6.8 and Theorem 4.6.10) is intended
to be a starting point for a higher-order analysis eventually leading to higher-order
derivatives, which is still a work in progress. The main problems to be addressed are
the proper understanding of asymptotic expansions at infinity of the correctors, and
the introduction of new ones; see also Section 4.7.



Chapter 2

Optimal control of a quasi-linear
magnetostatic obstacle problem

This chapter is concerned with the discussion of an optimal control problem subject
to a Maxwell quasi-linear variational inequality of the first kind, with first order state
constraints. Researchers’” interest in the analysis of electromagnetic obstacle problems
has roots in the book of Duvat-Lions [LD76] and draws inspiration from the practice of
electromagnetic shielding which aims to reduce, block or redirect electromagnetic fields
in a specific region by means of suitable barriers (obstacles) of conductive or highly
magnetic permeable materials. The mathematical theory addressing the well-posedness
of Maxwell variational inequalities has been recently enriched with new contributions:
along with an existence result for the general hyperbolic linear obstacle problem,
Yousept [You20b] showed that under general assumptions, the electromagnetic fields
respectively satisfy the Ampere-Maxwell and Faraday equation in the free-regions,
i.e. the subdomains where no constraints are imposed on the fields. Another related
contribution of Yousept is given by [Youl3], where a similar optimal control problem is
addressed for the equality case and together with a finite element numerical analysis.

Despite the mentioned developments, the investigation of our optimal control problem
introduces mayor theoretical difficulties, mostly due to two factors: the general lack
of regularity of solution mappings associated with variational inequalities, and the
presence of a first order state constraint of the form

|curl H(x)| < d(x) ae. inw,

where w represents the obstacle region and d: w — R™ the obstacle function. Let us
briefly have a closer look at these two aspects in a simple H!-scalar framework: it is
clear that we cannot expect more regularity for a quasi-linear problem driven by a
curl curl bilinear form.

If a : H{(Q) x H}(Q) — R is a coercive bilinear form and u € H~!(Q), a seminal
result of Mignot [Mig76] states that the solution mapping u — y(u) associated with
the problem

yeK={vecH{Q):v>0 ae. inQ}, aly,v—vy)> (wv—y) Yock,
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in general merely admits a directional derivative at every point, which is character-
ized as the solution of another obstacle problem. The solution mapping turns out to
be Gateaux differentiable if and only if the critical cone enjoys a specific point-wise
property. The regularity of such solution mappings is even less studied, and under-
stood, if the obstacle features a first order constraint like |Vov| < 1: the problem was
presented as open by Mignot and Puel in 1984 [MP84] and to our knowledge very few
works addressing the topic are available in the literature besides [HS11; HMW12]; in
particular, the present chapter appears to be the first contribution in the context of
the mathematical modelling of Maxwell’s equations. Our analysis will be confined
to specific obstacle sets featuring first order constraints, for a more in-depth coverage
of the theory of elliptic obstacle problems we refer the reader to the classic books of
Kinderlehrer-Stampacchia and Troianello [KS00; Tro87].

As a consequence of the issues concerning differentiability, the employment of a
standard adjoint calculus is usually not possible and different penalization techniques
have been introduced in the literature to get a sequence of approximating variational
equalities featuring smoother solution mappings. We mention for instance [MRW15],
where the authors exploit a cubic version of the smoothed maximum function. In order
to handle the first order state constraint, we employ a Moreau-Yosida type penalization
technique combined with a relaxation. The former is based on known regularizations
of the maximum function, the latter aims to reduce the constraint to zeroth order at the
price of an additional variable. As explained in the sequel, we leave some freedom for
the functional space V(w) corresponding to the relaxation variable:

curl H(curl,w) C V(w) C L*(w).

Let us mention that this does not affect the reliability of our approximation as
Lemma 2.1.8 holds regardless of the choice, i.e. the solution of the approximating
equality converges to the solution of state variational inequality. We also point out that
the choice of V(w) = L?*(w) has the advantage of allowing a simpler discretization
of the corresponding nonlinearity by piecewise constant finite elements. Even tough
our analysis could be carried out without the relaxation, we think that the reduction
to zeroth order can be of interest for future research aiming to improve optimality
conditions in the presence of first order constraints.

The main drawback of the penalization technique can be identified with the limiting
analysis required for the optimality system: if on the one hand it is rather easy to
prove that the state variational inequality is satisfied in the limit and the presence of
an (approximating) adjoint is suitable for the implementation of numerical schemes,
the limit of the Lagrange multiplier produced by the regularization term in the adjoint
is hard to characterize effectively. In this respect, we present two possible charac-
terizations (and corresponding optimality systems) of such multiplier that rely on
different assumptions. Specifically, Corollary 2.2.12 is built upon the integral bound of
Assumption A1; instead Theorem 2.2.15 only requires geometrical assumptions such as
equality between the obstacle set and the computational domain, but the correspond-
ing orthogonality condition (2.136) provides information not directly referred to the
multiplier that appears in the equation (2.133). Such multiplier is in fact split into the



sum of two quantities (2.137), one of which appears in the orthogonality condition. It
is worth to underline that the optimal control problem under investigation features
several theoretical difficulties, which justify the need of additional assumptions in order
to derive optimality conditions that are usually to be expected. See also Remark 2.2.13
for a deeper digression on the topic and a comparison with existing literature.

Definition 2.0.1 (Weakly Lipschitz domains). Let Q C R be a bounded domain, i.e. it is
open and connected. Let us define

C:=(-1,17° Cs:={(x1,%2,x3) €C: £x3>0}.

The set Q) is called weakly Lipschitz if its boundary oQ) is a Lipschitz submanifold. More
precisely, if there exists a finite open covering {Uy,...,U,} C R of 0O and mappings
@n: U, — C such that for every i = 1...n it holds

o @, is bijective, ¢; € CO'(U;) and ¢; ' € CO1(C),
* pi(UinQ) =C_.

According to the seminal Rademacher’s theorem [EG15, Sec. 3.1.2, Thm. 2], the

boundary of a weakly Lipschitz domain admits an outward normal vector n € L®(9Q2).

The geometrical framework for our analysis is described by the following

Assumption 2.0.2. Let Q) C IR? be an open and bounded domain with connected boundary,
which we assume to possess the weak Lipschitz reqularity. Further, let w C Q) denote the
obstacle set which is assumed to be open, connected and weakly Lipschitz.

Note that the weakly Lipschitz regularity is known to be the minimal assumption on

0Q) to ensure the validity of the key compact embeddings (2.6), cf. [BPS16].

Let us introduce the convex set
K = {v € Hy(curl) : |curlv| < d ae. in w},

which bears the first-order type obstacle structure previously mentioned. The obstacle
function d: w — R™ is supposed to be of class L®(w). We are interested in the
mathematical analysis of the following optimal control problem:

1 .
r?iln <|| curl A — BdH%z o)t EHIH%Z a ) subject to

A €K, / -, | curl A]) curl A - curl(v — A dx>/] (v—A)dx Vv eK,

2.1)
where the control parameter § is positive and the state variable A is sought for in
a space of divergence-free vector fields (cf. the last condition in (VI)). The precise

definitions of the functional spaces for A, J will be specified in the upcoming section.

The variational inequality in (2.1) can be seen as a vector potential formulation for
the magnetostatic obstacle problem in the presence of a nonlinear, scalar magnetic

11
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reluctivity v, see [Youl3] for a more detailed treatment in the equality case. Note
that | curl A| = |B| so that seeking for A € K amounts to require |B| < d(-) almost
everywhere, thereby imposing a constraint on the strength of the magnetic induction
in the obstacle region w. As previously quoted, it is exactly this feature that paves the
way for applications, especially in the practice of magnetic shielding.

Here By € L?(Q) denotes the desired magnetic induction and the role of control
variable is played by the impressed current density J: Q — R3, which is required to
satisfy the physical condition

divi=0 inQ, 2.2)

leading to H(div=0, () as a natural space of admissible controls.

Remark 2.0.3. Note that ] € H(div=0,Q)) appears to be a generalization of the class of
controls considered in [You13] for the same problem, but with equality state equation. Indeed
there the author works with J € Hy(div=0,).) where Q. C Q) denotes a control domain
which is open and weakly Lipschitz. In view of the boundary condition on 0Q), for all
J € Hy(div=0, Q).) a simple extension to zero yields an element of H(div=0, Q2).

The structure of the chapter is as follows. We begin with Section 2.1 which is dedicated
to the development of a general existence theory for the state inequality in (2.1). To this
end, in Section 2.1.2 we introduce and study a penalized version of the VI which takes
the form of a sequence of equality problems. Its importance is twofold: on the one
hand, its limiting analysis provides existence for the state variable (see Theorem 2.1.3);
on the other hand, it turns out to be suited for the optimal control analysis as its
solution mapping exhibits better differentiability properties. In Section 2.2, building
upon the previous results we finally focus on the optimal control problem (2.1) and
approximate it with a regularized version (P). Section 2.2.2 and Section 2.2.3 cover the
limiting analysis of the latter and lead to optimality systems for the original problem.

2.1 Existence theory with general source term

Before focusing on the optimal control problem, we shall present a general existence
theory for the state equation appearing in (2.1) in strong form. Here general theory
means that we prove well-posedness for sources J € L?(Q)), while the optimal control
analysis is carried out for J € H(div=0, ()) which is consistent with physical models.
As shown in Lemma 2.2.3, it turns out that it is equivalent to seek for optimal solutions
in H(div=0,Q)) or in L?(Q)), in this sense working with solenoidal controls causes no
loss of generality. For J € L?(Q)), the inequality in (2.1) exhibits a gradient (Lagrange
multiplier) term that would vanish in case of J being divergence free. We will show
that such term can be seen as being produced by a Helmholtz decomposition of the
source.

Despite our regularization procedure is in principle designed for the optimal control
analysis, it turns out that it can be exploited to show existence for the state equation
and the corresponding Lagrange multipliers at once. The penalization is therefore
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introduced and discussed immediately after the upcoming preliminaries, and then
resumed in Section 2.2.

2.1.1 Preliminaries

Let O C R be a bounded domain. For what concerns the present chapter, we shall be
interested in the real Hilbert spaces

H(curl, O) = {u € L*(O) : curlu € L*(O)}

Hy(curl, 0) = {u € L*(O) : curlu € L*(O), u x n = 00n 30}
H(div,0) = {u € L*(O) : divu € L?(0)}

Hy(div, 0) = {u € L*(0) : divu € L*(O), u-n=00n 00},
where the divergence and curl operators, as well as the trace operators, have to be
understood in the sense of distributions (see [Mon03; BCS02] for a detailed treatment of
the trace spaces and their characterization). All the space are endowed with the natural

inner products that make them Hilbert spaces. The subspaces of L? of divergence-free
vectors

(2.3)

H(div=0,0) = {u € L*(0) : divu = 0 in O} 2.4)
Hy(div=0,0) = {u € L*(O) :divu =0in O, u-n =0 on 00} '

are also of interest. For the case O = (), we sometimes agree not to specify the domain
when stating the introduced function spaces. In the given context let us also introduce
the spaces
X(O) = H(curl, O) N H(div, O)
XN(O) = Hy(curl, O) N H(div, O),
Xr(O) = H(curl, O) N Hy(div, O),

and the corresponding versions with null divergence
X%(0) = Hy(curl, ©) N H(div=0, 0), 25)
X%(0) = H(curl, ©) N Hy(div=0, 0), '

which will be crucial for our analysis. Both XY and X9 are endowed with the topology
of H(curl) and their importance in the context of electromagnetic PDEs is well known:
indeed if O is additionally assumed to be weakly Lipschitz, it has been proved (see
[BPS16, Theorem 4.7]) that the embeddings

Xn(O) — L*(O) and X7(O) — L*(O) (2.6)

are compact. This combined with the divergence-free condition leads to Poincaré-
Friedrichs inequalities of type (2.12) for the spaces X% and X9.

Let us now briefly review some orthogonal decomposition results in L? and H(curl).
First of all we have the following elementary decompositions [DL99, pp. 313-314]

L*(0) = Hy(div=0,0) @ VH(0)

) B . 1 (2.7)
L°(O) = H(div=0,0) & VH,(0O).

13
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Then, aiming to write the divergence-free part as the curl of a vector potential, one
ends up with

(2.8)

where
H(m,O) = {uc L*(O): curlu=0, divu=0, u-n=0 onadO}
H(e,0) ={uc L>(O): curlu =0, divu =0, uxn=0 ondO}

are respectively the so-called space of magnetic and electric harmonic fields. We refer
the reader to [DL99, pp. 313-314] for details and other possible decompositions. It
is known [RV10, Appx. A4] that both spaces are finite dimensional, in particular the
dimension of #(e) is equal to the number of connected components of 9O minus one,
while the dimension of #(m) is equal to the first Betti number of O. The following
proposition summarizes some of the previous considerations and will be used several
times.

Proposition 2.1.1. Let O C R® be an open, bounded and weakly Lipschitz domain.

e ]t holds
H(curl, ©) = (H(curl, ©) N Hy(div=0, 0)) & VH(0),

29
Hy(curl, ©) = (Hy(curl, O) N H(div=0,0)) ® VH}(O). 29)
o If O is simply connected, then
L*(0) = curl (Hy(curl, ©) N H(div=0,0)) ® VH(O). (2.10)
¢ If 00 is connected, then
L*(0) = curl (H(curl, O) N Hy(div=0, 0)) ® VH}(O). (2.11)

All decompositions are orthogonal with respect to the L*(Q) inner product.

Proof. Let us first prove the first identity in (2.9), the second one can be proved
analogously. The inclusion (H(curl, O) N Hy(div=0,0)) & VH'(O) C H(curl, O) is
obvious. For the other one, let u € H(curl, ©O). We define 7 € H'(O) as the solution of
the Neumann problem
Ay =divu in O,
Vyy-n=u-n on 00.

Then we have 0 = curl Vi € L%*(0), div(u — V7)) = 0 by construction as well as
(u—Vny)-n=0o0nd0, so that

u= (u— Vi) + Vi
——— ~—
€H(curl,O)NHy(div=0,0) €VH(O)
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provides the desired decomposition. To conclude, (2.10) and (2.11) follow from (2.8)
taking into account that (e, O) = {0} if 00 is connected, while H(m, O) = {0} if O
is simply connected (see [Amr+98] or [RV10, Appx. A4]). O

Recalling that () features a connected boundary (cf. Assumption 2.0.2), owing to (2.6)
and (2.11) the Poincaré-Friedrichs inequality

HMHLZ(Q) ,S H curluHLz(Q) Yu € XIQI (2.12)

holds true. Note that the latter inequality implies that || curl-|[;2(q) is an equivalent
norm on X%(Q). Finally C > 0 represents a generic constant whose value can vary
from line to line. We close this section by presenting the basic assumption on the
material parameter.

Assumption 2.1.2 (cf. [Youl3]). We assume the magnetic reluctivity v: Q x Rj — R to
be given as a Carathéodory function, i.e. for every s € Ry the function v(-,s) is measurable
while for almost every x € Q) the function v(x, -) is continuous. Moreover, there are constants
v,V € (0,v) such that

v<v(x,s) <vy forae x € Qandeverys € Ry,
(v(x,8)s —v(x,8)8)(s —§) > v(s —§)* Vs, 3 € R, (2.13)
lv(x,s)s —v(x,8)8] <V|s—§| Vs,§e€Ry

holds true. Here vy > O denotes the magnetic reluctivity in the vacuum.

In the magneto-static setting, the function s — v(x, s)s describes the non-linear relation
between |B| and |H| and it can be experimentally proven that such curve is supposed
to be strictly monotone and bounded [BLS06, Sec. 3], [RKK02; BLS05]. In this sense
Assumption 2.1.2 can be called a physical assumption. Later on we shall also require
continuous differentiability, which appears to be reasonable.

Note that if the above assumptions are satisfied, then the following inequalities follow
for a.e. x € ()

(v(x,Is])s —v(x, [8])8) - (s — $)

v(x, |s])s —v(x, |3 (2.14)

where L = 2vg + V. A proof can be found in [You13, Lemma 2.2].
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2.1.2 Weak formulation and penalization

Let us start with a weak formulation of the state inequality in (2.1). Given some
J € L2(Q), it reads
Find (A,¢) € K x H}(Q) s.t.

/1/(-,|curlA])cur1A-curl(v—A)dx+/ Vo (v—A)dx
O 0

2/]-(v—A)dx Vo € K, VD
0

/ A-Vydx=0 V¢ € H)(Q).

o)

Here, the first order type obstacle set is given by

K :={v € Hy(curl) : | curlv| < d a.e. in w}.

For the purpose of a shorter notation we introduce the operator

@: XY — (XY)* via (®PA,0) = / v(-,|curl A]) curl A - curlvdx VA,v € XY,
0

(2.15)
By the assumption on the nonlinearity v (2.13) together with the Friedrichs type
inequality (2.12), we immediately see that ® is strongly monotone, i.e. there exists a
constant C, > 0 only depending on () and v such that

(@A — @Ay, A1 — Ar) > Cyf| A1 — A VAL, Ay € XY (2.16)

curl)

The main goal of the whole section is to prove the following

Theorem 2.1.3. Let Assumption 2.1.2 and Assumption 2.0.2 be satisfied. Then for every
J € L*(Q)), (V1) admits a unique solution (A, ¢), where V¢ is the L2(Q)-orthogonal projection
of J onto VH}(Q). In particular,

J € H(div=0,Q) = ¢ =0. (2.17)

Moreover, there exists a multiplier m € H(curl, w) such that the solution (A, ¢) is character-
ized by the necessary and sufficient system

<¢A,v)—l—/ ch-vdx—l—/curlm-curlvdx:/ J-vdx Vo € Hy(curl),
Q w Q

/QA-ngdxzo Yy € Hy(Q),

/ curlm - curl(v — A)dx <0 Vo € K.
w

(2.18)
The multiplier m can be chosen in H(curl,w) N Hy(div=0,w) N H(m,w)* and there it is
unique.



2.1. Existence theory with general source term

As previously announced, the proof of Theorem 2.1.3 is based on the resolution of (VI)
in the simpler case of | € H(div=0,(}), and this is done by means of a penalization-
relaxation of the variational inequality. The existence of the Lagrange multipliers is
then rather easy to get from the limiting analysis of the approximating equation.

In order to set up our approximation, we shall need to introduce a C!-approximation
of the max function: for ¢y > 0, we define the function max”(-,0): R — R via

x—qt,  x>297!

X %xz, x € (0,2971) (2.19)
0, x <0.

Building upon the above real function, we devise a corresponding vector version which
is tailored for our needs, in the sense that the resulting map can be exploited in a
variational formulation as it turns out to be Lipschitz and monotone. Let v > 0, we
define

max7 (|s| —d(x),O)—’, s#0

s
0,: w xR = R% (x,5)— E
0, s =0.

(2.20)

The following lemma illustrates some key properties of such vector version of (2.19).

Lemma 2.1.4. The mapping 0., is continuously differentiable with respect to the second variable,
with derivative Ds0.,: w x R® — R3*3 given by

(x,8) —
s®s |s| —d(x) —y7! S®s _
e () o1 2 () + 2077
v s®s (|| —d(x))? S®s _
2st - a0y + TEL S (19 288) sl e () + 207
0, ls| < d(x).

(2.21)
Moreover, Ds0.,(x,s) is symmetric, positive semi-definite for all s € R® and almost every
x € w and uniformly bounded in w x R>. Finally, 0.,(x, -) is monotone, Lipschitz-continuous
for almost every x € w and it holds

0,(x,5) — 0(x,5)] < = ae. x€w, Vs € R, (2.22)

< |w

where 0 w x R3 — R is defined via

—d(x),0)>, 0
000 (x,5) = max(s] = dx) )S\ e (2.23)
0, s=0

for almost every x € w.

17
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Proof. 1t is apparent that 6., is continuously differentiable at s # 0 since in such case
it is the product and composition of C! mappings, and the same is true if s = 0 and
d(x) > 0. If s and d(x) are both zero, it suffices to check that s — s|s| is continuously
differentiable at the origin, which is easily verified. A direct computation shows that
the Jacobian is given by (2.21). Note that for each s € R3, the matrices
s9s and Id— s9s
5|2 |sI?

are (symmetric) projection matrices with spectrum {0, 1} so that D;0(x,s) is positive
semi-definite for each s € IR®> and almost every x € w, hence we can apply [RW9S,
Theorem 12.3] to conclude that 6., is monotone.

For the uniform boundedness of Ds6.,, we observe that

_ _ A1
58l _ g BSd@ -t
SP B

hence we find |D;6,(x,s)| < C for almost every x € w and all s € R%. Combining
[RW98, Theorem 9.2] and [RW98, Theorem 9.7], this also implies the Lipschitz continuity
of 6,. To finish the proof we calculate

8,(x,5) = Bus(x,5)
=t =yt = (sl = dn =7 il 2 d) 4207

|3 sl = @) = (Isl — d(x))], if s| € (d(x),d(x) +277)

which, along with bounding |s| — d(x) by 2y~! from above, yields the desired estimate
(2.22). 0

We can now state the regularized version of (VI) in the presence of divergence-free
source term. To this end, let us first introduce the space V(w) for the relaxation variable;
it satisfies

curl H(curl, w) C V(w) C L*(w) (2.24)

and it is supposed to be a closed subspace with respect to the L?(w)-topology.

Remark 2.1.5. As it is not completely obvious, let us show that curl H(curl, w) is a closed
subspace of L*(w). Let {ay}x>1 C H(curl, w) be a sequence satisfying

curlay — b € L*(Q) strongly in L*(Q)) as k — oo, (2.25)

we wish to prove that b € curl H(curl, w). Let us define by = curl ay for every k > 1; as
div by = 0 for all k, we readily see that divb = 0 in w because the distributional divergence is
preserved under weak limits. If h € H (e, w), we have for k > 1

/bk-hdx:/ curlak-hdx:/ a -curl h dx+/ (hxn)-a,dS=0,
w w w V*OJ W N——r
= =0
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which means by L) 3{(e,w) for all k > 1. Since by converges strongly in L*(w) to b, the
latter condition is preserved in the limit leading to

divb =0
) — b=curlw, w € H(curl,w).
b LE@ 3 (e, w) ?_’8;’

The implication can be motivated as follows: by the second decomposition in (2.8), we write
b = curlw + Vy for some w € X%(w) and § € VH}(w) (note that no harmonic fields
appear in view of the orthogonality condition); then we use the information on the divergence to
deduce 0 = divb = An, which in turn gives 1 = 0. This concludes the proof.

Fix some J € H(div=0,Q)) and for ¢ > 0 consider the problem

Find (A,, p,) € Xy x V(w) s.t.

(PA,,v) 4—*)//(0(cur1A7 —py) - (curlv — g) dx—i—'y/u)ﬂy(-,py) ~qdx = /Q]~vdx
V(v,q) € X3 x V(w).
(VL))

The following three lemmas provide existence and uniqueness for (VI,), a weak-to-
strong continuity property for the corresponding solution mapping and its limiting
analysis, namely we show that A, converges to the solution of the variational inequality

(Vlsol)-

Lemma 2.1.6. Let Assumption 2.1.2 and Assumption 2.0.2 be satisfied. Then, for every
J € H(div=0, Q)), the regularized problem (V1) admits a unique solution (A., p,).

Proof. We use the Browder-Minty theorem. To this end we define the operator
M, XY x V(w) = (XY x V(w))
via

(M, (A, p), (v,q)) = (PA,V)+7 /w(curlA —p)-(curlo —q)dx+v /w 0,(-,p)-qdx

(2.26)
for (A, p), (v,q) € X3, x V(w). Note that given a,b € R® it holds by Young’s Inequality
that

1
E\aF—Ha—b\z > ~|b|2 (2.27)

W[ =
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Let (A1, p1), (A2, p2) € XIQ, x V(w) be arbitrarily fixed. By construction of the operator,
we then find

(M (A1, p1) — My (A2, p2), (A1, p1) — (A2, p2))
— (®A; — DAy, A; — A))

+lleurl(A1 — A2) — (p1— p2) 1200 T 7 /w (04 (-, p1) = 0,(-, p2)) - (p1 — p2) dx
>0

Coll A1 = Az ||y euny + 7]l curl (A1 — A2) — (p1 = p2) [z (0

) 1 1
> min{C,, v} <2||A1 — Ao}t curt) + 5 [l curl(Ar — A2)”%2(w)>

+min{C,, 7} (H curl(A; — Az) — (p1 — P2)||iz(w)>

~—~—

. 1 1
> min{C,, 7} |51 = AalBiun + 5111~ P2l
(2.27)

(2.28)

This shows M., being strongly monotone. Hemicontinuity of M., follows from (2.13)
for the first term on the left-hand side of (2.26), from the bilinearity for the second term
and from the Lipschitz-continuity of 0., for the third term. This completes the proof
with the usage of the Browder-Minty theorem [Lio69, Thm. V.15]. O

By means of Lemma 2.1.6, the canonical control-to-state mapping
G,: H(div=0,Q) — X} x V(w), J~ (A, p,) (2.29)

is well-defined. In what follows, for i € {1,2}, we denote by 7;: R? — R the projection
onto the i-th coordinate.

Lemma 2.1.7. Let Assumption 2.1.2 and Assumption 2.0.2 be satisfied and let v > 0 be fixed.
Then, the control-to-state mapping G., is weak-strong continuous. In particular, the mapping
71 0 G, H(div=0, Q)) — XY, is weak-strong continuous.

Proof. Let {J}};; C H(div=0,Q) be a sequence satisfying
J5 — ]y weakly in H(div=0,Q) asn — co. (2.30)

For each n € N, let A = (710 G,)(J!) € XY and p!) = (m20 G,)(J!) € V(w); in view
of an estimate like (2.28) and (VI,), it is readily seen that the sequence { (A, p%) }5>; is
bounded in X% x V(w) so that, up to extracting subsequences, we find A, € XY, and

p, € V(w) satisfying:

(A}, py) — (Ay,py)  weakly in X% x V(w) asn — oo, 231)
AL — Ay strongly in L?(Q) asn — co. .
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The second assertion is a consequence of the first one by means of the compact
embedding (2.6). The strong monotonicity of the operator ®, together with (VI,) tested
with (v,q) := (A — A, p! — p,) € X}, x V(w) leads to

Coll A} = Aq | un) < (PAL — @A, AL — Ay)
= (QA", Al — A,) — (®A,, Al — A,)

= —7 /w(curl AL —py) - (curl(A] — Ay) — (p), — py)) dx (2.32)
[0 (= p)dr e [T (A) - Ay dx— (@A, AL~ 4,).

Next we shall focus on the first two terms on the right hand side of (2.32). The first one
reads

-7 /W(C“ﬂ AL = py) - (curl (A5 — Ay) = (pf — py)) dx
=7 /w(curl Ay —py) - (curl(Af — A,) — (p) — p,)) dx (2.33)

— [l curl(A} — Ay) — (pl) — p’Y)H%Z(w)/
while at the same time we have

C
AL~ Aq Pyt — Y €url (A7 — Ay) = (1~ o) e
. 1
< —min{C,, 7} [zu curl(A” — A,)|%) + | curl(A% — A,) = (¢ — p) 22

. 1 >
= - mm{Cvf’Y}g vy — p’YHLZ(w)'
(2.27) ( )
2.34
The second term reads

=7 [ 04,25 (v — py) dx
= —7/60(97(-412)—97(-,;97))-(pi—m) dx—v/ﬂjﬂw(-,pw)-(pﬁ—m) dx (2.35)
<=7 [ 0:Cp)- (P~ py) ds

thanks to the monotonicity of 0, (see Lemma 2.1.4). Summing up, (2.32), (2.33), (2.34)
and (2.35) all together yield the estimate

Cvian . 1, .

7||A'y - A"r”%—l(curl) + mln{CV' r)/}ng'y - p"rHZLZ(w)

< —'y/ (curl A, —p,) - (curl(Ag —A,) — (pg - p,))dx (2.36)
+ [ = A dr— (@4, 45— A) — 7 [ 0,(,p,) - (P — py) v

Now in view of (2.31) we can pass to the limit as n — oo in (2.36) to get

(A2, pl) = (A, p,y) strongly in Xy x V(w) asn — co. (2.37)
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We are left to prove that (A, p,) = G,(J,). Owing to the strong convergence (2.37),
up to extracting subsequences, we deduce that

|curl AY| — [curl A,| ae inQ) asn—oo, pyl—p, aeinw asn— o,

(2.38)
which in turn, by the properties of v and 6., implies
v(-,|eurl AZ[) = v(,,|curl Ay|) ae. inQ asn— oo (2.39)
and
0,(-,py) = 0,(,py) ae inw asn— oo (2.40)

As a consequence, in light of the Lipschitz continuity of 8, and Assumption 2.1.2,
Lebesgue’s dominated convergence theorem gives that the term

(@AY, v) + 'y/ (curl AT — pl) - (curlv — g) dx + 'y/ 0,(-, ply) - qdx (2.41)

converges to

(@4,0) + |

w

(curl Ay — p,) - (curlv — g) dx + ’y/w 0,(-, py) - qdx

asn — oo for all (v,q) € XY x V(w). This concludes the proof since (2.41) is also equal

to / J'; - v, which converges to / J - v by assumption. O
0 0

Lemma 2.1.8. Suppose that Assumption 2.1.2 holds together with Assumption 2.0.2. Let
{Jy}y>0 C H(div=0, Q) be a sequence satisfying J,, — J weakly in H(div=0,Q) as y — o
and let (A, p,,) denote the unique solution of (VL,) featuring J., on the right hand side. Then
there exists A € X% N K such that

(A, py) — (A, curl A) strongly in X3y x V(w) asy — c. (2.42)

Moreover, (A, ]) € X% NK x H(div=0, Q) satisfies the variational inequality
/ v(:,|curl A|) curl A - curl(v — A) dx > / J-(v—A)dx VoeXYNK. (Vi)
0 0

Remark 2.1.9. As to avoid confusion, we underline that working with a weakly convergent
sequence {J,},>o on the right hand side of (V1,) is merely needed for the optimal control
analysis carried out in Section 2.2. For what concerns existence theory for (VI), one may take it
identically equal to J.

Proof. Let v > 0. Testing (VI,) with (v,q) = (A,, p,) leads to:

(@A, Ay) + 7] curl Ay — PvHZLZ(w) + 'Y/w 0,(-, py) - pydx = /Q]"r Ay dx. (243)
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Arguing as in (2.28), it is straightforward to see that (2.43) implies that the sequence
{(Ay,py)}y>0 C XY x V(w) is bounded and consequently there exists a subsequence,
still denoted in the same way, and (4, p) € X% x V(w) such that

(A, py) — (A, p) weakly in XY x V(w) asy — oo. (2.44)

By the compactness of the embedding (2.6), we also get that A, — A strongly in L*(Q2)
as oy — oo. Next, we exploit the monotonicty of ®, 6, and divide both sides by 7 in (2.43)
to see that the boundedness of {A, },~0,{J;},>0 implies || curl A, — PWH%}((‘)) — 0 as

7 — 0. Using the weak lower semicontinuity of || - [|;2(,,), we thus obtain

0= li&inf |curl Ay — pyll12(w) 2 || curl A — pll 12y = curl A = p. (2.45)

Next we shall prove that A € K, i.e. that | curl A| < d(-) a.e. in w. Proceeding in the
same way as above, by (2.43), we also get

/ 0,(,py) - pydx =0 asy— oo, (2.46)
w

while the choice v = 0 in (VI,) together with (2.44) and lim,_,« || curl A, — p,, ||%2(w) —
0 produces

/67(~,p7)‘qu—>0 asy — o0 VgeV(iw). (2.47)

As 0., is monotone, for all g € V(w), it holds

0< [(050,p7) ~ 0, - (py — ) dx
= [ 0ytop) - (pr =)+ [((Oulg) =040 - (py—)x (@249)

— [ 0s) - (pr— )

Thanks to (2.46), (2.47) and the strong L*(w) convergence of 0, (-, q) to 0(-,q) (see the
uniform bound (2.22)), we can pass to the limit as v — oo in the above inequality to
deduce

| osl) - (p=dx <0 Vge V(o).

Now we take s € (0,1), § € V(w) arbitrary and set ¢ = p + sq € V(w) so that the last
inequality entails

/ Beo(-, p +54) - Gdx <0 Vi € V(w). (2.49)
w

By continuity, it follows that 8. (-, p +54) — 0w (-, p) almost everywhere in w as s — 0,
moreover we have

00 (x, p +54)| = | max(|p + sq| —d(x),0)|
<|lp+sq|—d(x)| <|p|+ 9] +d(x) forae x€w,Vse(0,1)
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and therefore we can apply Lebesgue’s dominated convergence theorem to pass to the
limit in (2.49) as s — 0. This implies

/ew(-,p)-qugo Vi€ V(w) — /Bm(-,p)~17dx:0 Vi € V(w),

w

and setting 4 = p in the last equation finally produces

0= [ 0u(,p)-pdr= [ max(|p| —d(x),0)p| dv —> max(|p| - d(x),0)|p =0

>0

(2.50)
for a.e. x € w. It is now straightforward to see that (2.50) forces |p| < d(-) almost
everywhere in w and hence to conclude A € K taking (2.45) into account.

At this point we are able to show that the weak convergence (2.44) is actually strong.
To this end, first we test (V1,) with (v,q) = (A, — A,p, — p) € X} x V(w):

(PA,, Ay —A) + 'y/ (curl Ay — py) - (curl(A, — A) — (p, — p)) dx

(2.51)
+'Y/97 Y Py) - ( dx—/h
At the same time, we have
[ (curl A = p,) - (curl(A, = 4) = (p, — p)) dx
= / (curlA, —curlA+p —p,) - (curl(A, — A) — (p, — p)) dx (2.52)
w —_———
=0
= [leurl(Ay — A) = (py — P) 17210
as well as
(@A), Ay —A) 2 G|l Ay — AH?{% +(®A, A, — A),
(2.53)

/w 0,(, py) - (py —p)dx = /w<97<’rpv) —0,(-,p)) - (py —p)dx >0,

where for the latter equality we used 6, (-, p) = 0 since |p(x)| < d(x) for a.e. x € w.
Exploiting (2.52) and (2.53) in (2.51) yields

CollAy — All3e + 7l curl(Ay — A) = (py — )32
S/QIV-(AV—A)dx—<<I>A,A7—A>.

Applying (2.27) in a similar fashion as in (2.28) to bound the left hand side from below,
we get the estimate

. 1 1
min{C,, 7} [\AW—AH%IM + 5l = Pl

/ T, (A, — A)dx — (®A, A, — A),
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from which it follows by (2.44) that
(A, py) = (A, p) = (A, curl A) strongly in X3 x V(w) asy — c. (2.54)

We are left to show that A satisfies (VIg,)). Let v € X]% NK, from (VI,) tested with the
couple (v — A,,curlv — p,) we get

/Q]“r‘(v—A'y)dx

= (PA,,v—A,) — 'y/ (curlA, — p,) - (curl A, — p, ) dx
w

>0
+ ’y/ 0,(-,py) - (curlo — p,) dx (2.55)
w
<(PA,,v—A,)+ ’)// (0,(-,py) — 0,(-,curlv)) - (curlv — p, ) dx
w —_————

=0

< (PA,,v—Ay) = / v(,| curl A,|) curl A, - curl(v — A,) dx,
0

where we exploited the fact that v € K and 0, being monotone. The passage to the
limit as v — oo in (2.55) can be justified again by the Lebesgue dominated convergence
theorem, taking into account Assumption 2.1.2 as well as the strong convergence of A,
to A we have just proved, (2.54). This concludes the proof. O

2.1.3 Proof of Theorem 2.1.3

We now have all the tools to prove Theorem 2.1.3. In what follows we use the brackets
(-, *)w to indicate the duality pairing between the spaces V(w) and V(w)*, in order to
distinguish it with the pairing between XI% and its dual, which we have been denoting
by (-,-). The proof is divided into two steps.

Step 1: Divergence free source term. We start with a right-hand side J € H(div=0, Q) and
consider the variational inequality

Find A € X3 NK s.t.
(2.56)

/ v(-,|curl A|) curl A - curl(v — A) dx 2/ J-(v—A)dx VYove XK.
Q o)

In view of Lemma 2.1.8, we can provide a solution to the above problem as a result
of the limit of (VI,) (see (VIy,) in particular), with the choice V(w) = curl H(curl, w).
Uniqueness is guaranteed by a standard energy argument.

Next we prove that A can be characterized by means of a suitable system of type
(2.18). To do so we exploit (VI,) once more. Since {A,},~0 C Hp(curl, Q) is uniformly
bounded (see the proof of Lemma 2.1.8), it follows from (VI,) with g = curl v that
the sequence {60 (-, p,)},>0 is bounded in [curl H(curl, w)]* and therefore we find
Y € [curl H(curl, w)]* such that (up to subsequences)

v0,(-,p,) =¥ weakly in [curl H(curl, w)|* asy — . (2.57)
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At the same time, in force of Riesz’s representation theorem, there exists m € H(curl, w)
for which

(¥, curlv), = / curlm - curlodx Vv € H(curl, w). (2.58)

w

Combining (2.42), (2.57), (2.58) and (curl A, — p,) — 0 in L?(w) we can pass to the
limit as v — o0 in (VI,) to get

/1/(-,|curlﬁ\)curlﬁ-curlvdx+/Curlm~curlvdx:/ J-vdx Vo € Hy(curl).
Q w Q

Note that (VI,) features test functions v € X%, but an application of the Helmholtz
decomposition (2.9) allows us to equivalently take v € Hy(curl) since J is divergence-
free and only curl v appears in the other terms.

Now we consider v € K C Hp(curl) and test the last equation with v — A, this yields
/ curl m - curl(v — A) dx
w

:/ T-(v—Av)dx—/ v(-, | curl A]) curl A - curl(v — A) dx 0.
Q Q

<
~—
(2.56)
To summarize, we proved that there is m € H(curl,w) such that the solution A of
(2.56) satisfies

/ v(-,| curl A|) curl A - curl v dx + /
0

w

curl m - curlv dx = / J-vdx Vo € Hy(curl)
0
/ curlm - curl(v — A)dx <0 Vo €K
w

[ A-Vpdr=0 vy e HY(O)

“ (2.59)
In remains to show that m can be chosen in X% (w) NH (m, w)* in a unique way. Indeed
it holds curl H(curl, w) = curl(X%(w) N H(m,w)") due to Helmholtz decomposition
(2.9) and we would find again (2.58) but with m € X% (w) N H(m,w)*, as well as (2.59).
If m' € X%(w) NH(m,w)* is another multiplier that satisfies (2.59), we would get

1

/ curl(m —m') - curlvdx =0 Vo € H(curl, w).
w

This implies || curl(m —m')|| 12,y = O after testing with v = m — m’ and finally m = m’
thanks to Poincaré-Friedrichs inequality (2.12), which also holds for vector fields in
X%(w) NH(m,w)* without further assumptions on w.

Step 2: General source term. Let | € L?(Q)). By the Helmholtz decomposition (2.7), we
can uniquely decompose

J=T+V¢, (2.60)
where J € H(div=0,Q) and ¢ € H}(Q). Then, following the previous step, there
exists a unique A € X3 N K with

/1/(-,]curlﬁ|)curlﬁ-curl(v—A)dx2/(]—V(p)-(v—ﬁ)dx Yo € XY NK.
Q 0
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Note that it is enough to take v € K, as already observed. Therefore putting the
gradient term on the left hand side yields

/ v(-,| curl A|) curl A - curl(v — A) dx +/ V¢ (v—A)dx > / J-(v—A)dx
Q Q Q

R (2.61)
for all v € K. We obtain that (A, ¢) is a solution to (VI) and characterization (2.18)
readily follows from the one obtained in first step, that is (2.59). Uniqueness follows
from the one of A and of the Helmholtz decomposition. This concludes the proof.

2.2 The optimal control problem

With the solution theory for (VI) at hand, let us now introduce the optimal control
problem of focus. It consists of finding an optimal solution to

. 1 B

min | =||curl A — By||? + 27112 )

JELX(Q) <2H allzz o) + 5 W k20 (P)
AeXy,

subject to (VI).

It turns out that the latter is equivalent to

. 1 B
= 1A — Bql|?20) + ST )
]eH(ré}glo,Q) <2H cur dHLZ(Q) 2 HIHLZ(Q) o

AGX?\’ sol)

subject to (Vig),

which is easier to handle thanks to the simpler structure of (V) in comparison with
(VI). We will prove that the two problems are equivalent provided (P) has at least a
solution, hence we address this first.

In the context of the previous optimal control problem, it is useful to introduce the
control-to-state mapping associated with (VIy),

Go: H(div=0,Q) — X3, J— A. (2.62)

Note that, due to Theorem 2.1.3 or Lemma 2.1.8, the mapping G is well-defined.

The subscript notation is to remind the reader that the solution to (Vi) is obtained
through an approximation procedure, in particular the conclusion of Lemma 2.1.8
can be restated in the language of solution mappings as follows. If J, — J weakly in
H(div=0), then

(7110 Gy)(J;) = Geo(J) strongly in X3(Q) asy — 0. (2.63)

In this sense, G can be thought as the limit of G,. The next lemma shows that G
enjoys the same continuity property as G,.

Lemma 2.2.1. Let Assumption 2.1.2 and Assumption 2.0.2 be satisfied. The mapping
Geo: H(div=0,Q) — XY, defined via (2.62) is weak-strong continuous.
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Proof. Let {J,}>; C H(div=0,Q) and J € H(div=0, Q) be such that
J» — ] weakly in H(div=0,Q)) asn — co. (2.64)

For each n € IN, we denote by A, = G (Jx) € K the solution to
/ v(-,|curl A,|) curl A, - curl(v — A,) dx > / Jo-(v—A,)dx Yo eK, (2.65)
0 0

and we denote by A = G (J) the solution to (VI) corresponding to the control J.
Testing (VI) with v = A, and (2.65) with v = A we get, after taking their sum, that

<¢A—®%AeA@§A¥LJm%A—A@M. (2.66)

In view of the strong monotonocity of ® (2.16), the above inequality implies that
{A—A,}2, C XY is bounded, whence up to extracting subsequences we find A € XY
satisfying

A—A, ~ A weaklyin Xy asn — co. (2.67)

Thanks to the compact embedding (2.6), we observe that the above convergence is
in fact strong in L?(Q)) so that passing to the limit in (2.66), in combination with the
strong monotonicity of @, yields

14— Auly )gég—hyM—A@M—w as 1 — co.

curl

This concludes the proof. ]

Theorem 2.2.2. Let Assumption 2.1.2 be satisfied. Then, there exists an optimal solution
J* € H(div=0, Q) to the problem (Py).

Proof. The proof is a simple consequence of Theorem 2.1.3 and Lemma 2.2.1 by standard
arguments in optimal control. See for instance [Tr610, Sec. 4.4] concerning existence of
optimal controls for nonlinear problems. O

As the solution mapping G is nonlinear, we underline that one cannot in general
expect uniqueness for (Py).

Lemma 2.2.3. The optimal control problems (P) and (Ps)) are equivalent.

Proof. For the purpose of the proof, we shall introduce a slightly different notation. We
rewrite problem (P) and (Py) respectively as

in in F
{ fnin (J) { rein, so1(J)

subject to (VI), subject to (Vlg),



2.2. The optimal control problem

where
1
F(J) = 5l eurl Ay — Balf3aioy + 1T 3y 91 € L2(0),
1 :
Fool(J) = 5 || curl 47 Bill 720 + gHIH%m) V] € H(div=0,Q).

In particular, this means that (Aj, J) satisfy (VI) and (Vi) respectively:
o if J € L2(Q),

/v(-,|curlA]])curlA]-curl(v—A,)dx+/ V¢ - (v—Aj)dx
o o
2/]-(v—A])dx Vo € K,
0

where V¢ denotes the L2-orthogonal projection of J onto VH}(Q).
e If ] € H(div=0,Q)), then

/1/(~,]cur1A]\)cur1A]-curl(v—A)dx2/ J-(v—Aj)dx VYoveXynK.
0 0

Note that F and F,, actually have the same expression, the different name is to
underline that Fg; acts on divergence-free controls and therefore refers to (Py).

Assume that J7 | € H(div=0, () is a solution of (Ps). In particular

0.

Fsol(]* ) < Fsol(]) V] € H(diVZO/Q)' (268)

sol

and (Aj: , J%)) € X}, x L*(Q) satisfies (VI) with ¢ = 0 (see (2.17)). Let ] € L*(Q)), by

sol
(2.7) it can be decomposed as

I = Isol + V4)]/ Isol € H(diVZO, Q)/ (PI € Hé(Q)
Recall that, since the two terms of the decomposition are orthogonal in LZ(Q), it holds
1711200 = MsatllZz ) + 1 V71720 (2.69)

We can now estimate

N 1
F(Jio) = Fsot(Jeo) < Fsol(sot) = F(Jsol) = EH curl Ay — Bd”%}(g) + gHISOlH%Z(Q)
(2.68)
< Ll curl Ay, — BallZay + S oo 2oy + BV B2 ) = FOD.
) sol L2(Q)) 2 solllL2(Q)) 2 L2(Q) \(2 6,/9)

Since J € L?(Q)) was arbitrary, we conclude that J*, € L?(Q)) is a minimizer of (P).

sol

Now let J* € L2(Q) be a solution of (P). First we shall show that it is divergence free,
namely J* € H(div=0,}). To this end, we decompose it as

T = Jel + Vo,  Jeo € H(div=0,Q), ¢j € HY(Q), Joo LY V-

29



2. OPTIMAL CONTROL FOR MAGNETOSTATIC OBSTACLE PROBLEMS

30

If J*, € H(div=0,Q)) is a minimizer of (Ps,j), we have

Faill) < Faiat) = FU) = 1900l < FUZ) — S 1907 iz

= Fua(Ti) ~ 1991200,

where for the first equality we used the orthogonality of the terms in the Helmholtz
decomposition, and for the second inequality the fact that J%, € L*(Q) and J* is
optimal for (P). We deduce that V¢;« = 0, which in turn implies ¢y = 0 due to
;- € H&(Q) In conclusion J* = J, and we are left to prove that J* is actually a
minimizer of (Py,). Indeed for every Js, € H(div=0,}),

Fsol(I*) = Fsol(fsol) = F(Tsol) = F(I*) < F(Isol) = Fsol(]sol)-
This concludes the proof. O

As a consequence of Lemma 2.2.3, we can focus on (Pg) for the rest of the chapter,
having in mind that every result concerning optimal solutions of (Ps,) would hold for
(P) too. This especially applies to optimality conditions, namely Theorem 2.2.9 and
Theorem 2.2.15.

2.2.1 Necessary optimality conditions

This section is devoted to the establishment of an optimality system for (Pyo). Let
us emphasize once again that the main difficulty is that the solution mapping G
attached to (VIs,)) cannot be expected to possess sufficient differentiability properties.
We recall that the loss of differentiability is mainly due to the inequality structure
of (Vlyy): it is known that even for solution mappings arising from Poisson-type
variational inequalities, merely directional differentiability can be achieved in general
[Mig76] (or Gateaux differentiability in a dense subset), making it difficult to efficiently
employ the standard adjoint method to handle first order optimality conditions. To
overcome this lack of regularity, we shall consider a smoothed version of (Pg)) built
upon the approximation (VI,), as the latter features a (weakly) Gateaux differentiable
solution map (see Lemma 2.2.7). For such new optimal control problem, we prove
well-posedness and optimality conditions by means of known techniques. The main
difficulty is to then pass to the limit in the resulting system.

Due to lack of convexity, we cannot expect uniqueness for (Py) in general; on the other
hand we wish to write necessary conditions for each solution of (Pg). To this aim, if
J* is an optimal solution of (Pg,) provided by Theorem 2.2.2, using a trick of Barbu
[Bar81] we define the regularized optimal control problem as

. 1 B B x
]WeHlirdlilx?:O,Q) <2H curl A, — Bd”%zm) + EHI’YH%Z(Q) + ZHh -J ||2L2(Q)>

A Xy P5)
subject to (VI,).
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Lemma 2.2.4. Let Assumption 2.1.2 be satisfied and let v > 0. Then, there exists an optimal
solution J3 € H(div=0,Q) to (P,).

Proof. Combining Lemma 2.1.6 and Lemma 2.1.7, the proof follows by standard argu-
ments of optimal control theory (see again [Tr610, Sec. 4.4]). O

For the ease of notation, we introduce a vector version of the nonlinearity v by means
of the mapping
F:OxR = R3 (x5)— v(x,]s|)s, (2.70)

for which we require the following regularity assumption to hold:

Assumption 2.2.5 (cf. [Youl3]). For almost every x € Q, the mappings v(x,-): (0,00) — R
and F(x,-): R® — R3 are continuously differentiable. Moreover, there is a constant C > 0
for which

< C forae xe€Q, VseR?

OF;
' aS] (x, S)

foralli,je€{1,2,3}.
Moving towards the proof of differentiability for the solution mapping G, we introduce

an auxiliary linear problem. Let J,J € H(div=0,Q) and let (A,,p.,) = G,(]) be the
corresponding state, it reads

Find (2, p,) € X3 x V(w) s.t.
/ DsF (-, curl A,) curl 2, - curl v dx + ’y/ (curlA, —p,) - (curlv — g) dx
Q w

+7 [ D0y p,)p, - gdr= [ J-vdx ¥(o,q) € XE x V(w).
(VI

Lemma 2.2.6. Let Assumption 2.1.2, Assumption 2.2.5 and Assumption 2.0.2 be satisfied. For
each J, ] € H(div=0,Q)), (Vﬂ;n) admits a unique solution (2., p.,).

Proof. [Youl3, Proposition 3.7] provides us with
DsF(x,8)y -y >vly] forae x€Q, VsyckR (2.71)

with v > 0 being the same as in Assumption 2.1.2. The bilinear form appearing on the
left hand side of (VIg“) turns out to be coercive in XIQ] x V(w) as a result of (2.71) in
combination with (2.27), and the positive semi-definiteness of Ds0., (see Lemma 2.1.4).
The conclusion follows by the Lax-Milgram theorem. O

Lemma 2.2.7. Under Assumption 2.1.2, Assumption 2.2.5 and Assumption 2.0.2, the control-
to-state mapping (2.29) is weakly Gateaux differentiable. For J, ] € H(div=0,Q}), the Gateaux
derivative G!,(J)] is given by the unique solution (2A.,p.) to (VIL;“). In particular, 111 ©
G,: H(div=0, Q) — XY, is also weakly Gateaux differentiable with derivative (711 0 G,)'(J)]
given by 2A.,.
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Proof. Let J,J € H(div=0,Q), v > 0 and let (A,,7,) = G,(J). For T > 0, we consider
the solution (A7, pt) € X3 x V(w) to

(®AT, v +7/ (curl A} —p3) - (curlo —¢ derW/ (v py) - qdx

:/Q (J+7t])-vdx

for all (v,q) € XY x V(w). We now test both the above equation and the state equation
(V1,) featuring J on the right hand side with (v, q) = (A% — A,, p} — P,,) and subtract
them; we get

2.72)

(@A — @A, AT —A,) + || curl (AT — A)) — (p5 = P,) |20

£ [ 0,695 =0, 7,)) - (W =) dx =7 [ ]-(A] -7, dx,

which by the strong monotonocity of ® and the monotonicity of 0, immediately
implies the estimate

C _ _
(145 = A, [y + | cwrl (AT = A2,

_ (2.73)
+ylleurl(AT = A,) = (95~ P2z <7 [T+ (A7

Applying (2.27) in the same fashion as in (2.28) and then dividing both sides by 72, we
obtain

T

pg_?y

<C Vr>0. (2.74)
12(w)

H(curl) |

As a consequence of (2.74), up to extracting subsequences we find (4., p,) € X% x
V(w) such that

AT _Z T _ 2
< i = i i = P7> — (2A,,p,) weakly in X x V(w) asT — 0. (2.75)

Now let (v,g) € X3 x V(w). Subtracting (V1,) featuring J on the right hand side from
(2.72), in view of (2.70), (2.15) it follows after diving by T:

1 _
¥/ (F(-, curl Al) — F (-, curl A,)) - curlvdx
Y _
+o /w (curl(A] — Ay) — (p5 = P,)) - (curlv — g) dx (2.76)

L _
/w 0,(-,p’) 97(,P7))-qu—/()I-vdX-

~ \
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In view of Assumption 2.2.5, by the fundamental theorem of calculus we can rewrite
the first integral in the above equation as
1

}/Q (F(-,curl AY) — F(-,curl A,)) - curl v dx

1 14 - . -
- ;/Q/O 5'7:-(7(3111‘11‘1y—|—if(curlA7 —Cul‘lAy))murlvdtdx

1 A ~a PR—
- /Q/O [DsF (-, curl Ay + teurl (A} — Ay)) — DsF (-, curl A,)] 377 (A) - curl vdt dx

curl

1 _
+/ / D, F (-, curl A,)6.7(A) - curl v dt dx,
alo

(2.77)
where _
o curl A; —curl A,

ST (A) =

curl T

has been introduced for the purpose of a shorter notation. Combining (2.74) with the
continuity and boundedness of DsF (cf. Assumption 2.2.5), we readily observe that for
all t € [0,1]

D F(x,curl A, + t(curl AY — curl A,)) — D;F(x,curl A)) -0 ast—0 (278)
for almost every x € (), as well as,
IDsF(x,curl A, + t(curl AT — curl A,)) — Dy F(x,curlA,)| <C VT >0 (279)

for almost every x € (). Therefore by (2.78), (2.79) and the Lebesgue dominated
convergence theorem we obtain

|DsF (x, curl Ay + t(curl A’ — curl A)) — DsF (x, curl Ay ) || 120 j01)) — 0 as T — 0.
Combining the assertion above with (2.77), (2.75) we conclude that

1/0 (:F(VC“ﬂAIY) — F(-,curlA,)) - curlvdx

converges to

1
//Dsf(-,curlzﬂy)curlQ(A,-curlvdxdt:/Dsf(-,curlzﬂy)curlQ(A,-curlvdx
aJo Ja

as T — 0. As 0, is continuously differentiable (with respect to the second variable)
with uniformly bounded derivative (see Lemma 2.1.4), arguing in the same way we
also get

/ (0,(-,p%) = 0,(-,7,)) - g dx — / Di0y (-, 7,)p,-gdx asT—0  (280)
w w
for all g € V(w). Hence by (2.80) and (2.75) we can finally pass to the limit as T — 0

in (2.76) to see that (2, p,) is a solution of (Vllwi“), which is uniquely solvable. This
concludes the proof. O
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It is now convenient to rewrite (P.,) in the form of an optimization problem in a Hilbert
space. To this end, if J* is an optimal solution of (VI) we introduce the reduced objective
functional f,: H(div=0,Q)) — R via

1
£ = ol eurl((1 0 G, ) (1) ~ BalFy + 5 1T1Baiey + BT = Ty @81)

It is readily seen that the optimal solutions to (P,) and (Py)) are, respectively, charac-
terized by

J, € argmin f,(]) and Je€ argmin fo(]),
JeH(div=0,0) JEeH(div=0,)

where fo: H(div=0,Q) — XY, is given by

1
Ful)) = 3l eurl(Ga(1)) Bl + £ 17120,

and G is the solution mapping of (VI) defined in (2.62). As last step towards the
derivation of an optimality system for (P,), we shall introduce an adjoint equation.

Fix 7 > 0, let J € H(div=0,Q2) be given and let (A,,p,) = G,(J) € X} x V(w), then
the adjoint equation associated with J reads:

Find (Q,, w,) € X} x V(w) s.t.

/ [DsF (-, curl A,)]" curl Q, - curl v dx + ’y/ (curl Q, —w,) - (curlv — q) dx

Q w
+ ’y/ D0, (-, P, )w, - qdx = / (curl A, — By) -curlodx V(v,q) € XY x V(w).
w QO
(Adj,)

Note that the structure of (Adj, ) is closely related to the one of (Vllwin), since the only
actual difference (besides the right-hand side) is the transpose taken on the matrix
D;F in the first term. In particular, the left hand side of (Adj 7) also exhibits a coercive

bilinear form (cf. the proof of Lemma 2.2.6) and therefore it follows again by the
Lax-Milgram theorem that (Adj, ) is well-posed for each choice of T

We are ready to prove optimality conditions for (P.).

Theorem 2.2.8. Let Assumption 2.1.2, Assumption 2.2.5 and Assumption 2.0.2 be satisfied.
Let v > 0 and Ji € H(div=0,Q) be an optimal control for (P.). Then, there exists a quartet

(A%, p%, Q5 w?h) € (XY x V(W) (2.82)

such that:



2.2. The optimal control problem

(@45,0) +7 [ (curl &} = p3) - (curlv — ) dx +7 [ 0,(,p})-qdx = [ J;-vdx
w w

Y(v,q9) € X3 x V(w)

/ D, F (-, curl A%)" curl Q7 - curl v dx + ’y/ (curl Q) — w?) - (curlv — q) dx

Q w
+ '}// Ds8, (-, py)w) - qdx = / (curl A% — By) - curlodx  V(v,q) € X3 x V(w)
w @)
* 2 — * 1 *
I’y = _gﬁ 1ny+§] .
(2.83)

Proof. First of all, let us observe that thanks to Lemma 2.2.7, f, is Gateaux differentiable
with derivative at J € H(div=0, () given by

f;(])]:/(2(curlA7—Bd)-Qlydx+/3/0]-]dx+g/{)(l—j*)-]dx (2.84)

for all J € Ho(div=0,Q), where A, = (7m0 G,)(]) and (,,p,) solves (VII"). In
addition, we can test the adjoint equation (Adj,) with the couple (2A,,p,) and the

linearized problem (Vﬂ;n) with the adjoint state (Q,, w. ) to obtain

/Q (curl A, — By) - A, dx = /Q J-Q,dx, (2.85)

so that (2.84) simplifies to

fr(NT = /Q <Qy+ﬁ <§I— ;]*>) .Jdx VJ € H(div=0,Q). (2.86)

Now let J; € H (div=0, (2) be an optimal solution for (P, ), the unique solvability of the
state (Lemma 2.1.6) and adjoint equations immediately gives the first two assertions in
(2.83).

By standard arguments, the necessary condition
LT —T5) >0 V] € H(div=0,Q)

holds true and by (2.86) it is seen to be equivalent to

3. 1
/Q (/3—1(2; +5J5 - 2]*) (J-J)dx >0 V] e H(div=0,0Q), (2.87)

(Q%,w}) € XY x V(w) being the unique solution of (Adj,) featuring A7, = (71 0

G,)(J3) on the right hand side in place of A,.
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Due to Q% € X% (Q) — H(div=0,Q}), we can choose

— * 1 * * :
J=-p"'Q; - E(]7 — J*) € H(div=0,Q)
in (2.87). This forces
— * 3 * 1 *
ﬁlQ'y+§]'y_§] =0
and hence shows the last condition in (2.83). O
2.2.2 Limiting Analysis of (P,)

This section is devoted to the derivation of a necessary optimality system for (Py,) by
means of a limit passage in (2.83). It is now useful to introduce some assumptions that
will be used in the sequel in different instances.

A1 There exist & € [0,1) and § € (0,1/2) such that

2t /y z,|1T*dx < C Vy >0, (2.88)
Wy
where:
2= (el - P, @y = re @ @) - dw) € 2y, o)
7= (p} pr 0 O lrewsp@l-di) e @

(2.89)
Recall that (A%, p7 ) satisfies the first equation (2.83), i.e. the approximating state

equation.

A2 The obstacle d is uniformly positive, namely there is dy > 0 such that

d(x) >dy>0 forae. x € w. (2.90)

Theorem 2.2.9. Let Assumption 2.0.2, Assumption 2.1.2 and Assumption 2.2.5 be satisfied.
Let J* € H(div=0,Q) be an optimal solution of (Ps,). Then, there exist an optimal state
A* € XY, an adjoint state Q* € X% and unique multipliers (m*,n*) € (H(curl,w) N
Ho(div=0, w) NH (m,w)*)? such that it holds

/ v(-, | curl A*|) curl A* - curl v dx —l—/ curl m* - curl v dx (2.91)
Q w
:/ J*-vdx Vo e XY,
0
/ curlm* - curl(v — A*)dx <0 Vv €K, (2.92)
w
/ D, F (-, curl A*)T curl Q* - curl v dx + / curl n* - curl v dx (2.93)
Q w
= / (curl A* — By) -curlvdx Vo € XY,
0
/ curl n* - curl Q* dx > 0, (2.94)
w

JF=-p'Q (2.95)
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The proof of Theorem 2.2.9 is based on the limiting analysis of the regularized problem
(P,) and the corresponding optimality system (2.83). The following lemma states that
each optimal solution of (Py,j) can be approximated by means of a sequence of solutions
to (P,).

Lemma 2.2.10. Let Assumption 2.1.2 and Assumption 2.0.2 be satisfied. Given an optimal
control J* € H(div=0,Q) of (Psc), there exists a sequence {J3},~0 C H(div=0,Q) of
optimal solutions to (P.), such that

J5 = J° strongly in H(div=0,Q)) asy — oo.

Proof. Given J* € H(div=0, (}), we know by Lemma 2.2.4 that for each ¢ > 0, there
exists at least one optimal solution to (P,). Let us denote by {J3},~0 a sequence of
such solutions. Then, such sequence is bounded in Lz(Q). Indeed, let us estimate

I Bae) < £103) < £1(0)
1
= 2l curl(710.G)(0) ~ BalFz(q + £ ey < € ¥ >0,

where for the last inequality we have invoked (2.63) with J, = 0 for all v > 0. Thus,
we are able to extract a subsequence, again denoted by the same symbol, such that

J5 — ] weakly in H(div=0,Q) asy — oo (2.96)

for some J € H(div=0,Q)). Next, we find

1
£ < £07) = 3l eurl(m 0 G) (%) ~ Balaay + S 17 e
as a result of which it holds by (2.63)
limsup £, (J}) < fo(J¥)- (2.97)

Y—00

On the other hand, taking into account (2.96) and combining it with (2.63), the limit
inferior can be bounded from below as

. L1 _ _ -
timint £, () 2 5 curl Go(7) = Balsic, + S 1T + 517 = P

P P (2.98)
= fo(J) + ZHT— FH%Z(Q) > foJ") + ZHT - ]*Hsz(Q)
Now, combining (2.98) and (2.97), this leads to
lim £,(J3) = fw(J*) and J=J". (2.99)

Y—00

Utilizing once again (2.63), this time with J, := J — J = J*, we have

1 * 1 *
EH curl(7y 0 G, )(J) — BdH?iz(Q) — EH curl Geo(J*) — Bd”iz(ﬂ)
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from which, together with (2.99), it follows that

:B * (12 ﬁ * * 12 :B * (|12
EHI’yHLZ(Q) +Z||]7—] HLZ(Q) - EHI ||L2(Q) as 7y — oo. (2.100)

By computing explicitly the left hand side of (2.100) and recalling J; — J* weakly in
H(div=0,Q)) as v — oo, we obtain
318- * |2 _.5*2 :B*Z ,B * T _3,B * |12
i 175 B ) = DI ey = I ey + 5 dim [T dx = 20T e,
(2.100)
which implies
J5 = J° in H(div=0,Q) asy —

in force of the weak convergence of J3 to J*. This completes the proof. O
We are now in position to give a proof of the main result of the chapter, Theorem 2.2.9.

Proof of Theorem 2.2.9. Let J* € H(div=0) be a solution of (Ps.). An application of
Lemma 2.2.10 gives the existence of a sequence { ]§}W>0 of solutions of (P,) such that
J5 — J* in H(div=0,Q) as 7 — co. By Lemma 2.1.8 applied to the same sequence
(see also the first step of the proof of Theorem 2.1.3 and in particular (2.59)) with the
choice V(w) = curl H(curl, w) in (V1,), we readily obtain the existence of A* € X% and
m* € H(curl, w) for which (2.91) and (2.92) hold. Uniqueness of the state multiplier
in H(curl,w) N Hy(div=0,w) N H(m,w)* can be motivated as done in the proof of
Theorem 2.1.3.

We turn the attention to the adjoint equation (Adj,) with the specific choice V(w) =
curl H(curl, w), and test it with (v, q) = (Q3, w}). This yields

/QDS.’F(-, curl Afy)T curl Q7 - curl Q7 dx + || curl Q) — w:;HZU(w)
(2.101)
+ ’y/w Ds0, (-, py)w) - w)dx = /Q(curl A% — By) - curl Q7 dx.

By virtue of [Youl3, Proposition 3.7], DsF (x,s) is positive definite for almost every
x € Q and all s € R3; consequently, arguing as in the proof of Lemma 2.1.8 but
with the adjoint equation one immediately gets the boundedness of {(Q},w>)},~0 in
XY, x curl H(curl, w) (note that {A%}, 0 is already known to be uniformly bounded
in XY, see Lemma 2.1.8). Hence there exists (Q*, w*) € X% x curl H(curl, w) such that
(up to subsequences)

(Q, wh) — (Q%,w*) weakly in XY x curl H(curl,w) as 7y — co. (2.102)

Going back to (2.101), we make use of the positive definiteness of D;F, D0, and
divide the equation by v > 0. As {A%},~0, { Q% },>0 are bounded in X}, it follows

(curl Q%)|w — w) — 0 strongly in curl H(curl,w) asy — oo, (2.103)
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which in turn yields curl Q* = w* thanks to (2.102).

Next, owing again to the boundedness of {A%},~0,{Q}},>0 in XY, we can set
q = curlv in (Adj,) to see that the sequence {g,},>0 = {7Ds0, (-, p})w}}tys0 C
[curl H(curl, w)]* is uniformly bounded, hence there exists ¢ € [curl H(curl, w)]* such
that (up to extracting subsequences)

¢, — ¢ weaklyin [curl H(curl, w)]* asy — co. (2.104)

At the same time, by Riesz’s representation theorem we find n* € H(curl, w) for which
(&, curlv), = / curln* - curlvdx Vo € H(curl, w), (2.105)
w

and thus the validity of the limit adjoint equation (2.93) readily follows. Uniqueness for
the state multiplier is already known from the proof of Theorem 2.1.3 and the one of
the adjoint multiplier is obtained in a similar way. As J; — J* in H(div=0,Q2), (2.95)
follows from the last condition in (2.83).

Let us now prove the sign condition (2.94). Another consequence of (2.101) is

/Q D, F (-, curl A;)T curl Q) - curl Q7 dx — /Q(curl A} — Bg) - curl Q) dx

. 2.106)
= ] curl @} — w2, - ry/stev(.,py)w; cwrdx <0 Vy>0.
>0
We shall need to estimate
liminf [ DyF (-, curl AX)T curl Q% - curl Q% dx
>0 Jo 7 7 7
= liminf [ DsF (-, curl A%)T curl(Q% — Q*) - curl(Q% — Q*) dx
70 Ja v 7 7
>0
+ 2liminf [ DsF (-, curl AX)T curl QF - curl Q* dx
>0 Ja ° ( 2 2 Q (2.107)
—liminf [ DyF (-, curl Afy)T curl Q* - curl Q* dx
>0 JO
> 2liminf | curl QF - DsF (-, curl AY) curl Q* dx
>0 JO
—liminf [ curl Q* - DsF (-, curl A7) curl Q" dx.
>0 JO

By the strong convergence of curl A% to curl A* and the continuity of D;F (see As-

sumption 2.2.5), it holds (for a subsequence, still denoted in the same way)
D;F (-, curl AY) curl Q* — DsF (-, curl A*) curl Q*  ae. in Q) as ¢ — oo.
On the other hand, D;F is also bounded whence

IDsF (-, curl A%) curl Q*| < C|curl Q*| € 12(Q)
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and we can apply Lebesgue’s dominated convergence theorem to conclude
DsF (-, curl A%) curl Q* — Dy F (-, curl A*) curl Q%  strongly in L*(Q) as 7 — .

Using the latter convergence in (2.107) implies

lirﬁgionf A D, F (-, curl Afr)T curl Q7 - curl Q7 dx
(2.108)

> /Q D, F (-, curl A*)T curl Q* - curl Q* dx.
Finally, in view of the limit adjoint equation (2.93) tested with v = Q* € X{,, it holds
— /w curl n* - curl Q* dx
= /Q D, F (-, curl A*) curl Q* - curl Q* dx — /Q(curl A* — By) - curl Q* dx

< liminf [ DyF (-, curl Afy)T curl Q - curl Q7 dx

~—~ 7>0 @)

(2.108)
- lirﬁgionf Q(curl A} —Byg)-curlQ7dx < 0.
(2.106)
This shows (2.94) and concludes the proof. O

Making use of the additional assumptions introduced at the beginning of the section, it
is possible to find additional information on the limit multiplier corresponding to the
adjoint variable. First we shall derive some estimates involving the fields p}, wy.

Lemma 2.2.11. Let us suppose that Assumption A2 holds. Then there exist positive constants

C1, Cy, C3 such that
p*-w* 2
7/ (Ipjl ~dydx <Gy, o )y <G Wy >0
{Ipy|—d=27"1} Pa {Ip3l-d=213 \  [p3]
(2.109)
and — )
2 Sod [P ) de<Cy Wy > 0. 2.110
! [{pm—de(o,zw}(’p"‘ )< 3] = (2110

Proof. In order to derive the first bound, we test the state equation (VI,) with (v,q) =
(A%, p%). We obtain

<c1>A;,A;>+ry|\cur1A;—p;||§2(w)+7/a]97(.,p;).p;dx:/oj;.A;dx. (2.111)

Arguing as in the proofs of Lemma 2.2.10 and Lemma 2.1.8, we observe that the
sequences {A%},~0 C Xy and {J¥},~0 C L*(Q2) are bounded in the respective spaces
so that exploiting the monotonicity of ®, (2.111) implies

7 [ 0,0 pydx <C vy >0 (2112)
w
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for some C > 0. Looking at the definition of 0., (2.20), we rewrite the left-hand side of
the above equation and bound it from below:

2 .

0 ikl 2 o 3
g —d dx—|—’)f —d—’)f dx
4 {\P§|*d€(0,2“r‘1)}wu/ {lpy|—d=29"1} |P7\(|p7! )
>0
= Mpyl —d =) dx
(g =tz 1y P11 (P
= d(|py| —d—v7")dx

{lp3l—d=2y"1}

— ¢(|p7|—d)dx—/{ ddx

,)//
5| —d>291 5| —d>2y1
{lp3|—d=271} 27 p3|—d>27"1}

> doy (Ip3| —d) dx — [|d]| 1),
Ipyl-azzry Y e o119
2113

where for the last inequality we exploited assumption (2.90), i.e. the uniform positivity
of the obstacle d. Then, combining (2.112) with (2.113), the desired estimate follows.

To derive the second bound, we instead focus on the adjoint equation (Adj, ). The latter
tested with (v,q) = (Q}, w}) reads

/QDS.’F(-, curl Afr)T curl Q) - curl Q7 dx + || curl Q) — wferLz(w)

(2.114)

9 [ D, (,py)w; - wydx = [ (curl 43 — By) - curl @ dx.

Combining (2.114), an application of [Youl3, Proposition 3.7] (i.e., the positive semi-
definiteness of D;F), the boundedness of {A%},~0,{Q%},>0 in X}, (which is already
known from the proof of Theorem 2.2.9) and the explicit expression of Ds0,, (2.21), we
obtain

pr-wi\ y(|pl - d)? ptws
7/ Bl e B el HUTRR R v
{Ip3l—de02y 1)}y | 2L —2 \ |p3l |p%| P3|
>0

2 2
Py - w) pyl —d—~7" ,  [phow
~|—’y/{|* » TH + TH [w} = — 7] dx < G
p"y‘ d>2vy-1} p’y p7 p7
—_—————

>0

(2.115)
for some C; > 0 and all v > 0. As

p* . w* 2
lwi?— [ Z—2) >0 ae inw
! |p5]

by Cauchy-Schwartz inequality, the result follows. Finally, (2.110) is readily obtained
from (2.115). O
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Corollary 2.2.12. Let Assumption 2.0.2, Assumption 2.1.2 and Assumption 2.2.5 be satisfied.
Let J* € H(div=0, Q) be an optimal solution of (Pg,) and let A* € X%(Q), Q* € X% (Q)
and n* € H(curl,w) denote the corresponding state, adjoint state and adjoint multiplier
satisfying (2.91), (2.93) and (2.92). If Assumption A1 and Assumption A2 hold, we obtain

*
lim [ & - d27 dx = / curl n* - curl A* dx (2.116)
1= Jw Py w

where
*

&y = 1Ds0, (-, py)wy, 7 >0.
Proof. We work in the setting of the proof of Theorem 2.2.9, without repeating the first
part concerning the limiting analysis of the state and adjoint equations and related
convergences. We focus on the orthogonality condition (2.116), under Assumption A2
and Assumption A1l. We aim to show that

*

* p* * * * p
| & (=) ohdx = |7 [ D0, p)wy - (Ipy] = d) 1 dx
w ‘p'y’ w ’p’Y|
2 * * * *
v 2Py "Wy / * Py Wy
< / — —d dx|+ 0% —d dx
{|p;|7d€(0,2"y*1)} 2 (|P7| ) ’pm ‘ ‘ {\p§|*d22771} (|p7| ) ‘p;’
(2.117)

converges to zero as y — oo by working separately on the last two terms. This would
in turn imply (2.116) thanks to p’ converging strongly to curl A* in curl H(curl, w)
and (2.105).

The first one is easily dealt with as by Cauchy-Schwartz inequality we have

2 * *
Y py w
/ ISR R el
{Ipl—de(02771)} P3|
%
1
<51/ 2 (|p5| - d)? dx
2 | g ey T (2.118)
<8y~3
) prowy) ) Lo
N camy P =) (P2 ) x| < Gavar Hwl
{lp3l—-de(0.2y71)} Py (2\1/10)

For what concerns the second one, we first introduce the set
Uy ={x€w:|pj| —d(x) > 2971, >0
for the sake of readability and observe that (2.109) immediately gives (for all ¥ > 1)
C2 [ (pyl—d)de 2 [ (p3] —d)de 211205, — |@,] < CyP 12
u %)
! ! (2.119)
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as w, C U, for v > 1, see (2.89). Using the notation of Assumption A1 we have:

p* . w*
[, Ap =) P
U, P35
(2.120)
< 'y/ (|P*|—d)p;'w;dx —l—"y/ z, dx
B U,n{|p}|—d<2y1/270} i ’Pﬂ Uy Ny ! ,

and once more we aim to show that each term on the right hand side vanishes as
v — 0. The first one reads

) p*‘w*
(Ipy| —d)——"dx
P3|

1),
Uy {|p%|—d<2y~1/2-9}

1 1

2 * gk 2 2
<o (pl—a2ax) ([ ) @
UyN{|py|—d<29-1/2-0) w,n{lpy|—d<2-12-5y \  [p3]
1
2
< C / —1-20 4y < Glw|ly™? =0 asy — oo.
= z('r iy |dsoy 5y T < Golwly 7

(2.121)

To conclude, the second one can be estimated as follows. By Holder inequality,

1
142 - 2n
'7/ zydx| <y / ’ZV‘HM dx | O | T2
U, Ny u,Nw

v

1
1+2a 1 2 1
S C r)// ’Z'Y|1+2(X d_x 7(67§>1+A21x+171+2a
N~~~ Wey
2.119)

—

1
1+2a 14a (26—1)2a 2u
=C (,)/Z—HX /~ ’Z'Y|1+2a> :')/_1:72‘2:')/ 2(1+2a) +toix

Wy
1
T+2e —2(14a)+46a-+2a —14+26n
:c(v”“ / !zﬂ””‘) Y A < Cy i
@y (2.88)

As the latter exponent of 7 is negative (see Assumption A1), (2.121), (2.120), (2.118) and
(2.117) all together imply that

/67-(1p§]—d)‘zzldx—>0 as y — oo. (2.122)
w v

Summing up, we have

*

* Py * 4
[ (ml-dlhac= [ g prav— [ g4 l0ax,
@ w o’ Pl

Py 5
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as well as
/§7~pfydx—>/curln*-curlA*dx as 7y — oo
w w

due to p5 — p* = curl A* strongly in L%(Q) and (2.104), (2.105). This along with
(2.122) proves (2.116) and concludes the proof. O]

Remark 2.2.13. Let us comment further on orthogonality condition (2.116), which appears
to be weaker then analogous orthogonality conditions that can be found in the literature, for
instance [MIRW15, Theorem 3.4] or [IKO7, Theorem 1.1]. First of all we observe that the

presence of the term ‘PZ| is ultimately related to the bilateral structure of our state constraint.
g
On the technical level, the presence of the limit on the left hand side can be seen as either due to
*

the lack of the regularity of ¢, or of d ﬁ: for example if the weak convergence (2.104) turned

124

Y
out to be strong, we would be able to rewrite (2.116) in the form

curl A*
—_— — 1A* = 2.12
<ff, a | curl A*| cur >w 0 (2123)

whose multiplier-obstacle-optimal state structure (up to the normalization) resembles what is
achieved in the cited references. Similar considerations would hold under (2.104) together with

2 curl A*

t ly i 1H 1,w),
24 | curl A*| strongly in curl H(curl, w)

which we cannot show as no information on the rotation or divergence of the limiting field is
available, even if the obstacle is constant.

In order to further motivate how the penalization technique applied in our context affects the
limiting analysis of (P) in terms of impossibility to get proper LP bounds for ¢.,, we mention
that such bounds are usually obtained either because the derivative of the penalization is an
admissible test function (see [MP84, Theorem 3.2]), or through a smoothing of the sign function
as in [IK07], none of which seems possible here.

Finally, let us deepen the connection between the presence of a first order constraint and the lack
of regularity by reviewing how the Moreau-Yosida penalization for bilateral pointwise obstacles
like

Ko = {v € Hy(curl): |[v| <d ae. inw},

is modified when considering a first order obstacle. Given f: H(curl) — R, we do so by
referring to a constrained minimization problem m}? f(u), which is related to a variational
ucky

inequality by means of differentiation'. In such context of nonlinear optimization, a widely

IFor instance, if f is convex and Gateaux differentiable, v* € arg min f(u) is equivalent to the VI
uekKy

f'(0*) (v —v*) >0 Yo €K,

see [Tro10, Lem. 2.21].
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employed technique is to introduce a Moreau-Yosida approximation of the indicator function
of the convex set Ko to make the problem formally unconstrained. The resulting modified cost
functional involves the mapping

1
L’(Q) >0~ 5 llmax(Jo| - 4,0) (172, (2.124)

whose derivative at a point v* € L?(Q) is defined by the action
v*
(max(|v*| —d,0)—,7)12(0) if v* #0,
v o]

0 ifv* =0.
If the feasible set is instead

Ky = {v € Hy(curl): |curlv| < d a.e. inw},
(2.124) becomes

1
Hy(curl) 3 v +— §|| max(| curl v| — d,0)||%2(0).

Consequently the derivative reads

l *
(max(| curl v*| — d,O)&,
v~ | curl v*|

0 if o* =0,

curl v) 2 if o* #£0,

and it would appear in the corresponding variational inequality, with v playing the role of test
function. The difference with the previous case is the presence of the curl on the test function as
well as the composition with the curl in the first term of the L?>-pairing, making it apparent the
loss of reqularity to be expected from the term.

2.2.3 An alternative multiplier characterization

Here we propose an alternative characterization of the limit Lagrange multiplier pro-
duced by the penalization term in the adjoint equation, namely &, = yDs0, (-, p;)w}.
We shall make the assumption that w = (), i.e. the obstacle set coincides with the
whole computational domain. Without the need of Assumption A1 but paying the
price of a Helmoltz decomposition of ¢, - together with a further splitting by means
of characteristic functions -, we are able to prove a key uniform L2-bound for its
divergence-free part in the decomposition, which allows to obtain a characterization
like (2.116), but without the limit in front.

Even though this improvement seemingly comes at little cost, one has to take into
account the implicit loss of interpretability due to the fact that the divergence free part
of a Helmoltz decomposition is equivalently obtained through an Hilbert projection,
or solving a curl curl boundary value problem. We work in the exact same setting
of Theorem 2.2.9, exception made for the assumption that w = Q) and it is simply
connected. We provide the full optimality system for completeness.
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Let us first introduce the Hilbert projection operator
P eun x9 ° L*(Q) — curl X} (Q)

induced by the Helmholtz decomposition (2.10) (recall that () is now also assumed to
be simply connected). Due to the well-known vector calculus identity [RV10, Appx.
Al]
(curla) -n = dive(a xn) on dQ),
IP eyt xo, satisfies
Py xg (1) € Ho(div=0,Q) Vu € L*(Q0).

Lemma 2.2.14. Let Assumption 2.0.2, Assumption 2.1.2 and Assumption 2.2.5 be satis-
fied. Assume that w = Q) and that it is simply connected (in addition to have a connected
boundary according to Assumption 2.0.2). Let J* € H(div=0,Q)) be an optimal solution of
(Pso), {5 }y>0 C H(div=0,Q) a sequence of solutions of (P.,) provided by Lemma 2.2.10,
{ (A%, p%) }y>0 the corresponding sequence of direct states satisfying (V1,) and {(Q}, w3 ) }4>0
the corresponding sequence of adjoint states satisfying (Adj,) (with A’ in place of A,). Then,
recalling the notation &, = vDs0, (-, p)w}, the sequences

{]PcurlX?\](g’)’)}’Y>O' {]PcurlX,Q] (§W)X{|curlA,’;\>d}}’Y>0’ {H)curng,(g’Y)X{\curlAi;\gd}}’y>0

are uniformly bounded in L2(Q)). Here x o denotes the characteristic function of the set O. In
particular, up to extracting subsequences, there exist Aj ,A; € L*(Q)), n* € X%(Q) such
that

Peunxg (§y) — curln®  weakly in L*(Q) asy — oo,
]PcurlX% (g’Y)Xﬂcurl Ax|>d} - /\;+ Weakly in LZ(Q) as y — oo, (2.125)

P eurt x9 (§9) X (| cunt az|<ay — Ad weakly in L?(Q)) as y — oo.

Moreover, it holds
curln* = A7 +A; . (2.126)

Proof. For every y > 0, thanks to (2.10) we decompose D0, (-, p¥)w? = v~ ', € L*(Q)
as follows

D0, (-, p))w) = Pcurlxg(DS"v(‘fPfy)w;) +Vy,, 9, € H(Q). (2.127)

By definition, IP . xo (Ds0y (-, p)w))) = curlg, for some g, € X{,(Q) and we can test
(Adjy) with v = vg,, 4 = curlv = <y curl g,. This yields

0% /Q D, F (-, curl A;)T curl Q) - curl g, dx + 9 /Q(curlg7 + Vi, ) - curl g, dx

= ’y/ (curl A} — By) - curl g, dx.
0
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As curl V = 0 and g, x n = 0 on 9Q), the L?(Q)-inner product between curl g, and
V1., vanishes (due to an integration by parts for the curl operator, [RV10, Appx. A.1,
Eq. A.6]) and we obtain

v /Q Dy F (-, curl A%)" curl Q7 - curl g, dx + 7| curl gfyH%z(Q)
=7 /Q(curl A% — Bg) - curl g, dx.

Now it suffices to combine Assumption 2.2.5, the uniform boundedness of the sequences
{curl A%}, -0, {curl Q% },~0 in L?(Q) (cf. the proof of Theorem 2.2.9) and an application
of Holder and Young inequalities to deduce that {7y curl g, },~0 C L?(Q) is uniformly
bounded. As a consequence, we find A* € L(Q)) for which (up to subsequences)

yeurlgy = VP oy xo (Dsby (4, py)w)) = Peynxg (§4) — A" weakly in L*(Q) (2.128)

as 7y — co. Additionally, since curl X{,(Q) is weakly closed in L?(Q) (the exact same
argument of Remark 2.1.5 works under the hypothesis of weak convergence), there
exists n* € X%(Q)) such that curl n* = A*. This proves the first assertion in (2.125).

Next we define the other adjoint multipliers that provide a decomposition of A*. Let
us set for v > 0

A'y,d+ — ')/]PcurlXIQ, (Dsery('/ p;)w;)){ﬂcuﬂAgbd} = ]Pcurngl (67)X{|CUI‘1A§|>‘1}’ (2.129)
Apa = TPeynxg (Ds6, (-, p,*y)wg)xﬂcurm;\gd} = Pcurlxg(gv)X{lcuﬂ Az |<d}-

As
|A'y,d+| S “Pcurl X?\] (67)’ and |A’Y,d7 | S ‘]Pcurl X% (g’)’)‘ a.e. in Q)

and since we just proved that the sequence {IPx9 (¢y)}y>0 is bounded in L2(Q),

we deduce that {A, 4, },~0 and {A, 4 },>0 are uniformly bounded in L?(Q) as well.
Hence there exist A; ,A; € L?(Q) such that (up to extracting subsequences)

Ay g, — A5 weakly in L2(Q)) as y — oo,
7ds dy y . 2( ) Y (2.130)
Aya. — Ay weakly in L7(Q)) asy — oo.

This completes the proof of (2.125). Additionally, due to
A'Y/dJr + /\’Y/df = churlX?\,(g’Y) Vy >0

and the weak convergence (2.128), it holds curln* = A* = A} + A} which proves
(2.126) and concludes the proof. O

Theorem 2.2.15. Let Assumption 2.0.2, Assumption 2.1.2 and Assumption 2.2.5 be satisfied.
Assume that w = Q) and that it is simply connected (in addition to have a connected boundary
according to Assumption 2.0.2). Let J* € H(div=0, Q) be an optimal solution of (Ps.). Then,
there exist an optimal state A* € X%(Q)), an adjoint state Q* € X%(Q)), a unique state
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multiplier m* € X3,(Q) and adjoint multipliers Aj o AG € L2(Q)), n* € XY(Q) defined by
Lemma 2.2.14 such that it holds

/Q v(-,| curl A*|) curl A* - curl v dx + /Q curl m* - curl v dx (2.131)

:/Q]*-vdx Yo EX]Q,,

/Q curl m* - curl(v — A*)dx <0 Vo €K, (2.132)

/Q D, F (-, curl A*)T curl Q* - curl v dx + /Q curl n* - curl v dx (2.133)

= /Q(curl A* —By)-curlvdx Vo € XY,

/Q curl n* - curl Q*dx > 0 (2.134)

] =-5"Q% (2.135)
\ /Q AL <d]CcLL11:‘11fl**| — curl A*> dx = 0. (2.136)

Moreover, A} , Ay and n* are related by the identity
curln* = A7 +A; . (2.137)

Proof. The proof is divided into three steps.

Step 1 (known information and limit state equation). Let J* € H(div=0,)) be an optimal
solution of (Ps.). Repeating the first part of the proof of Theorem 2.2.9 (with the
exception that w = ), we find:

* A sequence {J3},~0 C H(div=0,Q) of solutions of (P,) satisfying

J5 = J° strongly in H(div=0,0Q) asy — co.

* An optimal state A* € X}, a sequence {(A%, p3)},>0 C X} x curl H(curl) of
solutions of (VI,) featuring J} on the right hand side such that

(A%, py) — (A%, curl A*) strongly in X\ x curl H(curl, Q) asy — oo

(2.138)
and a unique m* € XIQ, for which (2.131) and (2.132) hold. Indeed we stress
that if ) = w, then the space V for the relaxation variable g4 can be taken
as curl H(curl, )) and the choice g = curlv in (VI,), v € X3(Q), yields the
existence of a unique state multiplier which lies in curl X3 (Q): see the first step
in the proof of Theorem 2.1.3, taking into account that H(m, Q) = {0} since Q) is
now assumed to be simply connected.

* A uniformly bounded sequence of adjoint states (Q%, w5) C X}, x curl H(curl, Q)
(which satisfy (2.83), or equivalently (Adjw) with A} in place of A,) and an
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optimal adjoint state (Q*, w*) for which
(Q), w}) — (QF,w*) weakly in X\ x curl H(curl, Q) asy — co. (2.139)

Taking into account the strong convergence of J; to J* in H (div=0,Q)), (2.135)
follows from the last condition in (2.83).

Step 2 (adjoint multipliers, limit adjoint equation). The adjoint multipliers A} ,Aj , €

L*(Q)), n* € X{(Q) are defined through Lemma 2.2.14, in particular they satisfy
relation (2.137).

Let v € X%(Q). Testing the adjoint equation in (2.83) with (v,curlv) € X3 x
curl H(curl, O) we get

/ Dy F (-, curl A%)" curl Q7 - curl v dx + ')// D0, (-, p5)w) - curl v dx
O 0
= / (curl A} — By) - curl v dx.
0

In view of (2.139), (2.138) and Assumption 2.2.5, the first and the third integral in the
above identity converge to their respective counterparts in (2.133). To deal with the
remaining one, we write

’y/QDs(-),y(-,pr)wa-curlvdx
:/ Gy - curlvdx
0

\:,./ /Q(H)curng] (‘:'y) + ’)’le,y) .curl v dx
(2.127)

= /Q ]PcurlXR, (§7> -curl vdx

— / curln* - curlodx asy — oo,
~—~—
(2.125)

where for the last equality we used v € Hy(curl) and an integration by parts for the
curl [RV10, Appx. A.1, Eq. A.6] to get rid of the gradient term. This proves (2.133).

Step 3 (orthogonality condition). It remains to show (2.136). To this end, with the sequence
{A%}1>0 at hand we first define for almost every x € ():

curl A% (x) if | curl A% (x)| < d(x)
(curl Ai)ﬁd(x) = curl A% (x)

. *
X m if |Cu1‘1A7(x)’ > d(x),

and aim to prove that
(curl A%)=? — curl A* strongly in L*(Q)) as y — oo. (2.140)
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We observe that
(curl 43)<() = g(-, curl A%()),

where for almost every x € ), 0: Q x R® — R is defined as

d(x)> _ s if [s| <d(x),

o(x,s) = smin (1'|5\ az(x)%| if [s| > d(x).

Since ¢ is uniformly Lipschitz? in s (for almost every x € 2), we have

(2.141)

/Q |(curl A§)§d —curl A*?dx = /Q |(curl A;)Sd — (curl A*)=4|2 dx
| curl A*|<d

:/Q|Q(-,cur1A§)—Q(-,curlA*)\zdxg/Q|curlA;—curlA*|2dx—>O as y — oo

due to the fact that curl A} converges strongly to curl A* in L*(Q)) as v — oo (see
(2.138)). Therefore (2.140) is proved. Combining the latter with (2.125) and (2.137) gives

/ ]Pcuﬂx%(g,y) - (curl A;)Sd dx — / Aj, -curl A*dx —1—/ A; -curl A*dx as y — oo.
o) o) o)

(2.142)
On the other hand, in view of the definition of (-)Sd, the left hand side of the latter
equation can be rewritten as

/Q ]Pcurl X3, (6’7) ' (Clll‘l A;)Sd dx

curl A*
= /Q IPcurlX?\,(g’Y)X{‘ C“ﬂAﬁrbd} | CurlA ’

+ /Q]PcurlXIQ, (g’Y)X{|cur1A*|§d} -curl AW dx (2.143)
curl A%

gV, vy ‘lA*dx-i-/ Ayd curlA*dx

(2.129) Q
1A*

—>/ |<(::ur1A* dx—l—/ A} -curlA*dx asy — oo,

where the last convergence follows again from curl A’ converging strongly to curl A*
together with (2.130). Comparing (2.143) and (2.142) gives (2.136), and concludes the
proof. O

%Indeed g is readily seen to be continuously differentiable (with respect to s) in R3\ {s € R3: |s| =
d(x)} for almost every x € Q). Its Jacobian in the classical sense is given by

{Id if |s| < d(x)
Dso(xs) = ) d(x) (14 _s@s)
. (Id - ) fls| > d(x),

which is uniformly bounded by the constant 1 for all s and almost every x € (). As ¢ is continuous across
{s € R®: |s| = d(x)}, this implies ¢(x,-) € WV (R3) and thus Lipschitz continuity. Additionally, the
global Lipschitz constant is bounded above by 1 independently of x.
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2.3 Future research and open problems

Given the structure of (2.136) and considering the relation (2.137), the question nat-
urally arises: are there conditions that guarantee Aj 7 0 and/or A; = 0? Observe
that the latter information would imply A* = A7 and therefore a desirable clean
correspondence between the adjoint multiplier appearing in the equation and the
orthogonality condition. Unfortunately, at the moment both results appear to be out
of reach mostly due to the presence of the Helmholtz projection operator (which, on
the other hand, is necessary to get the crucial L? bounds): for instance an explicit
expression of Ds0, (-, py)w} is available (see (2.21)), but once the projection is taken,
nothing can be said in general concerning the pointwise properties of the resulting
vector field. What is rather easy to see, on the contrary, is that in the presence of a
trivial obstacle d = +oo (i.e. the problem is actually unconstrained) we would have
Aj, =0and A* = A} ; this suggests and strengthens the idea that A} should carry
information in the relevant case of non-trivial obstacle.

An interesting and challenging related problem would be to work with the same state
inequality, but controlling the obstacle d: w — R™. This kind of questions have been
first addressed by Bergonioux et al [BL04] for scalar elliptic operators assuming H?
regularity of the obstacle, and then by Ito and Kunisch with a generalized Moreau-
Yosida regularization to tackle H' obstacles [I[K07]. Taking into account the already
demanding setting of first order constraints in the H(curl) vector framework, we think
that it may be interesting to analyze an alternative, yet nontrivial variant which relies
on the assumption that the obstacle is piecewise constant. Let {Q);}” ; be an open
partition of () and suppose that d: () — RRj satisfies

dix)=d; e Rj  VxeQ,

so that the control variable actually reduces to d = (dy,...,d,) € R". Despite being
a finite dimensional control problem, the dependence on the solution of an infinite
dimensional problem makes the derivation of optimality conditions harder than it
seems. An example of a similar situation is exactly what is discussed in Chapter 3 of
this thesis, which is based on [Cas20]. There the control variable is given by a dipole
moment p € R® that provides excitation for a time harmonic eddy currents system.

A distributed boundary control problem may be also investigated in the future for the
same state variational inequality: the literature concerning boundary control problems
is rather rich and established [CGS93; CT94; LT91; LT89], but does not cover the
electromagnetic framework yet. A first step in this direction would be to check whether
suitable physical models featuring surface current densities (i.e., supported on the
boundary) are available in the literature.
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Chapter 3

Optimal control of the eddy current system
with a dipole source

3.1 Introduction

There are several instances in applications where one might be interested in controlling
a physical system by means of sources - controls - that have small support, i.e. occupy
a small portion of the computational domain. Alternatively, it can be desirable to have
knowledge of sub-domains where it is most efficient to put sensors or actuators with
respect to some cost to be minimized.

Under the mathematical viewpoint, these tasks fall into the class of sparse optimal
control problems or optimal control problems driven by pointwise sources, where the
latter can be also seen as a subtopic of the former. Building upon the archetype paper
of Stadler [Sta09], the theory of distributed (in the sense that they are a priori defined
in the whole domain) sparse control problems allowed to consolidate the idea that
the addition of a non-smooth L!-control cost term in the objective functional entails
sparsity properties of optimal solutions. For instance, it can be shown that if the control
parameter appearing in front of the L!-term is sufficiently large with respect to known
data, then the optimal solution is even forced to be identically zero [Sta09, Lemma 3.1].

In recent times, the lack of reflexivity and compactness properties of the L!-spaces have
led to the study of optimal control problems in measure spaces like M (Q)), the space
of regular Borel measures, which exhibit better functional properties as well as similar
sparsity features, in the sense of measures, of optimal solutions. Ultimately the point is
that in addition to the functional-analytic advantages, one is sometimes able to infer a
posteriori that optimal controls not only have small support, but are characterized by
specials structures like

u=) Uiy, (3.1)

M=

Il
—_

1

namely a linear combination of Dirac masses. Here u; is, say, either a complex number
or a time-dependent intensity t — u;(t). These are typical examples of singular
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elements in M (Q) (respectively in L?(I; M(Q)) in the time-dependent framework)
that are usually of interest for modelling phenomena related to geology or acoustics:
we refer to [Pie+20], where an inverse problem from point-wise measurements (state
observations) is analyzed.

Sources (controls) of type (3.1) can be meaningful also for electromagnetic problems,
where they represent electric dipoles located in the computational domain. We mention
for example a work of Alonso Rodriguez et al. [ACV11] concerning inverse problems
for the eddy current system, and some papers analyzing EEG models for the human
brain [DL19; BFO6]. Although the focus is not always towards an optimization problem,
we stress the following fundamental difference: in the previous works the structural
ansatz (3.1) is employed in the first place, while in [CCK13; CK19; KPV14; TVZ18]
the authors consider general measure-valued controls and then possibly discuss if,
and under which conditions, optimal solutions satisfy (3.1). Following [Cas20], in this
chapter we stick to the first approach and study an optimal control problem for an
E-based formulation of the time-harmonic eddy current system, where the control
variable is a single dipole source modelled through a Dirac delta located at some fixed
point xo. It is clear that the choice of a single dipole causes no loss of generality: since
the problem is linear, extending of our results to the case (3.1) is straightforward. In
the upcoming subsection we try to motivate why the measure-valued approach does
not appear to be feasible in our context.

Despite the adopted simplifications, several mathematical difficulties are present,
the most important being the fact that the state equation features a Maxwell type
differential operator, with a Dirac distribution as right hand side. We propose an
approach that seems new in the context of optimal control: the resolution of the
differential problem is split into three steps, the first one being the determination of a
fundamental solution to deal with the singularity at x¢ (this idea has been already used
to tackle some inverse problems [Wol+07; ACV11]). After this, the specific structure
of the eddy current problem leads to a state variable that is composed by two other
terms: the sum of a vector field and a gradient, both defined as the solutions of suitable
variational problems. The subsequent analysis inherits these features and thus two
adjoint states, corresponding to two different parts of the state variable, need to be
defined in order to apply the standard ajoint method and eventually derive first order
optimality conditions. Additionally, the H 2 singularity produced by the fundamental
solution calls for a modification of the quadratic tracking cost functional as it is not
suitable for applications to approach a desired state in such a weak dual space: we
choose to perform the optimization away from the point xo so that an L?>-norm can

be employed, paying the price of neglecting the behaviour of the state near the point.

We refer the reader to section Section 3.4 for further details and motivations. To the
author’s best knowledge the upcoming material, inspired from [Cas20], represents the
first contribution towards the optimal control of electromagnetic fields in the presence
of spike sources.

The structure of the chapter is as follows. In the upcoming Section 3.1.1 we briefly
review some techniques to deal with PDEs featuring measure-valued sources; this
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serves as a motivation for the choice of working with a specific measure (i.e., the
Dirac mass). Section 3.3 is dedicated to the study of the state equation, which is
done by means of a splitting technique in combination with the employment of a
fundamental solution. We also discuss (see Section 3.3.3) the problem in the presence
of an alternative boundary condition, as well as more complicated geometries in
Remark 3.3.5. Section 3.4 covers the discussion of the optimal control problem. We
investigate in depth the dependence of the state variable on the control and introduce
suitable adjoint equations to eventually derive first order conditions in Theorem 3.4.5.

3.1.1 On measure-valued sources in electromagnetism

As announced, the aim of this small section is to motivate why electromagnetic PDEs
do not seem suitable state equations for measure-valued optimal control problems,
i.e. PDE constrained optimization problems where optimal solutions are sought for
in a space of measures. In other words, the upcoming considerations are intended to
strengthen the choice of working with a fixed measure of the form (3.1). To this end,

we shall briefly review some of the known basic techniques to deal with equations of
type
{— div(AVy)=p inQ (3.2)

y=0 on 0()

where () is a bounded Lipschitz domain of RY, A an elliptic matrix valued mapping
and y is a given regular Borel measure (that would play the role of control variable).

For what concerns the presentation we shall follow the classical W7 theory in the
scalar case and then point out what difficulties would arise in the H(curl) vector
context. It will be apparent that suitable notions of weak solutions of (3.2) (at least
the one in the sense of Stampacchia [MPS11, Sec. 2]) rely on a synergy between the
concepts of duality and regularity, and the latter is well-known to be an issue for
Maxwell’s equation and especially for its eddy currents approximation [CDS03].

It is noteworthy that PDEs of the form (3.2) play an important role in the modern theory
of optimal control: not only they represent the typical state equation for measure-valued
optimal control problems, they also show up as adjoint equations in state-constrained
optimization problems where it is useful to consider control-to-state mappings with
values in the space of continuous functions. This naturally produces adjoint multipliers
lying in measure spaces. The present material concerning W'* theory for (3.2) draws
inspiration from [MPS11].

To begin with, we make the following

Assumption 3.1.1.
e OCRY d>1,isabounded Lipschitz domain.

o A: Q) — R3*3 has entries in L®(Q) and it is uniformly elliptic, that is there exists
¢ > 0 such that
A(x)z-z>clz]? ae xc€Q, Vze R (3.3)
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* u is a regular Borel measure, i.e. u € M(Q).

* pe[2,+o0)and p >d,
and introduce the functional spaces that will use throughout the section. We denote
by D(Q)) the space of infinitely differentiable functions with compact support in Q,

moreover

Co(Q) ={ueC(Q):u=00n00}

and
WP (Q) = D) M, W (Q) = (W ()

where p’ = % denotes the conjugate exponent corresponding to p. As a consequence

of the restrictions on p in Assumption 3.1.1, 1 < p’ < 0[%1 and classical embeddings
E: W (Q) < C(Q), Ep: W, (Q) — Co(Q) (3.4)

are well-defined with dense ranges. Moreover, Riesz’s representation theorem for
measures provides us with the fundamental identification

M(Q) = (Go(Q))"

and the corresponding dual pairing (i, 7) ,@))-xc,(@) = /Q ndu(x).

Next we introduce the operator O: W&’p(ﬂ) — W-LP(Q) via
(011,0) 1,0 = /Q AVu - Vodx ¥(u,0) € WP (Q) x W (), (3.5)

whom with we now have all the ingredients to write a weak formulation for (3.2):

{Find ye W&’p,(Q) s.t.
(3.6)

1,
<®v,y>WS’p/ = <‘u, EOU>C0(6) Yo € WO P(Q)

It is clear from the positive definiteness of A (3.3) that © is at least injective for all
p € [2,4+00) and all d > 1; it is said to enjoy maximal regularity if it is an isomorphism
between the corresponding space (for instance if p = 2 as a consequence of Lax-
Milgram theorem). It turns out that the latter condition is in fact sufficient for (3.6) to
be well-posed.

Theorem 3.1.2. Let Assumption 3.1.1 hold and assume that @ is maximal regular, then (3.6)

has a unique solution y* € W&’p,(Q).

A proof can be found in [MPS11]. We write one here as well to improve the under-
standing and the readability of the section.
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Proof. We start by restating (3.6) in the equivalent dual form

* * 1/
(© y,v)wé,p = <E0y,v>wg,p Vo € W,"(QQ), (3.7)

where Ei: Co(Q)* ~ M(Q) — W' (Q) = (WS’F(Q))* is the (continuous) dual
emdedding of (3.4). Thanks to the maximal regularity of ® and the closed range
theorem, ©* is an isomorphism too; therefore y* = (@*) 1E}u is the unique solution
of (3.7), and hence of (3.6). O

The importance of the interplay between duality and regularity is now more clear: the
latter (in the sense of embedding into the space of continuous functions) is ultimately
required to identify the measure y with an element of W~'#', while the former to have
continuous invertibility of the adjoint, given the maximal regularity of ®. In case of
lack of maximal regularity, the proof of Theorem 3.1.2 cannot be carried out and one
can either extend the space of test functions or restrict the space of solutions, leading
to other (eventually equivalent) notions of weak solution. We refer to [MPS11] for a
detailed discussion on this matter.

In the context of electromagnetic PDEs, regularity is what causes troubles as the coun-
terpart of the embedding (3.4) is usually missing or not natural, making a formulation
like (3.6) basically impossible to write. Indeed we have to work with the spaces of
vector fields

WO (curl, Q) = {u € LP(Q) : curlu € L¥(Q)}
WO (div, Q) = {u € LP(Q) : divu € LP(Q)}

that provide control only on linear combinations of the first derivatives, which is not
sufficient to guarantee continuity up to the boundary.

3.2 Preliminaries and geometrical assumptions

We shall now present our geometrical setting related to the eddy currents system, as
well as the functional spaces required for our analysis. As we work with the eddy
current system in the time-harmonic framework (the same is done in Chapter 4), we
have to consider functional spaces of complex-valued vector fields. Given an open,
bounded set O C R3, let L2(0), L?(O) respectively denote the space of all (equivalence
classes of) C-valued Lebesgue square-integrable functions and of C3-valued Lebesgue
square-integrable vector fields.

LA sufficient condition is to simultaneously have u,curlu € LF, divu € L? with p > d and either
u X n or u - n vanishing on the boundary; this implies u € W'? [AS13]. However these kind of spaces
would not be suitable in practice as it is not natural to ask a priori for a global L? control of the rotation
and divergence at the same time. This is especially true for eddy currents models, where spaces featuring
differential constraints that are imposed only in a portion of the domain are commonly used.
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Let us further introduce the spaces

HY(O) == {u € L*(0): Vu € L*(0)}
H(curl, O) := {u € L*(O): curlu € L*(0)} (3.8)
H(div, 0) := {u € L*(0): divu € L*(0),}

which are endowed with their natural graph norms. Here the curl, V and div operators
are to be understood in the sense of distributions. Furthermore, let D(QO) denote the
space of infinitely differentiable C-valued functions with compact support in O, and
let D(O) be its vector counterpart.

The space H}(O) denotes closure of D(O) with respect to the H!(O)-topology, sim-
ilarly Hp(curl, O) stands for the closure of D(O) with respect to the H(curl, O)-
topology. Analogously defined is the space Hy(div, ©). With H(div=0,0) and
Hy(div=0, O) we denote the kernels of the divergence in the respective spaces. We
refer the reader to [RV10, Appendix A.1] and [Mon03; BCS02] for a detailed analysis of
the trace spaces for H(curl, O), H(div, O) and their characterization.

Assumption 3.2.1 (Geometry of the eddy currents model). The computational domain ()
is a bounded simply connected open set in R3 with Lipschitz boundary T := 9Q). A non-empty
open, connected subset Q¢ C Q denotes the conducting region and consequently Qp :== Q\ Q¢
is the insulator, which is also assumed to be connected for simplicity; Q¢ is strictly contained
in Q) in such a way that T N Q¢ = @ and it is assumed to be simply connected, implying that
QO is also simply connected. The set I'c := 92 N 0Q)c is the interface between the conductor
and the insulator. We finally set T'; := 0Q; = I UT ¢ and denote by n, nc and np respectively
the unit outward normal vectors on I',T'c and T';. For the sake of clarity we henceforth use the
notation Hy := H|q,,0c = 0|q. (and similar for other fields) to explicitly underline to which
subdomain a certain scalar function, vector or matrix valued mapping is restricted.

We will refer to the latter assumption for the rest of this chapter, if not otherwise
specified. We close this section by stating the basic physical assumption for our
analysis, namely the properties of the involved material parameters:

Assumption 3.2.2 (Material parameters).

* The magnetic reluctivity v: QO — R3*3 (which is the inverse of the magnetic permeability
1), the electric conductivity o: Q) — R3*3 and the electric permittivity e;: Qp — R3*3
all have entries in L™ of the corresponding spaces and are symmetric (valued). The
conductivity identically vanishes in the insulator, that is or = 0 almost everywhere in Q).
The matrices v, oc and €1 are uniformly positive definite in (), Q¢ and Q) respectively,
in the sense of (3.3).

o Let xg € Q. The parameters y, o satisfy a local homogeneity condition: there exists an
open ball B,(xo) with B,(x9) C Q¢ and two real constants vy > 0,09 > 0 for which

v(x) =1ld and o(x) =0pld Vx € By(xp). (3.9)
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We stress that the latter assumption is not much restrictive in most instances because
the location of the point (dipole) source x is free to choose, and it seems reasonable to
opt for a point that does not lie on the interface separating regions characterized by
different materials properties.

3.3 Well-posedness of the state equation

This section is devoted to the mathematical analysis of the state equation. As antici-
pated, it is an E-based formulation for the eddy current system with a dipole source in
the form of a Dirac mass; it reads:

curl(vcurl E) + iwoE = —iwpdy, in O
div(erE;) =0 in ()

iv(eiEr) ned (3.10)
(veurlEj) x n =0 onT
€lE;-n=20 onT,

where p € R?, w > 0 and i denotes the imaginary unit. The point xg € Q¢ is the same
as in Assumption 3.2.2 so that (3.9) holds, and Jy, stands for the Dirac distribution
centered at xg. The third and fourth equations in (3.10) correspond to the choice of the
so called magnetic boundary condition, reinterpreted after eliminating the magnetic
field from the eddy current system [RV10, Section 1.3]. In Section 3.3.3 we discuss what
adaptations are needed in order to handle another relevant boundary condition.

We point out that (3.10) is somehow already a simplified model, as the geometry
provided by Assumption 3.2.1 entails that a couple of equations related to the topology
of () can be a priori dropped, see [RV10, p. 22]. Prior to the control analysis, we need
to address the well-posedness of problem (3.10). The first existence and uniqueness
result for (3.10) can be found in [ACV11] in the context of inverse problems; in this
sense, Theorem 3.3.8 is not original. However, here we are rather focused towards the
analysis of a corresponding optimal control problem and thus we need to keep track of
the dependence of the solution on the control p, see Remark 3.3.3 and (3.14). At the
same time, we need to introduce and study some operators that will be involved in the
adjoint calculus. None of these issues are addressed in [ACV11], making this section a
new contribution to the study of (3.10) and its solution mapping p — E.

3.3.1 The fundamental solution and the initial splitting

Thanks to the homogeneity assumption (3.9), we are able to employ a fundamental
solution-based approach: v and ¢ being constant in a neighbourhood of x( entails that
locally we are dealing with a curl curl —Id type operator, whose fundamental solution
is known.

Lemma 3.3.1. Let p € R3, z = |/ —iwv, 'op with Rez < 0 and q = —iwpv, . Let

exp (iz|x — xo|)
) =
% (%) 47t]x — X0

(3.11)
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be the fundamental solution, up to translation in xo, of the Helmholtz operator —A — z*Id.
Then the field

G = G () = s, () + (7 V) Ty, (x), (312)

satisfies
curl curl G — z>G = gé,, (3.13)

in the sense of distributions.
Proof. This result is adapted from one of Ammari et al. [BAF02]. As curl V = 0 and
1 1 .
G =gy, + ?(q : V)Vq)xo =gy, + ?V le(qCDxO),
we readily have

curl curl G = curl curl(q®,,) = —A(qDy,) + V div(qDy,)

and in turn
curl curl G — 2°G = —A(qd,,) — 224Dy,

Note that we used the identity curl curl = —A 4 V div. The conclusion follows by
noticing that

—ADy, = Oy, + 22Dy, = —A(qDy,) = g0y, + 27Dy,

Let us observe that since g € C3, we have

1

1 14
= 1d(g®x,) + 5 (V2Px)g (314
= [I[d®,, + V*®, g = Ng,

where N = Ny, (x) is a symmetric matrix with entries in H=2(Q)), as it inherits the type
of singularity of ®,,(-) at x = xo. However both ®,, and G are smooth and bounded
away from xj.

In view of (3.9), we observe that formally
vp curl curl E(x) + iwopE(x) = —iwpdy,(x), x € Br(xp),
which leads us to seek for a split solution of the form
E=G+M, (3.15)
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where M should carry information from outside the ball B,(x(), through a suitably
modified source. More precisely, let J: Q — C3 be defined via

{0 in B,(xp)

J= (3.16)

—curl(v curl G) — iwocG in B (xp),

where B¢(x() denotes the set Q \ B,(xp). It is apparent that J] € L?(Q) thanks to the
regularity of G in Bf(xg).

We deduce that M should satisfy the strong problem

curl(veurl M) + iwecM = | in Q
div(e;M) = — div(e;G) in O (3.17)

(veurlM) xn=—(veurlG) xn  on T

eM-n=—€G-n on TI.

Notice that (3.17) is a boundary value problem where G appears as a datum, but only
in subsets of the domain where it is smooth. First we perform an homogenization
which aims to modify the divergence constraint as well as the normal component
condition in (3.17).

Proposition 3.3.2. Let ] € L*(Q) be defined through (3.16). Let
W:={weH(Q):w=0o0nTc}, (3.18)

n1 € W be the unique solution of

b(n1,8) == /Q eV - Védx = — /Q €1G-Vidx VZeW, (3.19)

and
N in Q[ 1
= € H' (Q). 3.20
U { 0 inOc () (3:20)
If M is a solution of
curl (v curl M) + iwoM = | in Q
div(e;M) =0 in O
V(€M) ! (3.21)
(veurlM) xn=—(veurlG) xn  on T
elﬁ- n=20 on T,
then the field
M=M+Vy (3.22)

solves (3.17).
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Proof. First, (3.19) is uniquely solvable by the Lax-Milgram theorem since G|, €
L2(Q)) (recall that xo € Q¢ and G is smooth away from such point). We notice that
(3.19) can be interpreted in strong form as

— diV(é‘[Vﬂ[) = diV(G]G) in Oy
=20 onI¢ (3.23)
€1V171'n=—€1G~1’l onl.

The conclusion readily follows from (3.23) by noticing that curl(v curl Vi) + iwoVy =
0 (here we use |, = 0 and (3.20)). O

Remark 3.3.3 (Dependence on p for 7). In view of (3.14), we have
G = Ng = (—iwyy)Np =: Ap, (3.24)

where A is a matrix valued mapping (with complex entries) depending on the fundamental
solution ® and on the point xo. It follows by the linearity of problem (3.19) that both

R*> pr(p) € H(Q) and R®3pe (Vi)(p) € L*(Q)

are real-linear mappings.

3.3.2 A weak formulation

A consequence of the preparatory splitting introduced in the previous subsection, in
particular Proposition 3.3.2 and (3.15), is that once (3.21) is solved then

E=G+M+Vy (3.25)

provides us with a solution of the state equation (3.10). Let us therefore set a up a
suitable variational formulation for (3.21); to this end we introduce the linear space

V:={v € H(curl,Q): div(ejv;) =0 inQ;, e€w-n=0 onT}, (3.26)

which turns out to be a Hilbert space if endowed with the standard H(curl) inner
product

(u,v)y := / u-vdx + / curl # - curl v dx. (3.27)
o) o)
As is not straightforward to see how a correct weak formulation for (3.21) looks like,

we infer it by multiplying the first equation in (3.21) with ¥ € V and then integrating
on (). We obtain:

/I-?dx:/ vcurlﬁ-curlﬁdx—/[(vcurlm xn|-vdS +iw oM -7 dx
0 0 r Qc
:/ veurl M - curl 5dx + iw aﬁ-idx%—/[vcurlGxn]-?dS.
0 r

(3.28)

Qc
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Next we expand the left hand side of the above equation:

J-odx = / (—curl(vcurl G) — iwoG) - vdx
o (3.16) o

:/Q[—C“fl((l/—l/o)curlG)-E—iw(U—ag)G-E]dx

— /Q[_(v—vo)curlG-curlf—iw(U—Uo)G'5] dx (3.29)

nx ((v—1vp)curl G) -vdS

5—

=/[—(V—Vo)curlG-curlﬁ—iw(a—ao)(;.g]dx

o)

+/(n Xl/oCllI‘lG) -ﬁds—l—/(vcurlG X n) .odS,
r r

where abusing the notation vy has been used in place of v IdRs for the sake of readabil-
ity.

Combining (3.29), (3.28) and the third condition in (3.21), we are led to the following
formulation:

Find McV st

at(M,v) :/ [—(v — 1) curl G, - curl @ — iw(0 — 09) G, - 7] dx

B (3.30)

c
X0

+/(n xveurl G,) -vdS Vo eV,
r

where

at(u,v) ::/ veurlu-curlodx+iw | ou-vdx, (u,0) €V XV.
o}

Qc
The presence of the subscript in G, in (3.30) is intended to underline the dependence
of G on the control p € R?, see also (3.24) and (3.14).

Addressing the well-posedness of (3.30) boils down to investigate the coercivity of the
bilinear form a™: V x V — C, which is nontrivial. Indeed since vector fields in V are
divergence-free just in ()j, no pure Poincaré-Friedrichs inequality (i.e., a bound of the
L2-norm by means of the sole L2-norm of the curl) can be expected to hold in the whole
(); at the same time the lower order term provides information only in the conductor.
A possible workaround is to exploit the trace theorem on the common interface I'c
together with the following Poincaré-Friedrichs type inequality in ();, which can be
found either in [RV10, Lemma 2.1], or in [FG97].

Lemma 3.3.4. There is a constant C > 0 such that

HwIHLZ(Ql) < C(H curl wIHLZ(QI) + H div(elwl) HL2(QI) (331)

Fllwrxnil| 2y gy, llerwr-nf g p)

rdiV‘r/l"
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for all w; € H(curl, Q1) N He, (div, Q) with w; L€ He, (T, T; Q). Here

He,(Te, T; Q1) = {q1 € LZ(QI): curlg; =0, div(egr) =0,
(3.32)
gqrxny=0onTc, €q;-ny=00nT},

and L1 denotes orthogonality with respect to the ej-weighted L*(Q)y) inner product, that is
(er, ')LZ(Q,)-

We shall briefly explain why the above lemma applies to functions in V. Indeed
V C H(curl; Q) N He, (div; Q) in view of the divergence-free constraint. Moreover,
it is known [RV10, Appx. A.4] that the space H, (I'c,T;();) has dimension equal to
prc + nr, where the former denotes the number of connected components of I'c minus
one and the latter the number of I'-independent non-bounding cycles? in ();. Both
these numbers vanish under Assumption 3.2.1, in particular due to I'c being connected
and Q) being simply connected?.

Remark 3.3.5 (I'c not connected). For the sake of completeness, we briefly discuss how to
proceed when I'c is not assumed to be connected*; in this case pro = 1, then it is known
[RV10, Appendix A.4] that He, (Tc, T; Q) is spanned by {Vwi}i—1. p_, wi € HY(Qy) being
the solution of the mixed problem:

div(e;Vw;) =0 in O
eiVw; - n=20 onT
w; =0 onTc\T;
w; =1 on I},

where (I';)i=1..py, denotes the i-th connected component. Fix any j € {1...pr.}; for each
v € V, we have:

/ €101 - Vw] dx = — wj diV(G["U[) dx + / wieruy - ndS
Q; Q Q)
prc
= / wji€evy - ndS + Z/ wi€vr - ndS (3.33)
r i=17/Ti

= / crur -ndsS,
Y

2More precisely, we say that a family C of disjoint cycles of Q; is formed by TI'-independent, non-
bounding cycles if, for each non trivial subfamily C* C C, the union of the cycles in C* cannot be equal to
S\ 7, where S denotes a surface contained in () and -y a union of cycles contained in T

3The fact that the computational domain Q) is simply connected is sufficient to make n equal to zero.
However, this may also happen when the topology of () is non-trivial. For a detailed discussion and
examples we refer to [RV10, Section 1.4]

4Since O is assumed to be connected, this can only happen if Q¢ itself is a non-connected conductor,

that is Q¢ = L[ Qg) with Q(CI) connected for each i. The presence of more conductors in a device is a

1
situation that often arises in engineering applications. We refer the reader to [RV10] for an extensive
discussion on the geometrical configurations that can arise in the context of the eddy currents problem.
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since €jvr - n = 0 on the external boundary I'. Hence we see that it suffices to require the
functions of V to satisfy the additional constraints

/€[U['1’l:0ds Vi=1...pr.

1

concerning the fluxes through each connected component of the interface I'c.

With this adjustment, V is yet again a Hilbert space equipped with the inner product (3.27)
and its elements satisfy the orthogonality hypothesis of Lemma 3.3.4. This especially implies
that Lemma 3.3.6 and Lemma 3.3.7 continue to hold true.

Lemma 3.3.6. Let Assumption 3.2.2 hold. The sesquilinear forms

a+(w,v):/ veurl w - curl 5dx + iw cw - vdx,
9 Oc

(3.34)
a’(w,v):/ veurlw - curlodx — iw | ocw-odx
Q QOc
are continuous and (strongly) coercive in V- x V.
Proof. Continuity is obvious. For what concerns coercivity, as
at(w,v) =a (v,w) Yw,veV (3.35)

is sufficies to prove the statement for a™*. For v € V, we have by the positive definiteness
of v, o

2 2
la*(v,0)]* = (/ veurlo - curlvdx) + w? (/ ov -vdx)
0 e (3.36)

> C(H Cl,ll'l"UHiz(Q) + ||UCHi2(QC))2'

At the same time, Lemma 3.3.4 together with the continuity of the tangential trace

yields
012 0y < COleurl o200 + lfor 1]y gy r.)?
= C(|| curl vIHLZ(QI) + ||lvc x nch%,divT,Fc)z (3.37)
< C(]| curl vl||%2(01) + HUCH%Z(QC) + || curlvc||%zmc)).
The conclusion follows combining (3.36) and (3.37). O

Lemma 3.3.7. Let Assumption 3.2.2 hold. Problem (3.30) has a unique solution MeVv.
Proof. The mapping ®: V — C,

vi— ®(v) = / [—(v =) curl G, - curl ¥ — iw(o — 09) Gy - 0] dx
P (3.38)
+ /r(n x vgcurl Gp) -7 dS,
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appearing on the right hand side of (3.30) is an antilinear form thanks to the continuity
of the tangential trace in H(curl) [BCS02]. Therefore we can apply the Lax-Milgram
theorem in force of Lemma 3.3.6. O

We are now ready to summarize the discussion on the solvability of the state equation
(3.10).

Theorem 3.3.8. Suppose that Assumption 3.2.2 holds. For every p € R3, system (3.10) admits
a solution E = E, € H~%(Q)) which can written in the form

E=G+M+Vy, (3.39)

where M € H(curl, Q) is the solution of (3.30), 7 € H'(Q) solves (3.19) and G is the
fundamental solution defined in (3.12). It is unique among all solutions E for which (E — G) €
H(curl, ).

Proof. Existence is a consequence of Proposition 3.3.2 and Lemma 3.3.7. Uniqueness
follows by the one of problem (3.17) in V — H(curl, Q). Indeed if M, M, € V are
both solutions of (3.17), then My = M; — M solves the homogeneous system

curl(veurl My) +iwocMp =0  in Q
div(e;My) =0 in Qg

(veurlMp) xn=0 on T
eEMy-n=0 on I.

(3.40)

Multiplying the first equation by My € V and integrating in () we obtain

0=/ curl(v curl My) - M dx+iw/ oMy - My dx
Q Q

:/ vcurlM0~curlM0dx+/ (veurl My x n) -MOdS—H’w/ oMy - My dx
=0
> CHMOH%I(curl,Q)’

where we used Lemma 3.3.6 for the last inequality. The claim follows. O

In view of Theorem 3.3.8, the solution mapping S: R® — H~2(Q) acting as
p+— Sp=E(p) st (E(p)—Gp) € H(curl, Q) (3.41)

is well defined and real-linear. In fact each term on the right hand side of (3.39) depends
linearly on p: (3.14) and Remark 3.3.3 respectively prove the assertion for G = G, and

Vi1 = Vip; the same is true for the mapping’® ® defined in (3.38) and thus for M.

5This is to be understood as Dy, 1 pp, = aPp, + pPp, foralla, p € Rand all p1,ps € R3, in the sense
of linear mappings.
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3.3.3 The electric boundary condition

As the boundary conditions appearing in (3.10) are not the only possible ones for an
E-based formulation of the eddy current problem, let us briefly explain how to modify
our arguments if the so called electric boundary condition

Exn=0 onT (3.42)

is considered instead.

Again we look for a solution in the form E = G + M + Vy, with the exception that
now 177 |3n, = 0 instead of the Neumann condition on I' in (3.23) and we are left with
the problem

curl (v curl M) + iwoeM = | in O
div(e;M) =0 in O (3.43)
Mxn=—-Gxn onT

in place of (3.21).

We set
Vo :={u € H(curl,Q)): div(eju;) =0in ), uyxn=0onT}

and p = —G X n. Since the bilinear form a™ is coercive in Vy (Lemma 3.3.6 applies to
functions of Vj too), the resolution procedure becomes standard if we are able to find a
suitable lifting of p, that is a field P € Vp such that Pxn =p onT.

Let us consider the following curl — div system for P; € H(curl; Q);) :

( curl P, =Y in Q)
diV(€1P[) =0 in QI
P xn=p onl (3.44)
P] xn=20 on rc
/pl -1ndS =0,
r

where ¥ = V¢ and ¢ € H'(Q)) satisfies

Ap=0 in O
Vp-n=0 onI¢c
V¢ -n=div.p onT (3.45)
dx=0
oy o

In this way, we see that all compatibility conditions for the solvability of the curl — div
system [RBV19, Chap. 1, Sec. 2.1] are satisfied. In particular, they are also sufficient for
existence and uniqueness.
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Indeed the Neumann problem (3.45) is well-posed since [ divep = — [ p-(V:1) =0,
while for (3.44) we have div¥ = divV¢ =0in Q;and divip =V -n =¥ -nonT
by construction. Moreover the space of harmonic fields

H(m; Q1) = {p € L*(Q): curlp =0 inQy, divp=0 inQj, p-n=0 onadQy}

is trivial since () is simply connected [RV10, Appendix A.4]. Hence (3.44) has a unique
solution and we can finally define

P[ in Q[
P = . e W,
0 in Q¢

which is the desired lifting.

3.4 The optimal control problem

Let us now discuss the optimal control problem; our analysis will be driven by the
following task: suppose we want to approach two given desired electromagnetic
field Eq, Hy € L?(Q) controlling the dipole intensity p € R? (its location has already
been fixed in xp). Since the solution E to (3.10) does not belong to L?(Q)) due to the
singularity at x = x( inherited by the fundamental solution G, we shall optimize the
distance between the solution and the desired fields with respect to L?(BS ), where

we recall that By = Q \ B;(xp). Although the eddy current state equation is driven by
dipole source concentrated at xo, the optimization problem will disregard the behaviour
of the state variable close to the point xo.

This may seem unreasonable at first sight, however, our resolution approach guarantees
a priori the presence of a singularity of the same kind of G at x = xq, therefore we
focus the attention on the the state variable away from that point. In other words, we
shall not be interested in a specific shape at the actuators, we aim at given fields in the
complement of the actuators instead. This kind of approach is often seen in optimal
control problems for PDEs where a control domain (). and a disjoint state observation
domain (), are considered, see e.g. [CK12] or [PV13]. Roughly speaking, we are doing
the same with the choices Q, = By and Q¢ = {xo}.

Let us introduce the set of admissible controls (dipoles)
Pui = {p €R®: |(p)i| < pmax, i=1...3},

0 < pmax being a bound for the maximal component-wise dipole intensity. Summing
up, we are led to the following optimal control problem:

. AE Ay A
min  F(E,p) = 7”5 - EdHZLZ(Bc, )t 7churlE - Hd||2L2(Bc )+ §|P’§z3
PEPu X0 X0 3.46
EcH2(O) (3.46)

subject to (3.10).
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The fact that G is smooth far from x( together with the assumption that E4, Hy € L?(Q)
ensure that both (E — Eg) and (v curl E — Hy) lie in L?(B, ), making F well-defined on
H~ ( ) X pud

Before proceeding, we define the following reduced cost functional by composition
with the control-to-state mapping (3.41):

A A A
f(p) = 5 118p — Ealfags ) + 5" v eurl(Sp) — Hyllagp ) + 5 |1l
(3.47)

AE Ar A
= 7”5 EdHL2 B, +7HVCHYI(E ) — HdHLZ BS,) Efp\uzzs-

Proposition 3.4.1. Let Assumption 3.2.2 hold. There exists an optimal solution p* € R> to
(3.46) satisfying
p* € argmin f(p).
pepad

If A > 0, it is unique.

Proof. If A > 0, thanks to the (real) linearity of S and the quadratic tracking structure,
we obtain at once that f is weakly lower semi-continuous and strictly convex. This
together with the fact that P,; is compact entails by standard arguments [Tr610, Section
2.5] the existence and uniqueness of an optimal solution p* € P,4. If A = 0, we still
have existence but uniqueness is no longer guaranteed. O

3.4.1 First order conditions

By theorem Theorem 3.3.8, we know that to each control p € P,; there corresponds a
unique state -
E, =M, + Vi, + G,

Prior to deriving and discussing necessary and sufficient conditions for optimality, we
need to further clarify the dependence of E on p, which in turn depends on the one of
M, V1 (for G we can refer to (3.14)).

To begin with, we shall investigate in details how the right hand side of (3.19) depends
linearly (with respect to real numbers) on the control p: this will be pivotal for deriving
optimality conditions. We subsequently perform a similar computation for the right
hand side of (3.30).

For what concerns the variational problem for 7, we have:

—/ eIGp-Vde:—/ ejAp - VEdx
Q[ QI

(3.48)
_/ p- AT(€IVE> dx=p- </ —AT(GIVE) dx) ,
(e Q
and consequently we can introduce the mapping G: H(Q) — R3 via
G(@) = [ ~AevVEdy,  FeH() (3.49)
1
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We stress one more time that the matrix A has entries in L°°(B§O) (see (3.14) and (3.24)),

making (3.49) well defined.

Next we work on the right hand side of the variational problem for M (3.30). It reads

/C [—(v =) curl Gy, - curl @ — iw(o — 09) Gy - 0] dx

X0
+ /(n xvpcurl G,) - vdS
r
= [—(v—1p) curl(Ap) - curl @ — iw (o — 0p) Ap - 7] dx
BS,

+ /(n x vocurl(Ap)) -©dS
r

3
= (v—10) ¥ (curl AV p; - curlv) — iwp - Al (0 — 0p)7] dx
BC

j=1

+/n X Vo E curlA(j)p]--de
T ‘
j=1

pj <—/ (v —1p) curl AV -curl?dx—/ iw'A(j)[(‘T_UO)E] dx
B;O %o

I
-
I Mw
N

+ /[n x v curl AU)] -vd5> ,
r

where AU) denotes the j-th column of the matrix A. We can thus define the mapping
G: H(curl,)) — R3 component-wise via

(G(v)); = —/ (v —vp) curl AV - curl 7 dx — /C iwp - AV (0 — 00)7] dx

C

(3.50)
—f—/[n x vy curl AD] -5 dS.
T

—

Now we can exploit the operators G, G to better characterize p, My: given p € R3,
problems (3.19) and (3.30) can be respectively restated as

{Find np €W st.
~ (3.51)
b(1p,§) =G(Z)-p VEEW,
and .
Find M, € Vst
— (3.52)
at(My,v)=G(v)-p YoeV.

Lemma 3.4.2. Let Assumption 3.2.2 hold. The cost functional f: R®> — R defined in (3.47) is
Fréchet differentiable. Its directional (Gateaux) derivative at p € R® in the direction p € R3 is
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given by
f'(p)p
= Re {AE/ (Ep —Eq) - Epdx +/\H/ (veurl E; — Hy) - veurl E, dx} +Ap-p,
By, B

(3.53)

where Ey, Ep are the states associated with p, p respectively.

Proof. To prove the Fréchet differentiability, we define the mappings
S':R® — H(curl, B ), S":R’— H(curl,BS)

via §'(p) = Im(Sp) and S'(p) = Re(Sp). Note that even if the notation was not
changed, H(curl, BS ) here denotes the R3-valued version; the same can be said for L?
in the equation below.

Splitting the real and imaginary parts, we can rewrite (3.47) as the sum of two purely
real contributions:

AE, A )
F(p) = ENSp ~ Re(Eq) Bagy, ) + “lv eurl('p) — Re(Ha) 325
AE

T3

‘ AH ; A
IS'p — I (Ea) B2 ) + 22 |[v curl(S'p) — Im(Ha) |22 5., + 519l
X0 2 X0 2
As both S’ and S are (real) linear and bounded, the chain rule gives that f is Fréchet
differentiable between the corresponding spaces.

To conclude, we compute the directional (Gateaux) derivative at each p € R>:

f(p+tp) = f(P)
t

:AEt/ \EPFdx—f—AERe/ (Ep — Eq) -fpdx—i—t/\H/ lveurl E, | dx
BS B B
*0

XO xO
+/\HRe {/
B

(veurl E; — Hy) - veurl E, dx} +tA|p> +Ap - p,

c
X0

therefore
lim [P+ 1tp) = f(P)
t—0t t
=Re {AERe/ (Ep—Eq)-Epdx + )\H/ (veurl E; — Hy) - veurl E, dx} +Ap-p
BS, BS,

O]

As previously announced, we shall define two adjoint states, a vector one and a scalar
one, which respectively correspond to M and 7 in (3.25).
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Definition 3.4.3. Let p € IR® be a given control with associated state E = Ej. The problem to
find (Q,y) € V x W such that

a (Q,v) = AE/ (E; — Eq) -5dx+)\H/ (veurlEy — Hy) -veurlodx Vo eV,
BS, B

C
o

b($,2) =Ac [ (Ep—Ea)-VEdr YgeW

(3.54)
is called adjoint equation of the control problem (3.46). Note that b(-,-) is the Hermitian form
appearing in the weak formulation for 1 (3.19) and a™ (-, -) is the conjugate of the sesquilinear
form a™(-,-). It is defined in (3.34) and it appears in the weak formulation for M (3.30).

Theorem 3.4.4. Let Assumption 3.2.2 be satisfied. For every given control p € Py, the adjoint
system (3.54) has a unique solution (Qp, ;) = (Q,§) € V x W.

Proof. In view of Lemma 3.3.6, the sesquilinear forms appearing on the left hand
side are coercive in the corresponding spaces. Additionally, the right hand sides are
bounded anti-linear forms on the same spaces. The claim follows by the Lax-Milgram
theorem. O

Let p, p € Pyg. Testing the weak formulations (3.54) with respectively Q, 5 € V and
p—p € W and summing the two equations, we get

ﬂ_(Ql Qp—ﬁ)"’b(li’/ ’7;7—]?7)
— A /B (Ep— Ea) - Q,_pdx+ A / (Ep— Eq) - V77, dx
XO xo
+)\H/ (veurl Ey — Hy) -vcurlép,ﬁ dx
BS,
= Ag /C (Ep — Ea) - (Qp_p + V77,_p) dx
X0

+ AH/ (veurlEj — Hy) - v(curl E,_p — curl A(p — p)) dx
B

+ )\H/ (veurlE; — Hy) - v(curl E,_p — curl A(p — p)) dx.
BS,

(3.55)

On the other hand, the sesquilinear forms a™,a~ satisfy (3.35) while b(-, -) is Hermitian,
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so that rearranging the terms in (3.55) produces:

)\E/ (Eﬁ — Ed) . Ep,ﬁ dx + /\H/ (1/ curl Eﬁ — Hd) . vcurlfp,ﬁ dx
BE

2 B,

= [9(Q)+G@)]- (p—p) + e [ [(Ep—Ea) - A(p— p))dx (356)

+ AH/ (veurl Ej — Hy) - veurl A(p — p) dx,
B¢

X0

where we also used (3.51) and (3.52). The above expression is not yet completely satis-
fying as the free control p still appears implicitly in the right hand side of (3.56), which
in turn shows up in the expression of the directional derivative (3.53). Nevertheless,
we can still make use of the adjoint states to overcome this problem. Indeed we have:

[ 1€y —E)-A(p—p)ldx = [ AT(Ey—Eq)-(p— p)dx

(3.57)

Il
M
\
N ngh
G
|
;5."’
QAQ-A

where 4" denotes the i-th column of the matrix A, the conjugate of A. Similarly, for
the last term in (3.56) we can write

/ (veurl E; — Hy) - veurl A(p — p) dx

= ((vcurlEp—Hd)- i(p p)i curlA()> dx (3.58)

i=1

=2 (r— Iﬁ)i/ (veurl E; — Hy) veurd 27 dx.

i=1 X0
In the first equality in (3.58), we used the fact that
3
curl(Aq) = ) _ gy curl AW,
k=1

where q is a fixed vector of R® and A(*) denotes the k-th column of the matrix A = A(x).
In fact, using the Levi-Civita symbol, the left hand side can be rewritten as:

curl(Aq) = 9;(Ajiq1)€ijkex = [9:19;Aj + diqiAji]€ijxex = q19;Aji€ ke
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The right hand side is instead equal to

3
Z q1 cul AU = q curl AU = qlaiA](l)Gijkek,
1=1

on the other hand, A](-l) is the j-th component of the column vector A(), namely Aj.

As final step towards optimality conditions, we shall suitably modify the vector field
(i)

AU, whose components A j are given by

A](.i) = —iwvy ! [@x,0ij + 0i9jPx, ],

in order to get an element of V. As a result, we will obtain a feasible test function
for (3.54). To this end we first consider an H/(curl, })-extension AD of AW, namely
AD € H(curl, Q) and A |B§o = A0 |B§O. Subsequently, for each j = 1,...3, let

uj€ H 1(Q)) be the solution of the following problem:

div(e;Vu;) = div(e;AY)  in Oy

€Vuj-n= et AV) . n onT (3.59)
uj =0 on I,
and set
- u]- in Q]
Uj = .
0 in Qc.
Then by construction
.A(j) — Vﬁ]‘ ev

for each j = 1,...3, so that AU — Vi is an admissible test function for the first
equation in (3.54).

We now have all the tools to derive first order conditions for (3.46).

Theorem 3.4.5. Suppose that Assumption 3.2.2 holds. Let p* € P, be an optimal control for
(3.46) and let (Q*, ¢*) € (V x W) be the adjoint state characterized by (3.54). Moreover, we
define

and

73



3. OPTIMAL CONTROL FOR EDDY CURRENT WITH DIPOLE SOURCE

where for each j € {1,2,3}, AY is an H(curl, Q) extension of AV) € H(curl, BS,) and ii; is
defined through (3.59). The the following inequality holds true:

Re (G(Q") +G(¥*) +a™(Q"A) +b(y", i) +4p") - (p—p") 20 Vp € Pug, (360)

where the operators G, G are defined in (3.49), (3.50). Conversely, if (3.60) holds for some p*
and A > 0, then p* is the optimal solution of (3.46).

Proof. 1t is well known that for an optimal control p*, the inequality

fi(p)p—p) 20 Vpe Py (3.61)

holds. If A > 0, the strict convexity of the objective functional implies that such
variational inequality is both necessary and sufficient. It is enough to show that (3.61)
is actually equivalent to (3.60).

In force of (3.53), we already know that the derivative of the cost functional reads:

f'(p*)(p—p*) =Re {AE /B

4 Re {AH /
B?[(o

+Ap" - (p—p")
In view of, (3.56), (3.57) and (3.58), we see that the first two terms in the above
expression are equal to (disregarding the real part operator upfront):

c
X0

_ 3.62
(veurlEp — Hy) -veurl E,_ dx} (3:62)

w

[G(Q) +G(y)] - (p—p*) + ;(P — )i (AE /B (Ep —Eq) - A" dx)

(3.63)

g

+ ) (p—p")i <VH/ (veurl E,» — Hy) - veurd AY dx) _
BC

=1 X0

On the other hand, for each i € {1,2,3} we have by (3.54)
a~ (Q*, AV — Vi)

= Af / (Ep» —Eg) - (M) dx +AH/ (veurl Ep» — Hy) - chrlﬁ(i) d
f b

= )\E/ (Ep» — Eq) AY dy + AH/ (veurl Ep» — Hy) veurd 27 da
C B)CCU

—/\E /C (Ep* _Ed) : Vﬁidx

=b(yp*,i;)

since A(?) |B§(0 = A0 B, by construction. The latter computation together with (3.63)
gives the desired result. O
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Chapter 4

Topological asymptotic expansion for a
problem in low-frequency electromagnetism

The topological derivative method was first introduced in [EKS94] and then rigorously
justified some years later in [SZ99]. The idea is to assess the sensitivity of a given
shape functional, which depends on the solution of a partial differential equation,
with respect to topological perturbations of the latter. One usually calls a topological
perturbation either the change of the material coefficients (and/or of the source term)
in the neighbourhood of a given point, or the removal of such neighbourhood resulting
in a change of the domain (i.e. creation of a hole) where the PDE is solved. It is
clear that in this case, an additional boundary condition has to be prescribed on the
boundary of the hole.

In order to make the concept of topological perturbation more precise, let us consider
a bounded domain ) C R? and a differential operator A. If V is a suitable functional
space, the solution u = ugp € V of

Au=f inQ
b.c. on dQ)

is called unperturbed or direct state. Now let w C IR® be a bounded domain satisfying
0 € w,z € Oand e > 0 small enough to guarantee w;, := z + ew C Q). The perturbed
state u, € V; is defined as the solution of
Acute = in Q)
cte = fo (4.1)
b.c. on dQ),
where A, is a perturbation of the initial operator A with respect to w; (for instance,
in the context of electromagnetism we may think of a change of the conductivity or
permittivity matrix in w,) and f; a modification of the source term.

The other possibility is to define u, € V; by means of

{Aug =f in O,

4.2
b.c. on 0Q), 42)
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where ), := Q \ @, hence the PDE is now solved in a punctured version of ().

In this context, let J: V; — R be a given cost functional (e.g., the energy functional
associated with the space V). We say that 7, admits a first order topological asymptotic
expansion with respect to the inclusion w at the point z, if there exist I;: [0, +00) —
[0, +00) with I;(¢) = 0as ¢ — 0" and d J;(Q, w) € R such that

Je(ute) = Jo(uo) + h(e)dT(Q w) +o(h(e)) (4.3)

for sufficiently small values of ¢ > 0. If (4.3) holds, the scalar d.7,(Q), w) is called first
order topological derivative of J at z, and the mapping z — J-(Q, w) topological
derivative or gradient. Note the latter not only depends on the point z € (), but also on
the differential operator A, the domain (), the inclusion w and the choice of /1, which
is usually taken as [1(¢) = |we| = €3|w|. In a similar fashion we say that J admits a
second order expansion if, in addition to d 7, (Q), w), there exists d*7,(Q), w) € R such
that

Te(ue) = Jo(uo) + L(e)dT(Q, w) + L (e)d* T, (Q, w) + 0(1(¢)) (4.4)

for sufficiently small € > 0. Here I, is a non-negative real function satisfying > (¢) =
o(l1(¢)) for e — 0T. Following the same ideas, one can define higher order topological
expansions and derivatives.

The importance of (4.3) in applications is that it can be used as a basis for numerical
algorithms aiming to optimize the shape/topology of a region. For instance if u, is
given through (4.2), it follows from (4.3) that the sign and the magnitude of d.7,(Q), w)
provides information on where to put holes in order to minimize 7, or analogously
dJ.(Q),w) > 0 provides an optimality condition (cf. [BM91] in the context of shape
optimization for the Laplace equation). The utility of topological derivatives is not
confined to design optimization and ranges through image processing and reconstruc-
tion [ABMO7; Bel+08; HL09], inverse problems and object detection [NSZ19; DA15].
In force of these motivations, topological asymptotic expansions have been derived
for a variety of PDEs: linear elasticity [GGMO01], the Helmholtz equation [SAMO3], the
Stokes and Navier-Stokes problem [HMO04; Ams05] and Maxwell’s equations [AVV01;
MPS05]. Despite higher order topological expansions being overall less investigated,
they also have been derived in different contexts [HL08; BC17] and it has been shown
that they can contribute to improve the efficacy and accuracy of iterative methods
[Bon08; Bon11]. This observation adds up to the motivations for the study of higher
order topological derivatives for the eddy current system and related models, to which
this chapter is a contribution.

The problem of computing topological derivatives naturally arises and many authors
have contributed in this direction to establish methods whose efficiency can vary
depending on the context. In principle, to derive topological expansions it suffices to
have knowledge of the asymptotic behaviour (with suitable accuracy depending on the
desired order) of the perturbed state equation and of the cost functional. In most cases,
the expansion of the latter is obtained with the help of an adjoint equation due to the
advantage that this can have on the numerical level.



Two well known computational methods are the method of Amstutz [Ams03] and the
averaged adjoint method introduced by Sturm [Stul5]. Both rely on the introduction
of an adjoint equation: the difference is that Amstutz’s adjoint only depends on the
unperturbed state variable, while the averaged adjoint variable also depends on the
perturbed state (see (4.95)). Consequently, the asymptotic analysis of the averaged
adjoint equation is generally more involved, yet the method is applicable to a wider
range of cost functions and immediately provides a formula for the topogical gradients
once the asymptotics are known. While first order derivatives can be! computed with
the sole knowledge of the state and adjoint variable, higher order derivatives are
known to require the introduction of corrector equations in the form of exterior and/or
transmission problems.

To the author’s best knowledge, no works are available in the literature concerning
the topological expansion for the eddy current system or a low-frequency Maxwell
problem like the one discussed here: in [MPS05] the first order topological expansion is
computed for the linear homogeneous Maxwell problem. There the physical parameters
are assumed to be strictly positive allowing for weak formulations in H(curl), without
the need of divergence constraints on the test functions, which is exactly what gives rise
to saddle point structures (for example (4.30)). In addition to that, aiming to develop
the theory for higher order derivatives, we are led to introduce corrector equations in
the whole space featuring the curl curl operator and non-divergence free sources, see
e.g. (4.128). Besides requiring a suitable functional framework (which is developed in
Section 4.1), this also has the consequence of producing gradient multipliers supported
in the whole R? that need to be dealt with in order to get the necessary asymptotic
expansions. It is well-known that writing topological derivatives in explicit form
demands for pointwise evaluations of the unperturbed state and adjoint variable, and
respective rotations (gradients in the H! setting): another contribution of this chapter
is to show that under reasonable assumptions on the impressed current - which is
not subject of the topological perturbation -, those fields actually enjoy the required
regularity. The employed techniques are classical from elliptic regularity theory, but
the results are a pertinent addition in the given context.

The concept of topological derivative is placed in the broader context of design and
shape optimization and it is customary employed in numerical algorithms to allow
topology changes. As it turns out to be quite challenging (and technical) to deal with on
the analytical level, it is worth mentioning that a more constructive approach based on
the so-called level-set method is possible. It was mainly developed by Jouve and Allaire
[AJT02; AJT04] and to some extent it allows to handle topology without explicitly
requiring the computation of a topological gradient’. Yet another alternative approach
by Allaire is built upon the classical homogenization method: it is explained in the
monograph [AllO1] together with related numerical schemes. These are be valuable
options to explore and compare with the topological derivative method in our context,
but in this thesis we confine ourselves to the derivation of a topological expansion,

1At least in the linear case and for symmetric inclusions such as balls or ellipses.
2However, the choice of topology for the initial design guess becomes a critical issue.
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leaving such investigations for future research.

The structure of the chapter is as follows. In Section 4.1.1 we review the Lagrangian
framework on which our analysis is built, with some remarks and adaptations tailored
for the complex setting. Right after (Section 4.1) we introduce the functional spaces
needed for the corrector equations and the asymptotic analysis, providing an alternative
perspective on Beppo-Levi spaces for the curl operator. Section 4.2 is dedicated to
the explanation of the low-frequency electromagnetic problem that plays the role of
unperturbed state equation, and its connections with the classical eddy current system.
We show that our model can be seen as a simplified version of a vector potential
formulation for the latter and prove well-posedness, a saddle point interpretation and
a regularity result. In Section 4.3 we discuss the topological perturbation, introduce
the perturbed state equation and analyze it: by means of an auxiliary vector field
(corrector), we formulate one of main theorems that provides the asymptotics for the
state variable, namely Theorem 4.3.14. Section 4.4 features a similar structure but for
the averaged adjoint equation. In Section 4.5 we compute the first order topological
derivative utilizing the previous results on the state and averaged adjoint variables. To
conclude, Section 4.6 is devoted to the derivation of improved asymptotic expansions,
which is done through the introduction of two further correctors.

4.1 Preliminaries and functional spaces

4.1.1 The Lagrangian approach in the complex framework

We will perform the computation of topological derivatives using the so called averaged
adjoint method in a Lagrangian framework. It was first introduced by Sturm [Stu15]
in the context of shape optimization and it ultimately allows to obtain the asymptotic
expansion of a cost functional which depends on the solution of a given variational
problem. Later the method has been applied to compute topological derivatives [Stu20;
BS21]. The theory was developed for real functional spaces and thus an adaption to
the complex framework is necessary for our application.

Let X be a Hilbert space of complex-valued functions and let ¢y > 0. For all € € [0, €],
we call state equation the problem to find u, € X such that

ag(ue,v) = fe(v) Vo eX, (4.5)

where a.: X x X — C is a sesquilinear form and f,: X — C an antilinear form. We
henceforth assume that the abstract state equation admits a unique solution for each
e € [0, 0] and we call up unperturbed state and u, perturbed state variable. We consider
a cost functional J;: X — R which we assume to be differentiable at 1y € X and we
shall be interested in the asymptotic expansion at ¢ = 0 of

ji[0,e0] = R, e j(e) = Te(ue).
To this aim, we introduce the Lagrangian £: [0,&] X X x X — R via

L(eu,q) = Je(u) +Refac(u,q) - fe(q)}, wqeX (4.6)
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Notice that working with the abstract state equation (cf. [Stul5])

9,L(e ue, q)(w) =0 Vw € X, 4.7)
- used to deal with more general Lagrangians -, we would have obtained

Reas(us,q) =Refe(q) Vqe X (4.8)

in place of (4.5). Keep in mind that for consistency, all the directional derivatives
here appearing have to be taken with respect to real variations only. Equation (4.8)
appears hard to deal with on the theoretical level as, for instance, v — Re f,(v) is not
an antilinear form on V, but merely complex additive and real linear.

However, the choice of ig as test function shows that (4.8) is actually equivalent to the
same variational problem without real parts, i.e. (4.5), which is solvable via classical
techniques. Indeed, for each v € X we can set g = iv in (4.8) to obtain

Re ag(ue,iv) = —Reiag(ue, v) = Re fe(iv) = —Reife(v),

which implies Im a,(u,, v) = Im f;(v) and therefore (4.5) (using again (4.8)). For the
sake of completeness, we mention that similar considerations have been made in the
context of shape sensitivity for an inverse problem in [HLY15], where the authors
introduce a similar Lagrangian featuring the real part operator.

In order to introduce the notion of averaged adjoint variable, we require that for all
(¢,¢,9) € [0,e0] X X x X the mapping

[0,1] 5 t = 9uL(e, tue + (1 — t)uo, q)(¢)

belongs to C!([0,1]). Here uy € X denotes the solution to the state equation (4.5)
corresponding to the choice ¢ = 0.

Definition 4.1.1. For each € € [0, o], we call abstract averaged adjoint equation the variational
problem to find q. € X such that

1
/ 9uL (e, tus + (1 —t)ug,g:)(v)dt =0 Vo € X. (4.9)
0

As it is enough for our application, we assume that for each ¢ € [0, ¢9] the latter problem
is uniquely solvable too.

Theorem 4.1.2 (cf. [Stul5]). Let I1(+) be a scalar, non negative function with l,(e) — 0 as
e — 0. If the limits

L(e,u0,9¢) — L(&,u0,q0)

lim =: RW (ug, q0),

0+ I (e) (o 0) (4.10)
. L(e,u0,q0) — L£(0,u0,90) . '

B h(e) = 000, du)

exist, then it holds
j(e) = j(0) + L (e) (RM) (uo, go) + 01, £(0, 10, g0)) + 0(l1(€)) as e — 0. (4.11)
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Proof. First we note that testing (4.9) with v = u, — up € X implies (for all € € [0, &])

1 d
0= /0 %E(E’ uo + t(ue — ug), qe)) dt = L(e,ue,q¢) = L(e, 10, qe). (4.12)
At the same time, using the state equation (4.5) we have

L(e,ue, q) = Te(ue) + Re(ac(ue, q) — fe(q)) = Te(ue) Vg e X,Ve>0. (4.13)
=0

With this in mind, we can expand

j(&) = j(0) = Fe(ue) — Jo(uo)

f/ﬁ(ﬁl uo, ge) — L(0,u0,q0)

(4.12)
= ‘C(S/ uop, lk) - E(SI Uuop, qO) + ‘C(S/ uop, qo) - ‘C(O/ uop, qo);

the conclusion follows dividing both sides by I;(¢) > 0 with € > 0 and passing to the
limit as ¢ — 0. O

4.1.2 Beppo-Levi type spaces in electromagnetism

Throughout the chapter we will work with complex-valued functions and correspond-
ing functional spaces, if not otherwise specified. The asymptotic analyses we will
perform require function spaces of vector fields defined in the whole R?® with merely
square integrable curl. This turns out to be a common feature in the context of topo-
logical derivatives as in several related works (e.g. [Stu20; BS21; PS20]), the classical
Beppo-Levi space (and variants)

BL(R®) = {u € H. (R%) : Vu € L*(R®)}/C (4.14)
is systematically used.

In the curl setting, the counterpart of (4.14) is not unambiguously defined: in [GS21],
as well as in [ABMO06], the authors provide a construction by completion. Starting from
the set of divergence-free test vectors

Daiv(R?) = {¢p € D(R?), divyp =0 in R%}

endowed with the inner product (#,v)cu1 = [gs curlu - curl , they both consider its
Hilbert completion. Despite being straightforward, this approach has the drawback
that the resulting space inherits an abstract nature and therefore may not be ideal for
practical use.

We propose an alternative approach which can be summarized as follows: a natural curl
version of the Beppo-Levi space is introduced by suitably ruling out gradients, then it
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is shown that is always possible to uniquely find a divergence-free representative in
each equivalence class. It is worth pointing out that the transition from the gradient
operator to the curl operator is non-trivial, since having the L?-control on the sole curl
is significantly weaker than having it on the gradient®.

Let us define

W(R?) := {u € L} .(R®), curlu € L*(R*)}, W(R®) := W(R®)/VH]. (R®).
(4.15)

Lemma 4.1.3. The space (W(R3), (-, -)}y/) with
([u], [v])w = /3 curlu - curlodx = (u,0)w (4.16)
R
is a complex Hilbert space.

Proof. By the classical theory of seminormed spaces [Rud73, p. 33], it suffices to check
that the kernel of the seminorm induced by (4.16) on W(IR®) is exactly VH} (R?),
and that (W(R?), (-, -)w) is sequentially complete, i.e. Cauchy sequences have a limit,
which is not necessarily unique.

The inclusion VH],, C Ker | - |w is trivial; for the reverse one it suffices to combine the
Poincaré lemma for currents [Dem97, p. 20] together with the fact that for T € D'(R3),
VT € L7 (R®) implies T € L? (R%) (see for instance [SM13]). To show sequential
completeness, note that if (u,), C W(IR®) is a Cauchy sequence, then (curlu,), is a
Cauchy sequence in L?(R®) and thus we find f € L?(IR%) such that curlu, — f in
L2(R%). In view of [BKK17, Theorem 1], the global div-curl problem

(4.17)

curlw = f in R,
divaw =0 in R

has a unique solution w € { € D': V € L?(R?)}, which implies w € L? (IR?) (again
[SM13]). Summing up, u, — w in W(IR®) and the proof is complete. O

31t is known (see e.g. [SM13]) that distributions with square integrable gradient are leo ~Tegular. This
is not true in general for the curl (nor for the divergence). For instance, consider the Dirac distribution
5o € D'(R3); its gradient T = Véy: D(R?) — R is defined via

3
(T, @) = (Vo p) Z b0, 0x,i) = —(dive)(0) Ve € D(RR?)

and is clearly not represented by any L} _ vector (just like the Dirac mass itself). On the other hand, its
distributional rotation H = curl T is regular since it is the zero distribution:

(H,@) = (curl T, @) = (T, curl ¢) = (Vdp, curl@) = — div(curlg)(0) =0 Vg € D(R®).

81



4. TOPOLOGICAL ASYMPTOTIC IN LOW-FREQUENCY ELECTROMAGNETISM

82

Lemma 4.1.4. Each class [u] € W(IR®) has a unique divergence-free representative il €
[u] N L3 (R?), where

L2(R%) = {v €Ll (R%) :vp = Y i € L2(1R3)}. (4.18)

(1+ [x[?)

Proof. Choose any representative u € [u], then curl u € L?(IR?) is independent of the
specific choice (of the representative) and we can solve (4.17) with f = curlu. This
provides us with # € {5 € D': Vqj € L?} — L7 (R®) with div# = 0, which belongs
to [u] as well. The existence proof is complete recalling that up to an additive constant,
u e L‘:;(]R3) too*. It remains to check uniqueness. If @ in another representative with
the same properties, w = u — a is rotation-free and divergence-free in the sense of
distributions whence

—Aw = (—curlcurl +Vdiv)/w =0 = Aw; =0, i=1,23.

By Weyl’s lemma, @; is smooth and harmonic. For r > 0 and all y € R3, by the mean
value property and the fact that w; € L%(R3), it follows

B0 < 61 119 < 1 (e "dx>§</3r<y>"2d")%

1
% / (14 |x|?) dx " i asr — oo,
3 \JB.(y

which shows w; = 0 and therefore w = 0. O

The following Helmholtz decomposition result in the whole space is a consequence of
the functional theory just developed.

Lemma 4.1.5. Let u € L?>(IR®). There exists a unique couple ([p], [¢]) € W(R®) x BL(IR®)
such that
u=curlp+Vy inR> (4.19)

Moreover, ] = [0] if divu = 0 and [p] = [0] if curlu = 0.

Proof. First we show how to determine [¢], [p] given u € L?(R3). The variational
problem

[y] € BL(R), /IRB V(Y] Vodx = /IRS u-Vodx Vo e BL(R?) (4.20)

is uniquely solvable by Riesz’s representation theorem in BL(IR?), and reads Ay = divu
in R? in strong form.

“This can be seen by combining the pseudo-Poicaré inequality ||¢|| ry) <C [Vl 2(re) Vo € D(R3),
which in turn is a consequence of the classical Hardy inequality [Eval0, Subsec. 5.8.4] or [RS19, p. 71],
with the fact that D(IR3) is dense in {v € D’ : Vo € L2(IR®)}/C.
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In a similar way, we solve

[p] € W(R®), /]R3 curl[p] - curl o dx :/

U curlodx Vo € W(R?), (4.21)
R

which is equivalent to curl curl p = curl u in the sense of distributions in IR®. Next we
define w := u — curl p — V. By construction w € L*(R?) < L3(R?) and

curlw = curlu — curlcurl p — curl V¢ = 0,
divw = divu —diveurl p — Ay = 0.

We deduce that w is vector harmonic in the whole space and lies in LIZJ(IR:"), which
implies w = 0 (this is shown in the proof of Lemma 4.1.4) and thus the validity of
(4.19). O

Remark 4.1.6. Notice that in light of Lemma 4.1.4, for each [p] € W(R®), we can uniquely
choose a representative p* € [p| which is divergence free and belongs to L3 (RR®).

4.2 Model problem and unperturbed state equation

As our analysis is built upon a model which is closely related to a vector potential
formulation for the eddy current system, we will work in the following geometrical
framework, which is similar to the one described in Assumption 3.2.1.

Assumption 4.2.1 (Geometry). The computational domain ) is assumed to be simply
connected and with connected boundary I' := Q). An open, connected subset Q0c C Q) denotes
the conducting region and consequently Q) == Q) \ Q¢ is the insulator, which is also assumed
to be connected for simplicity; Q¢ is strictly contained in () in such a way that 003N Q¢ = @
and it is assumed to be simply connected, implying that Q) is also simply connected. The set
I'c := 9O N Q)¢ is the interface between the conductor and the insulator.

The time-harmonic eddy current system with electric boundary condition reads:

curlH =cE+] in Q)
curl E = —iwpyH  in Q)
Exn=0 onT,

/E|Q,-ndszo
r

where i denotes the imaginary unit and the last condition is needed for having a
uniquely defined solution E in ();. The Gauss’ law for the magnetic field div(xH) = 0
in () has been dropped since it is a consequence of the second equation in (4.22). Here
J € L?(Q) and

div]J|o, =0 inQ; and /]|Ql-nds —0 (4.23)
T
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due to (4.22) and the fact that o vanishes in Q);.

For what concerns the physical parameters, the electric conductivity ¢ is assumed to
be a real positive constant in ()¢ and identically vanishing in ();, while the magnetic
reluctivity v = u~! (the inverse of the magnetic permeability) is piece-wise constant
and positive in the whole domain. In other words,

0 =00X0c V=ViXQc +1V2XQ; 0Oo0,V1,V2 € 1R+, (4.24)

where o denotes the characteristic function of a domain O. The quantities vy, 1,
respectively represent the magnetic reluctivity of Q¢, Q); and oy the conductivity of O¢.
The physical parameters will be subject of the topological perturbation, see (4.62).

Considering that div(yH) = 0 in Q) and
uH n=iwcurlE-n =iw 'divi(Exn)=0 on T,
we look for a global magnetic vector potential A such that:

uH = v 'H = curl A. (4.25)

Let us now consider the spaces
XN = XN(Q) = H()(Cul‘l, Q) N H(diV, Q)

and

H}(Qc) = {Qc € H'(Qc) : /Oc Qcdx = 0}-

As described in [RV10, Chap. 6], in the present geometric configuration and for the
electric boundary condition E X n = 0, the eddy current problem in terms of a vector
magnetic potential A € X and a scalar electric potential V¢ € Hﬁl (Qc) can be written
as

/(vcurlA-curlﬁ%—wdivAdivW)dx—k/ cr(iwA+VVc)-de:/ J-wdx,
0 Qc 0

/ U(iwA—FVVc)-V@dx:/ I|QC-V@dX+/ Jlo, -n1QcdS
Q¢ Qc I'c

(EQ)
for all (w, Qc) € Xn(Q)) X Hj1 (Qc), where v, > 0 is an arbitrarily chosen penalization
constant.

Besides the relation curl A = yH in ), which defines the magnetic field H, from the
knowledge of A and V( the electric field E in Q)¢ is recovered by setting

E\QC = —iCUA|QC - VVC in Qc. (4.26)

It is worth noting that, as a consequence of the conditions div J|o, = 0 in (); and
JrJia, - 11 = 0, which imply ffc Jio, - 11 = 0, (EC) is also satisfied for all Qc € H'(Qc),
without the average-free constraint.
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Following the arguments presented in [RV10, Chap. 6], it is easy to prove that a solution
to problem (EC) satisfies div A = 0 in (), therefore the couple (4, Vc) € X3, x H;(Qc)
is a solution of the following problem

/vcurlA-curlwdx—I— (T(iwA—I—VVC)-wdx:/ J-wdx,
0 0

fe (ECs01)

/ a(iwA+vvc)-v@dx:/ I\Qc-v@dwr/ Jla, -n1QcdS
Q¢ Qc T'c

for all (v, Qc) € X% (Q) x Hﬁl(QC) (or equivalently Qc € H'(Qc)), where X% has been
defined in (2.5). Adapting the proof in [RV10, Sec. 6.1.2], using (2.12) we can show
that (EC) is associated with a coercive sesquilinear form, and therefore has a unique
solution by the Lax-Milgram lemma. Hence problems (EC) and (ECg,)) are equivalent.

In order to simplify the picture, for J € L?*(Q) let us now consider the following
problem

{Find Ac Xy st
(4.27)

a(A,v) ::/ vcurlA-curlde+iw/ crA-de:/ J-odx Voe XY
0 0 0

Let us recall that the space
X% = X%(Q) = {A € Hy(curl, Q) : divA = 0in Q},

which has been introduced in (2.5)), is a closed subspace of H(curl, (}) and it turns
out to be a Hilbert space endowed with the canonical norm || - || g(cun,0)- Additionally,
since () features a connected boundary, we know by (2.12) that there is a constant
C > 0 such that

[u]| 12y < Cll curlu|[2q) Vu € X3, (4.28)

making the norm || curl -[|;2() equivalent to the H(curl) one.

The following existence result is standard:

Proposition 4.2.2. Let Assumption 4.2.1 and (4.24) hold, and J € L*(Q). Then (4.27) has a
unique solution A € XY,

Proof. In view of (4.24) and (4.28), the sesquilinear form a: XIQ, X XIQ, — C is readily
seen to be continuous and coercive. The conclusion follows by the Lax-Milgram
lemma. O

Remark 4.2.3. We point out that Proposition 4.2.2 remains valid in the extreme cases o =
oo > 0in Q) (hence O = @) and o9 = 0 (hence 0 = 0 in Q) and Q¢ = @), that will be
relevant in Section 4.3.4 as a consequence of Assumption 4.3.13. Indeed, if QO = @ the bilinear
form reads

a(A,v):/ vcurlA-curlﬁdx—l—iw/ 0pA - Tdx,
Q Q
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which is a fortiori coercive. If Qc = @, it results in
a(A,v) = / veurl A - curl o dyx,
Q

which is still coercive in XY, thanks to Poincaré-Friedrichs inequality (4.28).

Finally, it is also possible to work in the following “dual” geometrical framework: the insulator
Q) is a bounded and connected domain which is strictly contained in (), i.e. Q) € O, and the
conductor Qc is defined as Qc = Q \ Q. This will be important in Section 4.3.4 as the case
Q) = @ corresponds to such scenario (the inclusion w is an insulating domain surrounded by
the conductor).

It is worth to derive a saddle point formulation which is equivalent to (4.27). The
usefulness of such formulation featuring a gradient Lagrange multiplier will be ap-
parent in later sections: the presence of divergence free constraints in the functional
spaces, which are pivotal to ensure well-posedness of curl curl driven problems, entails
the appearance of non-trivial gradients in the strong interpretation of such problems
(unless the source term lies in H(div=0) and the bilinear form turns out to be invariant
under the addition of gradients). In this sense, bringing to light the saddle point
structure of the unperturbed state equation appears to be the right set up for the
forthcoming analysis.

The classical theory of elliptic boundary valued problems gives the following result
Lemma 4.2.4. Let ] € L?>(Q) and let A € XIQ, be the solution of (4.27). There exists a unique
solution p € H}(Q) to
/ Vp.Vidy = —iw/ CA-V§dx+ / J-Vyde VyeHN(Q).  (429)
0 0 o)

Lemma 4.2.5. Let ] € L*(Q)), A € XY, be the solution of (4.27) and p € H}(Q) the solution
of (4.29). The couple (A, p) is a solution to the saddle-point problem

/(vcurlA-cur1W+inA-w)dx+/ Vp-wdx:/ J-wdx VYw € Hy(curl)
0 Ja 0

/A-Vﬁdxzo vy € Hi(Q).
QO
(4.30)

The converse is also true: if (A, p) is a solution of (4.30), then p satisfies (4.29) and A satisfies
(4.27).

Proof. The second equation in (4.30) is immediately implied by A € X3. Let now
w € Hy(curl, Q)); by the Helmholtz decomposition (2.9), it can be written as

w=v+VE witho € Xy(Q), &€ HY}(Q).

It holds
/vcurlA-curlﬁdx—l—iw/ (TA-?dx:/ J-odx,
Q 0 Q



4.2. Model problem and unperturbed state equation

which in turn implies

/vcurlA-curl(v+V§)dx+iw/ UA-(ZH—VC)dx—iw/ cA-VEdx
0 — 0 0 431)

= [J-@+Veydx— | J- VEdx

in view of curl V = 0. At the same time, we observe that

~—~—
(4.29)

—iw/QaA-Vde—k/Q]-ngx = /QVp-Vde

— [ vp-vid /v 5d :/v wdx.
. /Q p-Vidx + 0 p-odx 0 p-wdx
divo=0

(4.32)
Putting together (4.31) and (4.32) gives the first equation in (4.30). Viceversa, if (A, p)
is a solution of (4.30), then (4.27) is readily satisfied since v is divergence-free. (4.29) is
easily obtained by taking w = V7 in (4.30) and using curl V = 0. This concludes the
proof. O

By choosing a test function w € D(Q), it is easy to show that the strong (distributional)
form of (4.30) reads

curl(veurl A) + iwcA+Vp =] in Q. (4.33)

Thus setting H = v curl A would require the condition Vp o, = 0 (or, equivalently,
Pia, = 0) in Qy, in accordance with 0lo, = 0 and (4.22). This is not true in general,
even if we assume the stronger condition div J = 0 in Q.

Let us prove the latter statement. First note that if the solution to (4.29) vanishes in one
of the two subdomains Q¢, (3, then the same is true in the other part. In fact, we have

AP|QI = div I|QI = 0, AP|QC = div I'QC — i(d(TO div A|QC =0

and pjo, = P, on I'c, thus a vanishing interface datum on I'c would entail p =
0 in the whole (). Since the other interface condition, coming from the fact that
div(iwocA + Vp) = div ] = 0, reads

VP|QI -ny + Vp|QC “Nnc = —iw0'0A|QC -nc onlg,

we see that the information that p vanishes in one of the two subdomains is equivalent
to A, -nc = 0 on I'c. Indeed this last condition yields Vpq, - 11 + Vp . -nc = 0 on
I'c, thus Ap = 0 in the whole ).

Summing up, the result p = 0 in () is achieved if and only if it is known that
Ajq. -nc =0onTc. Note also that the condition Ajq.nc=0onlg, giving p = 0in
), would permit us to set not only H = v curl A in (), but also Eq. = —iwA|QC in Qc,
resulting in the validity of the Ampere equation (the first in (4.22)). However, there
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is no reason that induces to think that the solution A to (4.27) enjoys this property.
In conclusion, what we have seen is that the approach just presented does not give
the correct solution of the eddy current problem: instead of solving (4.27) (or its
saddle-point variant (4.30)), we should solve (ECs). In other words, we should replace
the sesquilinear form

a(A,v) ::/ vcurlA-curlde+iw/ cA-vdx
0 0
=/ vcurlA-curlﬁdx—i—iw*l/ iwcA - (—iwv) dx
0 0

with
A[(A, Ve), (v,Qc)]

= / veurl A-curl odx +iw ™ | o(iwA + VVe) - (—iwd + VQc) dx.
Q Qc

However, as a first step towards the analysis of the topological asymptotic expansion

for the eddy current problem, in the remainder of this chapter we will focus on problem

(4.27) (or its saddle-point version (4.30)): let us call it a low-frequency electromagnetic

problem.

Starting from corrector equations, the asymptotic analysis requires point-wise evalu-
ations of the state variable Ay and its rotation curl Ay and therefore we shall prove a
regularity result for the unperturbed state equation (4.27). Some results in this direction
are present in [HLY15] for an E-based formulation of the eddy current problem, and
provide interior regularity for the electric field in the conducting domain. Since our
setting is slightly different, we are also interested in the insulator and need continuity
of the curl too, we formulate our own version and provide a proof.

Recall that the Holder space C%*(Q), A € (0,1], consists of bounded continuous
functions f: (3 — C such that

Fleoagy = sup LE =W

x,yeQ) |x - y’/\
X7y

and it is a Banach space if equipped with the norm || - [|coiq) + | * [cor (). If A =1,

< +o0

such functions are called Lipschitz continuous. The space C**(Q)) denotes the space
of functions that are bounded together with their derivatives up to order k € IN and
such that the k-th derivatives belong to C%*(Q)). Analogously defined are the vector
versions C*(Q), C**(Q). The linear space of functions f: QO — C admitting partial
derivatives up to order k, such that the k-th derivatives belong to C%*(K) for any

compact set K C (), is denoted by C;‘[;ﬁ‘ (Q)) and it is a locally convex topological vector

space; Ck’)‘(Q) is defined accordingly.

loc

Finally, we shall need the space

WP (curl, Q) = {u € L) (Q): curlu € L}

loc loc

()}, pel,); (4.34)

note that according to the definition, W*(curl, Q) = Hy,.(curl, Q).
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Lemma 4.2.6. Let Ay € XY, be the unique solution of (4.27).

° If
J € W3 (curl, Q);) for some & > 0, (4.35)

loc

then

Ay € CI(Q), curl Ag € C¥1(Q)  for some 71,6, € (0,1). (4.36)

loc loc

In particular, Ag and curl Ag are locally Lipschitz continuous in C)j.

° If

J € I/V&’f”(curl, Qc) for some a > 0, (4.37)
then
Ap € Cll(;zz(ﬂc), curl Ap € Clléfz(ﬂc) for some 77,9, € (0,1). (4.38)

In particular, Ag and curl Ag are locally Lipschitz continuous in Qc.

Remark 4.2.7. Note that (4.35) and (4.37) are weaker than assuming J € I/Vl%’f”(curl, Q). In
particular, the latter would imply that J x n does not jump across the interface 0Q)¢, a request

that may be restrictive in some (rare) instance.

Proof. We work with the saddle point formulation (4.30) because it features a larger
space of test functions.

Regularity in the insulator. First we focus on the multiplier p: in view of (4.29), it satisfies
in strong form
AP‘QI = div I|QI in Q[. (439)

As a consequence, the field j* := J — Vp has the property

diVj*|QI =0 in Q[,
curl j*|o, = curl J|o, € L3H*(Qy) = L} (Q), (4.40)
(4.35)

which in turn implies j*|q, € Hj,c(cutl, Q) N Hoe(div, Q). It follows® j*|o, € HE (Q)
and finally
i*loy = J = Vp)lay € Lio(Qr) < Li(Qu) (441)

loc loc

by Sobolev embedding. Let # € D(Q);) and test (4.30) with the extension

in
ﬁ:{” 2 D(Q) © Hy(curl, Q).
0 in Q¢

5This implication is a simple consequence of the embedding

Hy(curl, D) N H(div, D) < H'(D),

(which holds if the domain D is of class C1'! or if it is convex, cf. [Cos90; Amr+98]) and a cut-off argument.

See also the last part of the proof of Theorem 4.3.14, which is related.
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This yields
/ vpcurl Ag - curl dx = / (J—=Vp)la,-7dx Vn e D(Qy),
Q[ QI

from which we readily get

—1AA)|o, = curlcurl Aglo, = j*|a, € Lit*(Q). (4.42)
div Ag=0 (4.41)

By classical interior elliptic regularity theory [Jos07, Thm. 9.2.2] applied component-

wise it follows Agla, € W2 T(Q) and the latter embeds into Czl Q) for some

71 € (0,1), leading to (4.36) (the assertion for Ay).
Taking the curl of (4.42) gives
—1pA(curl Ag|q,) = curl J|q, € L?;g”‘(()l)
(4.35)
and therefore
curl Aglg, € W2 () — Cl’él(QI),

loc loc

for some d; € (0,1), which completes the proof of (4.36).
Regularity in the conductor. Once again we start from the multiplier p. We have
AP‘QC = —ia]o'odiVAo‘QC —I—diV”QC = diV”QC in Qc,
div Ag=0
hence arguing as in the first part of the proof we get
i*loc = 7 = Vp)lac € Ly (Qc) = Lt (Qc). (4.43)

loc

Next, given any 5 € D(Q)c) we test (4.30) with
_ n in Q¢
= € D(Q).
This produces

l v 1A - lfdx+iw/ UA~*dx+/ \V4 -’dx:/ -7 dx,
/Oc 1curl A - curl i 0 1 o p-1 QC]|QC 1

from which it follows

- VlAAO’QC = curl curl AO‘QC = (]* - l'wO'()Ao)‘QC in Qc. (4.44)

div Ag=0
Now Ag € X3 (Q) implies® Ay € H. (Q) < L% (Q), hence a combination of (4.43)
and (4.44) furnishes AAg|n. € L?OJE"‘(QC). The C'72(Q)¢) regularity of Ay readily

follows, giving (4.38) (the statement for Ay).
To conclude, we take the curl of (4.44):
—v1A(curl Ag|.) = curl *|q. — iwop curl Ag|q. = curl J|o, — iwoy curl Ag|a,
in Oc. We already know that curl Ag|q. is locally Holder continuous, therefore

A(curl Ag|n.) € L} *(Qc) (using (4.37) as well) and we can conclude as in the first

part. This shows the assertions for curl Ag in (4.38) and completes the proof. O
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4.3 Asymptotic analysis of the state equation

As to avoid confusion with the topological inclusion later introduced we henceforth
assume, without loss of generality, that the angular frequency w is equal to 1. This
clearly has no impact on our analysis.

4.3.1 Some technical results and scaled inequalities

Let QO C R® be a bounded domain with boundary T = 9Q). For a given z € Q) and
e > 0 we consider the affine transformation

T.: R® - R3 T.(x)=z+ex. (4.45)

We denote by O, the set T, }(Q) and accordingly define T, := T, }(T). The purpose
of this subsection is to analyze the behaviour of some L¥ and Sobolev norms (and
related inequalities) with respect to the transformation T, and its inverse T, . We are
especially interested in the scaling behaviour in dependence of the parameter ¢ > 0,
because it is of paramount importance for the derivation of asymptotic expansions. Let
us introduce for ¢ > 0 the scaled norms

wlle,curt = ellullr2(qr,) + || curlul| 2y,  u € H(curl, Q)
[9llev = ell@ll2q) + IVl ¢ € H' ().

Note that T is a diffeomorphism, hence a bi-Lipschitz mapping and therefore it holds
u € H(curl, Q) if and only u o T, € H(curl, Q). Analogously ¢ € H'(Q) if and only if
poT. € HY(Q).

(4.46)

Lemma 4.3.1.

e Forallu € LP(Q)), p € [1,00), (the same holds in the scalar case),
_3 _
lullzroy =€ Il T, ) (4.47)
* Forallu € H(curl, Q) and all ¢ € H'(Q),

_1 _ _1 _
Jeurlul 20 = & H curl(uo T, 2, 199120y = € IV (@0 T 120y
(4.48)

as well as
_1 _ _1 _
H”He,curl =¢ 2Hung 1HH(curl,O)/ HQDHS,V =¢ ZH(POTs 1HHl(Q)' (4.49)

Proof. We employ a change of variable with T, !, as |det(D,T, !)| = ¢ (here D,
denotes the Jacobian matrix with respect to the variable x) we obtain

1 1
. : pP . _3 : -1 P
HuHLP(Qs) = </T€1(Q) |u|? dx> = <s /Q luo T '|P dx) ,
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which is (4.47). We now prove (4.48) for the curl operator, the same argument works
for the gradient.

% %
| curlu|[ 12,y = </ |curlu|2dx> = <£_3/ |(curlu) o T£_1|2dx>
‘ (o) o

1
2
= <€_3£2/ |cur1(ung_1)|2dx) :e_%||curl(uoTe_l)HLz(Q),
0

where we used the same change of variables as before, and (curlu) o T, ! = ecurl(u o
T, 1). To conclude, (4.49) follows from (4.46) together with the previous steps. O

The following result is also useful: it provides a quantitative estimate (with respect to
e) for the boundary norm of a vector field on the inflated domain, having knowledge
of its decay behaviour at infinity.

Lemma 4.3.2. Let v € L? (IR®) satisfy

loc

a 1
lo(x)| +0 <|x\7+1) as |x| — oo (4.50)

Tl

for some a,r € RT. Let QO C R® be a bounded Lipschitz domain with boundary T and let
z € Q). There exists a constant C > 0 such that (for sufficiently small ¢)

o]l 2,y < Ce (4.51)

Proof. Let e > 0 be sufficiently small so that the term 1/|x|" dominates the remainder
in (4.50). We have

1 2r
2 _ 2 2 1
HvHLZ(Fg) - /I,E |’U‘ dS<a /rg (|X|) ds

2r
<o [ (oS ) ds<on =,
re \minger |x —z|

and the conclusion follows. O

We close the section by discussing the scaling of a Friedrichs inequality for the curl
and some extension operators.

Lemma 4.3.3. Let QO C R3 be a bounded Lipschitz domain, z € Q) and let T, denote the
transformation (4.45).

* There exists a continuous extension operator Zr,: H : (Te) — HY(Q) which satisfies
1 1
1250l < CeHlae, + [kl ) Vhe HET)  (452)

for some C > 0 not depending on e. We recall that the seminorm | - |H

T </r/rWd5xdsy>z_

is defined as

1
2

I

Nl—=

H
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e If Q) additionally has a connected boundary, there is a constant C > 0 not depending on
e such that

ellull2o,) < Cllleurlulp2q,) + | dival2q,) Vu € Xn(Qe), (4.53)
where we remind that Xn(Q) = Hy(curl, Q) N H(div, Q).

Proof. The existence of a continuous extension operator Zr: H : (T) — HY(Q) is well-
known (see e.g. [Wl087]), in particular it satisfies

I Zehllin oy < Cllly o = CUlIG ) + 11y )P VhEHAT). @54

With such operator at hand, we define Zr : H 2(T) = HYQ,) via

Zr,(g) = Zr(go T ) o Te Vg € HX(Ty),

which is readily seen to be well defined and continuous.

To check the validity of (4.52), we fix h € H 2(T,) and write

1Zr (W)llew = el Zr(ho T7Y) o Tell 2y + IV ((Zr (o T © Te)) [l 2 a)
_1 — —
= e 2([Zr(ho T 2y + IV Zr (o T | 12(cy)

< CerflhoT Y|
~— H2(T)
(4.54)

1

(/ ho T, 12dx+// |(ho T, 1 (|i_](/}|l3oT€_l)(y)|2dedSy>2

et (2 et | . R T)

1

(/yh|2dx+// n(x |x_ (f)|2ds ds)2

< Cet || 2, + Il

If O has a connected boundary in addition to being weakly Lipschitz, we know that it
holds

[ullr2(0) < C(lleurlul| 2y + ([ divull2q)) Vu € Xn(Q)
for some C > 0 depending only on the fixed domain Q) [Sch18]. Therefore (4.53)
follows again by a change variables, taking into account the norms scaling proved in

Lemma 4.3.1 (it is clear that the divergence operator has the same behaviour as curl
and V, with respect to the transformation Tg). ]
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We recall the definitions of the trace spaces

H 2(div,,T) ={v € H2(T): v-n=0, diveo € H 2(T)},
H_%(curIT,F) ={ve H_%(l") cv-n=0, curl;v € H_%(l“)},

where n denotes the outward unit vector normal to I'. Both spaces are endowed with
the natural graph norm and it can be shown that they are in duality [BCS02].

Lemma 4.3.4. (Tangential trace extension) There exists a linear and continuous mapping
Er: H 2 (divy, T) — H(curl, Q) N H(div=0, Q)

such that
curl curl(Erg) + (Erg) =0 in (),

4.55
(Erg) xn=g onl. (455

g+ Erg, {

Proof. Tt is known [BCS02] that the trace mapping ¢: H(curl, Q) — H_%(curlr,r)
acting as ¢(v) = n X v X n is linear, continuous and surjective. Moreover

Hi%(curlf,l") = ueHl(lglfrl,Q) HuHH(curl,Q) (456)

Ye(u)=s

Il

is an equivalent norm on H : (curl,, I'). It is readily verified that the unique element
u* € H(curl, Q) realizing the minimum in (4.56) satisfies

/ curl u* - curl?dx—i—/ u*-odx =0 VYo € Hy(curl, Q)),
Q Q
as well as

y(w)=s onT
divu* =0 inQ.

If g€ H > (dive,T), then g x n € H> (curl,, T') and we can take s = g x n. Moreover,
llgll 3= g x n| _1 ([BCS02]). The boundary condition reads Y(u*) =nxu* xn=
H H

divr curlt

g X n which implies u* x n = gon T, so that Er(g) := u* defines the desired continuous
extension map. dJ

Let us now define
L2T) = {v e L*T): v-n=0}

and subsequently
V:(T) := {v € LA(T): div.v € [*(T)} = H(div,,T), (4.57)

which is equipped with the natural graph norm

. 1
Igllv.r) = (IglZzqr) + | divegllia))2-
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Note that the continuous embedding
Vo(T) = H 2(dive,T) (4.58)
holds true.

Lemma 4.3.5. Let QO C R® be a bounded Lipschitz domain let T, denote the transforma-
tion (4.45). There exists a continuous extension operator Er : V¢(I';) — H(curl, Q) N
H(div=0, Q) which satisfies

|Er,(B)[lceun < C(€2|[llaqr,) + &2 || dive Blliar,))  Vh € Ve(Te) (4.59)

for some C > 0 not depending on e.

Proof. The existence of a continuous lifting Er: H ~2(dive, T) — H(curl, Q) is known
from Lemma 4.3.4; in view of (4.58), the restriction of Er to V(T is also continuous,
resulting in the following inequality:

IEr (8) ey < Cliglvry = CUlIglT2r) + | dingH%Z(r))% Vg € Vi ().  (4.60)
We can now define Er,: V- (I's) — H(curl, Q);) via
Er.(g) =Er(goT,")oT. Vg€ Vi(ly),
which is readily seen to be well defined and continuous. For each h € V;(I;), it holds
IEr, (1)l e.cun = €l Er(ho T, 1) o Tell g2, + | curl((Er (ko T, 1) o To)) | 12(a,)
e 2 (|Er(ho T; )|z + | eurl Ex(ho T, 1) | 12(cy)
Ce 2|1 o T lv.qr)

A{I/\

4.60)

e 2 (o T2y + | dive(ho T 1) B r))?
(1Rl ) + 2| (dive ) o T, |2, )2
(
(

€

_ . 1
‘SZHhH%Z(FE) +e % dive hH%Z(rg))z
3

1
e 2

C
Ce 2
C
C

IN

1 .

e 2(el|hll2(r, + I dive k[ r2(r,))
1 1.

= C(e2 ||l 2(r,) + & 2|l dive k[ r2(r,))

for some C > 0 independent of e. O

4.3.2 Topological perturbation and the Lagrangian

Let w C R? be a bounded and connected domain containing the origin. Forz € Q \ 9Q)¢
and € > 0, we set w, = z + ew = Te(w) and

QcUw ifze Q)
QCe:{ C e 1 I

4.61
Qc \ We if z € Qc, ( )
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and finally
7e(x) =xac, (¥)00.
Ve(x) =xac. ()v1 + xavac, (¥)v2-

Note that if z € ), the perturbation of ¢ physically means that a small piece of
conductor replaces a portion of insulating material.

(4.62)

Let us now specialize the Lagrangian framework explained in Section 4.1.1 to our
model problem. In view of the state equation (4.27), we shall build our analysis upon
the Lagrangian £: [0,1] x X% x XY — R defined as

L(e, A, q) = };1/ \A[de—i—);z/ Ve | curl A|? dx

fos o (4.63)

+ Re (/ vgcurlA-curlﬁdx—H/ 05A~ﬁdx—/ ]~qu>,
0 0 0

where the perturbed conducting domain Q)¢ is defined in (4.61), and the corresponding
coefficients v, 0 in (4.62). It is readily verified that the abstract definition of state
equation Section 4.1.1 applied to (4.63) produces (4.27), keeping in mind that the real
parts can be safely neglected as previously observed in Section 4.1.1 (see the lines right
after (4.8)). In particular, the perturbed state equation corresponding to our model reads

Find A, € XY s.t.

_ . _ _ ) (4.64)
/vgcurlAg-curlvdx—H/ (TgAg‘vdx:/ J-vdx Vo € Xy.
Q Q Q

Proposition 4.3.6. Let Assumption 4.2.1 be satisfied, ] € L?(Q)) and let the perturbed physical
parameters be defined by (4.62) and (4.61). Then for all € > 0, (4.64) admits a unique solution
A € XY

Proof. In view of (4.28) and (4.62) (and oy, v1, V2 being positive), the left hand side of
(4.64) can be interpreted as a sesquilinear form on Xg, X Xg, which is continuous and

coercive (uniformly in ¢ > 0) regardless of the choice z € (); or z € Q¢. Indeed, it
holds

e(x) >0, 0<min(v,12) <ve(x) <max(vy,12) VxeQ,Ve>0
in both cases. The conclusion follows by the Lax-Milgram lemma. O

Remark 4.3.7. Note that Proposition 4.3.6 remains valid in the extreme cases Q0 = @ and
Q¢ = @, that will be of interest in Section 4.3.4 as a consequence of Assumption 4.3.13. Indeed,
if Qp = @ then Q = Q¢, Qce = Q\ w, and

Ve = V1XO\w, + Vo Xw, 0= T0X 0\ cwe-

Therefore ve(x) > 0,0:(x) > 0 for all x € Q) and the bilinear form induced by the left hand
side of (4.64) is still uniformly coercive (and continuous) in X%, thanks to Poincaré-Friedrichs
inequality (4.28). If instead Qc = @, we have

Ve = V1 Xw, + VZXQ\(UE/ O = 00X w;
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and the same considerations hold.

We remind that it is possible to work in the "dual” geometrical framework: the insulator ()
is a bounded and connected domain which is strictly contained in ), i.e. Qr C O, and the
conductor Qc is defined as Qc = Q \ Q. This will be important in Section 4.3.4 as the case
Oy = @ corresponds to this scenario.

Remark 4.3.8. Here we can see the benefit of a vector potential formulation featuring a global
divergence-free constraint, which is not affected by the topological perturbation. An E-based
weak formulation of the eddy current system relies upon the space (compare with (3.26), where
the boundary condition is different)

V ={u € Hy(curl,Q)) : divu; =0 in Q;};

it is apparent that the topological perturbation of the conducting domain (4.61) also entails a
modification of the insulator, resulting in the e-dependent space

Ve={u € Ho(curl, Q) : divu; =0 inQ.}, Q. =0\ Qcp.

More specifically, let us assume that z € )1 so that according to (4.61), the perturbed insulator
is
Q[,g =0 \ QC,E =0 \ (QC Ua)g),

whose boundary has three connected components: 0Q), 0w, and Q¢ = I'c. If this is the case,
the space of harmonic fields H (e, Q) is non trivial and in order to ensure the validity of
a Poincaré-Friedrichs inequality (and hence coercivity of the sesquilinear form), one has to
suitably modify the space as

Vg:{uEHo(curl,Q):divulzo in Qp,, / u-ndS:/ u-ndSzO}‘
8w€ rc

However, the Poincaré-Friedrichs constant will in general depend on the domain Qp . (or Qc ),
and therefore on € > 0, unless one can find a bi-Lipschitz transformation mapping Q. to a
reference domain, which appears to be challenging. Note instead that if we work in the space
X(Q)), the higher order term in (4.64) is alone sufficient to guarantee coercivity. This is not
true if the divergence-free constraint is imposed in a subset of Q).

4.3.3 Corrector field for the state problem

We shall now introduce an auxiliary vector field - corrector - that will appear in the
asymptotic expansion of the state variable. The classical approach to curl curl driven
variational problems in IR?® consists in finding suitably constrained functional spaces to
obtain coercivity [Hip02; AVV01]. At least for what concerns the first corrector u,
we choose instead to work in the natural curl counterpart of the quotient Beppo-Levi
space BL(R®) = {u € L? (R®): Vu € L*(R%)}/C. Existence will immediately follow
from the Hilbert space structure, and in a subsequent step we show that it is possible
to extract a specific divergence-free representative. To do so we rely upon the theory

developed in Section 4.1. Our approach is equivalent to the known one as the selection
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criterion for the representative turns out to exploit the same constraints (null divergence
and weighted L?-summability), which are seemingly encoded in the quotient structure.
On the other hand, we think that our construction provides a cleaner extension to the
electromagnetic framework of the classical Beppo-Levi spaces.

Let us introduce the material parameters associated with the reference inclusion w,
which are a version of the perturbed physical parameters defined in the whole space.
If z € Qc, they read

nn xeRN\w oo xeRN\w
Vo (x) == {1/2 e w and Ow(x) := {0 e w (4.65)

if z € O); we instead define

~ ) {Vz x e R¥\w

0 eR}\w
G () : { FERNG )
1% X ew

o0} X € w.

In principle, according to whether z € Q)¢ or z € (), we have to use one definition or
the other and make suitable changes of sign (e.g., a minus on the right hand of (4.67)
if z € ()1) in the corrector equations we are about to introduce. However, we choose
to focus the main presentation on the case z € ()¢, hence to work with (4.65). As
mentioned, the other case would require to use 7, 0, and some minor sign adjustments
that would also affect the expression of the topological derivative (but only with a

change of sign), see Theorem 4.5.1. Some results for z € () are collected in Appendix A
for completeness.

Note that we have
0 < min(vy,12) < Ve (x) < max(vy, 1), 0<0u(x) <oy Vx € R

Lemma 4.3.9. Let Ay € XY, be the unique solution of (4.27). The equation
/3 Ve cutl[UM] - curl 5dx = (1 — 1/2)/ curl Ag(z) - curlodx Vo € W(R?) (4.67)
R w

admits a unique solution (U] € W(IR®). Moreover, there exists a unique divergence-free
representative U € (U] N L2(R3) which satisfies

/3 Vo carl UY - curl 5dx = (v — 1/2)/ curl Ay(z) - curlodx Vo € W(R?), (4.68)
R w

and enjoys the asymptotic behaviour at infinity
u(x)| =0 <|x1’2) as |x| — co. (4.69)

Note that the pointwise evaluation on the right hand side of (4.67) is meaningful thanks to
Lemma 4.2.6.
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Proof. In view of Lemma 4.1.3, the left hand side is equivalent to an inner product of
W (IR3) and the right hand side induces a bounded linear functional on the same space
(by extending the constant vector curl Ay(z) to zero outside w): well-posedness follows
by Riesz’s representation theorem in W(IR%). The existence of a unique divergence-free
representative is provided by Lemma 4.1.4, and characterization (4.68) readily follows
from (4.67).

Now let us consider the space
S={w:w e L}(R%), curlw € L*(R?), divaw = 0 in R’} (4.70)

It is clear that U") € S and that (4.68) holds in particular for all v € S < W(R3).
According to (4.65) and an integration by parts, this means

1/2/ curl UV - curl 7dx + 1 / curd UV - curl 5dx
w R3\w
— (1 — uz)/ (curl Ag(z) x 1) - TdS Vo €S,
dw

where n is the unit normal vector on dw, pointing outward w. We can now apply
[AVV01, Lemma 4] to obtain that [U()| = O(1/|x|) as |x| — oo, which can be improved
to (4.69), see again [AVVO01, pp. 785-786]. O

4.3.4 Basic first order expansion

To begin with, we prove a standard result concerning the e-rate of the difference
between the perturbed and unperturbed state in the H(curl) norm.

Lemma 4.3.10. Assume that z € Q¢ (see Lemma A.0.2 for the case z € Q) and | €
W3 (curl, Q¢) for some « > 0. Let A be the solution of (4.64) and A the solution of

loc

(4.27). There is constant C > 0 independent of € such that
3
[Ae — Aol| H(cunt,0) < Ce2 (4.71)
for sufficiently small values of € > 0.

Proof. We first subtract (4.27) from (4.64) to get

/ Ve Cuﬂ(AS - AO) -curl odx +i/ (7£<A£ - AO) -odx

. o (4.72)

= z'cro/ Ap-vdx + (g —1/2)/ curl Ag - curlodx Vo € XIQ].
We We

We now make the choice v = A, — Ay € XY in (4.72), which gives

/vg|curl(Ag—Ao)|2dx+i/ 0u Ap — Ao|? dx
Q Q

=iop | Ag-(Ae— Ag)dx+ (v1 —1n) / curl Ag - curl (A, — Ap) dx.
We

We
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Next we use the Poincaré-Friedrichs inequality (4.28) and ¢, > 0 on the left hand side

and Holder’s inequality on the right hand side, then thanks to Lemma 4.2.6 we find

g > 0 for which Bz(z) C Qy (or Q¢), Ag, curl Ag € C°(B¢(z)) and w. C Bg(z) whenever
e € [0,€]. This implies the existence of a constant C > 0 independent of ¢ such that

1Ae = Aol (cur,r) < CllAoll L (Bo(2)) \/ |el [ Ae = Aoll 12y

3
+ C|l curl Ag || 1= (B,(z)) \/ el || curl(Ae — Ao) || 12 Ce2[|Ae — Aol H(curt,0)-

<
~——
|we|=€|w]|

This concludes the proof. O

Definition 4.3.11. Let T,: R® — R® denote the transformation
x = To(x) =z 4 ex = xe.

For almost every x € T. 1(Q) = Q, we define the first variation of the state A, by

Ug(l)(x) = <ASEAO> oTy(x), €>0. (4.73)

The field UV defined in Lemma 4.3.9 aims to approximate Ug(l).

The following Lemma is the key tool which allows us to deal with inhomogeneous
Dirichlet conditions in the presence of a saddle point structure.

Lemma 4.3.12. Let O, = T 1(Q) and Ty = T, Y(T). Let (ge,he) € Vo(Te) x H2(T¢) and
®, € (H(curl, ), || - |lecur1)™ be defined for sufficiently small values of € > 0. Recall that
Vo(Te) = {v € L2(T,) : divev € L*(T¢)}, see (4.57). Assume further that (we, ¢) €
H(curl, Q) N H(div=0, Q) x H'(Q,) satisfy

/ Ve curl wg - curl o dx +i/

€ €

O'wézwg -vdx + /Q EV(,Ds -odx = <q)€/v>H(curl,Qg)

(4.74)
forall v € X%(Q), as well as

We XN =g on I,

(PE — hg on rg.

Then there is a constant C > 0, independent of €, such that

1
Hwﬁ”s,curl < C(Hq)SHH(curl,Qg)* + &2 ”gSHLZ(I})

(4.75)

1 . 1
e dive galliag, + e el + el )

The norm || - ||¢cun is defined in (4.46).
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Proof. Let us consider the continuous lifting operators
Er.: Ve(Te) = H(curl, Q,) N H(div=0,Q), Zr.: H2(T:) — H(Q),

that are respectively defined in Lemma 4.3.5 and Lemma 4.3.3.

Now let N
We = w, — Er,(g:) and ¢ := ¢ — Zr,(he);

by construction we have @, x n = 0 and ¢|r, = 0 on I'; and by manipulating (4.74) it
follows

/ vwcurlzﬁg-curlﬁdx—i—i/ Uwszﬁ)g-fdx—i—/ eV () - o dx
(OB Qe Qe

=0

= (®;,v) — /Q v curl(Er,(ge)) - curl o dx (4.76)

€

—i/ aa,szErg(gg)-fdx—/ eVZr (he) -Tdx Vo € Xq(Q).
Q. Qe

Note that the third integral vanishes due to ¢. € H}(Q) in combination with v €
H(div=0, Q). As w, € X%(Q,) by construction, we can test (4.76) with it. This yields

/ Ve curl W, - curlﬁdx—ki/ Ow€ W, - We dx
Qe Q

= (D, W) —/ Ve curl(Er,(ge)) - curl @, dx — i/ UwezErg(gg) - W, dx
Q Q

€ €

- /Q eV (Zr. (he)) - @e dx.

The left hand side can be estimated as

/ Ve curl W, - curl w, dx + i/ Ow€2We - We dx
€

Qe

> Cl|ae||? (4.77)

g,curl

thanks to an application of the scaled Poincaré-Friedrichs inequality (4.53) (and
div @, = 0), and the fact that v, (x) > min(v1,12) > 0 and ¢, > 0 in R3.

For the right hand side we have [(®,, @W,)| < ||®e| g(cun,0)* | @e |le,cunt by hypothesis
and taking into account v, (x) < max(vy,12) and o, (x) < 09,

'/ Ve curl(Er,(ge)) - curlﬁdx—ki/ 0w Er, (g¢) -ﬁdx—k/ eVZr.(he) - wedx
(OB Q; Qe

< C(Il eurl(Er, (8)) | 2(0,) | curl @e | 2(qr,) + €| Er (8) | 2000 1@l 2 )
+ Cel| VZr (he) | 1200 [ @el 12 00,
< Cl| e[ cunt (|| curl(Er(8e)) [l 12(00) + €l Er.(8e) [ 12(00) + 1 Zre (e) [ w)

= CHZT’8||£,curl(||EFg(g€)||£,curl + ||ng (he)He,V)-
(4.78)
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In force of (4.52) and (4.59), it holds

1Zr, (he)|lew < Ce2|hell 2,y + el e, (4.79)
(Te)

as well as
1 _1y .
| Er, (8e) lecun < C(e2(|gellr2(r,) + € 21 dive gell r2(r,))- (4.80)

Putting together (4.77), (4.78), (4.80) and (4.79) furnishes

_ 1 1y
[ele,curt < CU1 Pl frcun, ) + €2118ell r2(ry) + € 2 dive Gell 12y

1
+e2 || hel 2y + |helenrar,)-
To conclude, we observe that

stus,curl = ||w, + El"s(gS)Hs,curl < Hﬁ’sus,curl + HEFg(gS)Hs,curl

and apply (4.80) yet another time. This completes the proof. O

As is usually done in the context of topological derivatives, we shall derive the asymp-
totic expansion of the state and averaged adjoint variables under the following addi-
tional

Assumption 4.3.13.

e Ifz € Qc, then Q1 = @. In other words, prior to the perturbation it holds Q¢ = Q)
and Q0 = @, while after the topological perturbation is performed Qc = Q \ W, and
QI = We.

o Ifz € Q, then Q¢ = @. In other words, prior to the perturbation it holds (0 = Q)
and Q¢ = @, while after the topological perturbation is performed Qc = w, and
O =0\ w,.

Working with Assumption 4.3.13 allows us to present less technical and better under-
standable proofs of Theorem 4.3.14, Theorem 4.4.5 and Theorem 4.6.8. The essential
feature that distinguishes our framework from classical scalar elliptic problems can
be identified with the presence of divergence free-constraints in the functional spaces,
which in turn entail an underlying structure of saddle point problems and the appear-
ance of gradient multipliers (cf. Lemma 4.6.2, Remark 4.6.3). This is not affected by the
geometrical simplification given by Assumption 4.3.13. At the same time, Remark 4.2.3
and Remark 4.3.7 show that previously stated existence theorems for Ay, A, remain
valid under Assumption 4.3.13. The same can be said for the averaged adjoint, see
Remark 4.4.2.

The following results asserts the U(!) indeed provides an approximation of Ug(l). The
theorem is stated and proved for z € ()¢, see Theorem A.0.4 for z € Q).
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Theorem 4.3.14. Assume z € Q¢ and let Assumption 4.2.1 and Assumption 4.3.13 hold. Let
u be defined by (4.73) and U through Lemma 4.3.9. If ] € W™ (curl, Q) for some

loc

« > 0, there is a constant C > 0 not depending on € > 0 for which

||u8(1) - u(l)Hs,curl S Ce (481)

for sufficiently small «.
Proof. We observe that

(ve o Te) (x) = ((vixac, + v2xa\ac,) © Te) ()
= ((2Xw: + V1Xac\we T V2Xq;) © Te) (%)
= (V2Xw +V1X711(Q)\w) (¥) = Valo (%),

where v, is defined is (4.65) and Assumption 4.3.13 has been used. In a similar way we
have (0: o Tz ) (x) = 0w|n,(x). Keeping this in mind, the change of variables x — T¢(x)

in (4.72) gives the following equation for Ug(l) :

/ Ve curl Us(l) -Curlﬁderi/ Uwszug(l) -vdx
™ o (4.82)
:i(T()/ €A0(Xe) -odx + (1/1 — 1/2)/ (curl AO)(xe) .curlodx

w w

for all v € X%(Q). For the sake of brevity we sometimes use the notation x, =
z+ex = Te(x), x € R%.

Next we note that if v € X, (Q)), then the extension

. v in Q)
v = I
0 inR*\O

belongs to W(IR®) and therefore it is a feasible test function for (4.68). This yields

/ v curd UV - curl 5dx = (v1 — 1/2)/ curl Ag(z) - curl odx, (4.83)
€ w

so that we can now subtract (4.83) from (4.82) to obtain:

/ Ve curl(LIg(l) —UuW)y. curl 5dx +i/ Uwsz(llg(l) —uW).5dx

€ 08

w

= —1i0y /Qg\w UV . wdx + (11 — 1) / (curl Ap(xe) — curl Ap(z)) - curlodx (4.84)
+i0p /w eAp(xe) - vdx.
We are in position to apply Lemma 4.3.12 to equation (4.84) with the choices
(we,90) = (U ~UY,0), (g6,he) = (wwelr, x n,0)
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and ®; equal to the mapping induced by the whole right hand side of (4.84), which we
denote by ®.. On the boundary I’ it holds

ge =W X1 = (ug(l) — U(l)) xn=—-UYxn (4.85)

and we stress that g. belongs to V() since U(1) is harmonic in the exterior of w (see
(4.68)). Therefore by Lemma 4.3.12, the following inequality holds true:
A 1 1y .
lwelle.cun < CUIDellmeun - +e2 [UY x a2, +e72 ler(U(l) n)llr2r,))
- 1
= C([|Dellmeun ) + €2 IUD | 2qr, + &2 || cut UD - nl 2r, )

= CU1®elreun + & 1UD | 2r,) +e 2 | curt U 2qr, ),
(4.86)
and it remains to estimate each term appearing on the right hand side.

For what concerns the boundary norms, we can exploit Lemma 4.3.2 combined with
(4.69) to get
2 Hu(l)HLZ(I’S) < Ce? (4.87)

for all ¢ > 0 sufficiently small. Moreover, thanks to the decay |curl U (x)| =
O(1/|x?) as |x| — oo ([AVVOI, p. 786]), Lemma 4.3.2 also entails

| curt I HLz ) < Ce? — s’%chrl U(l)HU(rE) < Cel. (4.88)

We are left to estimate the dual norm of &,, which can be done by working separately
on each term in (4.84). For the first one we have

‘—iao/ 2u® . zdx
Q\w

< eop[UM | 120,10 1 e.cun (.59

< SO—OHU(DHLZ(IRS’)Hvue,curl < CSH”Hs,curl-

Here we used the information U") € L?(IR®), which follows from the decay property
(4.69).
For the second one, under the hypothesis that J € W.>**(curl, Qc), we have by

loc
Lemma 4.2.6 that curl A is locally Lipschitz continuous whence

(1 — 2) /w (curl Ag(x) — curl Ag(z)) - curl T dx (4.90)

< Cl[curl Ag(z + ex) — curl Ag(2)|[ 2w | curl v| 12y < Cel|v||ecun-

For the third term we need to argue as follows. By Hoélder inequality,

icro/ eAo(xe) - odx
w

< CffHAo(xs)||Lg(w)|\vHLé(w)

1 _
< Cellv]| sy =_Ce2llv o T, | 1o
(4.47)
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where we used || Agl|p~(y,) < C for all ¢ > 0, which follows from the continuity of Ay.
Setting v* = v o T; !, we are left to estimate ||v*| s (q,)-

Let K denote an open set such that K is strictly contained in Q¢ and w, C K for
all e sufficiently small; we have [[v*|[z6(,) < [[0*[|rs(x)- Now let K* be an open

with smooth boundary satisfying K C K* as well as K* € Q¢. Let ¢ € D(K*) be
a cut-off function such that ¢ = 1 in K; since v* € H(curl, Q) N H(div,}), then
v* € H(curl, K*) N H(div, K*) whence

¢v* € Ho(curl, K*) N H(div,K*) = ¢v* € H(K*). (4.91)
The last implication is a consequence of the continuous embedding

Xn(D) = Hy(curl, D) N H(div, D) < H'(D),

which is known to hold if the domain D is of class C!'! (or if it is convex), see [Cos90;
Amr+98]. By virtue of (4.91), (¢pv*)|x = v* € H'(K) and especially

o™ | a(x) < Cllo™ || (curt k) (@iv,k) < Clo* Hcan,0)nH@Gv,0) = Clo*H(cur,0)-

divo*=0
(4.92)
Combining (4.92) with Sobolev inequality [Eval0, p. 279], we obtain
* 1
10" oo < 10" l[Lsx) < Cllo*llm k) < Cllo*|lm(cunn) =€ 7llecur
(4.49)
from which we conclude
i / eAo(xe) -Tdx| < Ce|[o]]ecun. 4.93)
w

Summing up, the latter equation, (4.86), (4.89), (4.90), (4.88) and (4.87) all together
imply that
stns,curl S Ce

for some C > 0 not depending on ¢, and e sufficiently small. This concludes the
proof. O

Remark 4.3.15. Recalling the definition of Ug(l) (4.73), the conclusion of the theorem can be
restated as

Ag_AOO
£

T.—u™

< Ce.

g,curl
Expanding the terms and changing variables, in view of Lemma 4.3.1 this implies
||A€ — Ao — gu(l) © Ts_l ||H(curl,Q) < Cs%r (4.94)

which can be seen as a first order expansion of A, in H(curl), making use of U1,
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4.4 Averaged adjoint equation and its asymptotic analysis

According to (4.9), (4.63) and taking into account the remarks we made on complex
Lagrangians, we state the averaged adjoint equation corresponding to our model. Given
e > 0, it is the problem

Find g € XY s.t.

/Qvg curl g, - curlodx —i—i/ﬂagqg odx = -\ /Q (Ae +Ap) -odx (4.95)

C,e

— Az/ vecurl(Ag + Ap) - curl o dx Yo € X3,
o)

where A; is the solution of (4.64), A is the solution of the same problem with ¢ = 0
(i-e., (4.27)) and Q¢ denotes the perturbed conductor (4.61). In the unperturbed setting
e =0, it reads

Find g9 € X} s.t.

veurlgg - c rlfdx—i—i/a -odx = —2A Ap-odx
/Q urlqo - curlo Qqu 1QC 0°0 (4.96)

- 2/\2/ veurl Ag - curlodx Vo € X]Q].
0

In the following lemma we discuss the well-posedness and the regularity properties of
(4.95) and (4.96).

Lemma 4.4.1. Problem (4.95) has a unique solution q. € X%, for all € > 0 sufficiently small
and problem (4.96) admits a unique solution qo € X%. Additionally, we have the following
regularity result:

° If

J € W (curl, Q) for some a > 0,

then

qo € Cl’ﬁ](ﬂl), curl gy € C1(€)y) for some By, k1 € (0,1). (4.97)

loc loc

In particular, qo and curl qo are locally Lipschitz continuous in ).

. 1

J € W3 (curl, Q)  for some a > 0,

loc

then

go € CP2(Qc), curlgy € C2(Q¢)  for some B2, 12 € (0,1). (4.98)

loc loc
In particular, qo and curl q are locally Lipschitz continuous in Qc.

The space I/V,(())’f (curl, Q) is defined in (4.34).
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Proof. As the left hand side of (4.95) features the same sesquilinear form of the state
equation (4.64) and the right hand side induces an antilinear, bounded functional on

XY, existence and uniqueness readily follow by an application of Lax-Milgram lemma.

The same argument can be used for (4.96).

For the regularity statements we focus on g, hence on equation (4.96). Arguing as in
Lemma 4.2.5, it can be proved that there exists a multiplier Vm € VH}(Q) for which
the saddle point formulation

/veurlqo-curlﬁdx-i-i/ qu-ﬁdx—k/ Vm-ovdx
Q Q (@)

= -2\ / Ag-vdx — 2)\2/ veurl Ag - curlodx Vo € Hy(curl, Q)
Qc Q
(4.99)

holds true.

Regularity in the insulator. Let § € D(Q)). Testing (4.99) with

» n in Q)
= e DO
4 {0 il’ch ( )

(keeping in mind that o = 0 in ();) we obtain
/ v curl(go + 2A2A0) - curl Fdx +/ Vm-5dx =0 Vg€ D(Qy),
Q] Ql

whence

v, curl curl(qg + 2/\2A0) |QI + Vm\QI =0 = —Vqu0|Q[ = 2/\21/2AA0|QI — Vm|Q[
(4.100)
in 7. Note that we used the information div gy = divAg = 0 in (). Making use of
(4.42), we can further expand (4.100) as

— Vqu0|QI = —2)&2]'*|QI — Vm]QI in Q], (4101)

where j* € L21%(Q)) and div j* = 0 (see (4.40)). Taking the divergence of both sides
in the last equation, we see that m|q, € H!(Q)) is harmonic and hence smooth by

Weyl’s lemma [Jos07, Cor. 1.2.1]. Consequently, Ago|q, € L3+”‘(QI) which gives

loc
qola, € Cllof '(Qg) for some By € (0,1) thanks to classical elliptic regularity theory

[Jos07, Chap. 9] and Sobolev-Morrey embeddings. This proves the assertion for g in
(4.97). To conclude, we take the curl of both sides in (4.101); this yields

—1A(curl go) o, = —2Ar curl j*|o, = —2\rcurl J|q, € LI (Q),
(4.40)

which completes the proof of (4.97) by the same regularity arguments as above.

107



4. TOPOLOGICAL ASYMPTOTIC IN LOW-FREQUENCY ELECTROMAGNETISM

Regularity in the conductor. We argue as before and given 7 € D(Q)¢), we test (4.96) with

_ n in Q¢
= c D(O)).
1 {0 inq, <2

This gives
—VlAq0|QC = (—i(Toqo —2M A+ 2011 AA) — Vm)|QC in Q¢ (4.102)

and taking the divergence of both sides, we deduce that m|q_. is also harmonic, hence
smooth. From Lemma 4.2.6, we already know that AAg|n. belongs to L™ (Qc) (see
(4.44) and the lines below it) and Ay is (locally) continuous; the fact that go|n. €
L3 (Qc) is implied by go € XY, (see again the proof of Lemma 4.2.6). Summing up,

loc

the whole right hand side of (4.102) lies in L?;“(QC) with « > 0 so that g9 € Cll sz (Qc)
and the first part of (4.98) is proved.

Lastly, we take the curl of both sides in (4.102) to obtain
—v1A(curl qolq.) = (—iog curl go — 241 curl Ag + 2A211A(curl Ag)) |-

C}O’EZ(QC), Ap is continuous and

A(curl Ay) lies in L}%(Q¢) in the given hypotheses by virtue of Lemma 4.2.6 (see the
last part of the proof). This proves the remaining assertion in (4.98) and completes the
proof. O

Now curl q¢ is locally Holder continuous as g9 €

Remark 4.4.2. We remind that Lemma 4.4.1 (the statements concerning existence and unique-
ness for (4.95) and (4.96)) holds true even if Oc = @ or O = @, i.e. in the geometrical
situation described by Assumption 4.3.13. Since the bilinear form is the same appearing in
the state equations (4.64), (4.27), the arguments of Remark 4.2.3 and Remark 4.3.7 are also
pertinent here. Moreover, the right hand side of (4.95) (and (4.96)) can be seen as a continuous
antilinear form on XY, regardless of Qc or Q) being empty.

Lemma 4.4.3. Assume that | € W2 (curl, QO¢) for some & > 0 and z € Q¢ (see

loc

Lemma A.0.5 for the case z € ). There is a constant C > 0 not depending on € such
that

3
lq: — ‘IOHH(curl,Q) < Ce2 (4.103)
for sufficiently small & > 0.

Proof. We start subtracting (4.96) from (4.95), this yields:
/ vecurl(ge — qo) - curl o dx —|—i/ 0e(ge — qo) - odx
o) o)

= (11 —17) / curl go - curlodx +iop | qo-vdx — )\1/ (A: — Ap) -odx
We We Q

C,e

+2M Ag-odx — /\2/ vecurl(A; — Ap) - curl o dx
O

We
+2A5(v1 — 1p) / curl Ag - curl o dx

We

(4.104)
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for all v € X% (Q). Next we test (4.104) with v = g. — go. Exploiting the continuity of
Ap, g0 and of curl Ay, curl g9 (Lemma 4.4.1, Lemma 4.2.6) and what we already know
on the scaling behaviour of ||Ae — Aol|f(curt) from (4.71), we can mimic the estimates
performed in the proof of Lemma 4.3.10. This leads to (4.103) and concludes the
proof. O

4.4.1 Corrector and asymptotic analysis for the adjoint problem

In this section we introduce another auxiliary vector field, which is related to the
averaged adjoint variable. The considerations made in Section 4.3.3 remain valid, i.e.
we have z € (¢ in mind. For the case z € ()] we refer to Appendix A.

Lemma 4.4.4. Let UY) be defined through Lemma 4.3.9. There exists a unique solution
[QM] € W(R?) to

/3 Vo cutl[QW] - curl Tdx = (11 — 10) / (curl go(z) + 2A5 curl Ap(z)) - curl o dx
R

w
- )\2/31/(4; cul U - curlzdx Vo € W(R).
R

(4.105)
Moreover, there is a unique divergence-free representative Q1) € [QW] N S (the space S is
defined in (4.70)) that satisfies

/3 Vo curl QW - curl 5dx = (v — 1p) / (curl go(z) + 2A2 curl Ap(z)) - curl o dx
R

w
- A2/3 v, curl u.curlodx Vo e W(]R3)
R

(4.106)
and enjoys the decay behaviour at infinity

QM (x)| =0 <|x1|2> as |x| — co. (4.107)

Proof. Existence and uniqueness of [Q(V)] € W(IR®) readily follow by Riesz’s repre-
sentation theorem in W, see Lemma 4.1.3. The existence of a unique divergence free
representative Q1) € [Q(1)] N'S for which (4.106) holds can be argued as in Lemma 4.3.9,
making use of the properties of the space W stated in Lemma 4.1.4.

It remains to show (4.107). By construction, the field Q* := QW + A, U™ € S satisfies

/3 Ve curl Q% - curl odx = (11 — 1n) / (curl go(z) + 25 curl Ap(z)) - curlodx Vo € S.
R

w

Therefore it can be shown (see [AVV01, pp. 785-786] and [AVV01, Lemma 4]) that

. 1 1
Q (x)|:(’)(|x|2) as |x|—>oo\_:>v_/|Q(1)(x)|:(’)<|x|2> as |x| — co.
(4.69)
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Let us now go back to the convergence analysis concerning le). Following the theory
presented for the state equation, we define the first variation of the averaged adjoint g;
for almost every x € T, }(Q)) = () it reads

QM (x) == (@) oT.(x), &> 0. (4.108)

Theorem 4.4.5. Assume z € Q¢ and let Assumption 4.3.13 hold. Let le) be given by
(4.108) and Q) be defined via (4.106). If J € I/Vl%’f”‘ (curl, Qc) (v > 0), there exists a
constant C > 0 not depending on € such that

10 — QW[ eunt < Ce. (4.109)

We refer to Theorem A.0.7 for the case z € Q).

Proof. Changing variables in (4.104) gives the following equation for le):

/ v, curl le) -curl odx +1’/ ezangl) -odx

€ €

= (1 — 1/2)/ curl go(x,) - curlodx + icro/ eqo(xe) - vdx — Al/ ezu§1) -vdx
w w QO

e\w

+2/\1/ eAp(xe) -de—)\z/ v, curl Ug(l) -curlodx
w Q,

€

+2X5(v1 — 12) / curl Ag(x;) -curlodx Vo € X3 (Q).
w

(4.110)
As v € X%(Q), the extension

. v in ()
v = _
0 inR>\ O

belongs to H(curl, R?) — W(IR®) and therefore it can be chosen as test function in
(4.106). This furnishes

/ Vo cutl QW - curl dx = (v — 1p) / (curl go(z) + 2A, curl Ap(z)) - curl o dx

€

— )\2/ v, curl u . curlodx.

(4.111)
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Subtracting (4.111) from (4.110) gives

/ Ve curl(le) — QW)Y curl 5 dx —l—i/ Uwez(le) - QW) . 7dx

€ QS
= —i0'0/ QW . 7dx — )\1/ szllg(l) -odx + iUo/ eqo(x;) - odx
QS\W Qs\w w
+ 2/\1/ eAo(xe) - odx + (11 — 1) / (curlgo(x;) — curlgo(z)) - curlodx  (4.112)

+2A2(v1 — 1 / (curl Ap(xe) — curl Ag(z)) - curl o dx

w

+ Ay <—/ vy curl LIS( ). curl 7 dx —|—/ v curl u® ~curlvdx> .

Now we apply Lemma 4.3.12 to (4.112) with the choices ®, = O, € (H(curl, (), || -
le.curl)”, (we, ) = (le) —QM,0) and (g, he) = (we x n,0). Here @ is a shortcut for

the whole right hand side of (4.112). It follows that
1 1y
||w€Hs,curl < C(H®€HH(curl,Qg)* + €2 HgSHLZ(I}) +e H dive gﬁ”U(D))/ (4.113)
and it remains to estimate each term on the right hand side of the above equation.
We start with the boundary norms. Likewise (4.85), we have
e=We Xn = —Q(l) xn onl,
le) xn=0

and
1 1 3
e2[|QW x n|l 2,y = €2 QW[ 2qr,) < Ce?,

) , (4.114)
€2 H leT(Q(l) X 11) HLZ(FE) =g 2 H curl Q(l) HLQ(FE) S Ce

Nl

thanks to Lemma 4.3.2 and the fact that Q") and U(!) share the same asymptotic
behaviour at infinity (see also the proof of Theorem 4.3.14).

Next we turn our attention to ||©,||; first we make the splitting

0.(v) =0 (v) + 0¥ (v) + 0¥ (v) + 0¥ (v),

where

d%m:—m/

Q\w

ezQ(l) -odx — Al/ e2u§1) -odx,

Q\w
0 (v) = iy / eqo(xe) - dx +2A / eAo(x.) - odx,
0 (v) = (11 — ) / (curl go(x¢) — curlgo(z)) - curl o dx (4.115)
Jw
+2A5(11 — o) / (curl Ap(x;) — curl Ap(z)) - curl o dx,

®£4)(v) = A <— /Q vy curl Us(l) ~curlodx + /Q Ve curl UM -curlvdx) )
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By Holder and triangle inequality and keeping in mind Q") € L?(IR®) (which follows
from the decay (4.107)),

08 (0)] < CClQM 2y + U 22 2llcun

< Cle+e|u! | 20,) < Ce(1+ U — UV 120)) < Cello]lecun-
4.81)
(4.116)
For the second one we get
‘®£2)(v)| < C‘C'Hvus,curl (4.117)

as we can repeat the arguments used for (4.93) in the proof of Theorem 4.3.14.

Since J € I/\/I%S’Jr“(curl, Qc¢), we know that curl go, curl A are Lipschitz continuous in a

neighbourhood of z € ()¢ and therefore (compare with the proof for the state equation,
(4.90))

0 (0)] < Cel[o|ccun- (4.118)
Finally, by Holder inequality we obtain

0 (v)| =

AZ/ Ve curl(llg(l) - U(l)) -curl odx
Q.

(1) 1) (4.119)
< Clleurl(Ue” —UY) [ 20 [ eurl ol 20,y < Cel|v|le,cun-

(4.81)

To conclude, (4.116), (4.117), (4.118) and (4.119) all together imply

H 88 || (H(Curlrns)r”'Hs,curl)* S CE,

and the above estimate in combination with (4.113) and (4.114) concludes the proof. [

4.5 First order topological derivative

In this section we aim to compute the first order topological derivative corresponding
to the shape functional

M

J(Qc) = J(Qc, A) = 2 o

A
|A|2dx+72/ Ve | curl A2 dx, (4.120)
o)
subject to
A EXIQ,, /VQC curlA-curlﬁdx—H/ UQCAﬁdx:/ J-odx VYo EX,Q,. (4.121)
o) Q o)

The new notation v, 0q. is to stress the fact that we consider the conductor Q)¢
as the main subject of the topological perturbation. Given ¢ > 0, we remind that
the conducting domain is perturbed in the following way: for z € O\ 0Qc we set
we = z + ew and
Qc U we if z € Qg
Qce = .
Qc \ We if z € Qc,
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so that the perturbed parameters read

0ac. = 0e(X) = Xac, (x)oo,

Vo, = Ve(x) = Xac, (X)11 + xa\ac, (X)v2.

It is also useful to recall the Lagrangian function introduced in Section 4.3.2:

L(e, A, q)
=J(Qce A) +Re (/ Vo, curl A - curl g dx —|—i/ ooc, A -qdx —/ ]-qu> ,
a a O
(4.122)
where
— _M 2 A2 2
T (Qce) =J(Qce, A) = = |A|"dx+ = [ va.,|curl A|~dx.
2 Joc, 2 Ja -
By definition, the first order topological derivative is given by
47 (Qc,w) = lim J(Qce) = J (QC), (4.123)

e—0" |we|
or equivalently characterized through the validity of the expansion

T (Qce) = T(Qc) +dT (Qc, w)|we| +o(|we]) ase— 0.

Theorem 4.5.1. Assume that, for some & > 0, | € WI%’CBJF“ (curl, Q¢) if z € Q¢ (resp.

] € W2 (curl, Q) if z € Q). The first order topological derivative associated with the

loc

shape functional (4.120) subject to the low-frequency electromagnetic problem (4.121) is given
by

dj(Qc,(d) =
Ay

A _
— TZ(71|A0(Z)|2 + 7(1/1 —1p)| curl Ap(z) ]2 + Re{ (11 —1v2) curl Ap(z) - curl g, (z)

+i09Ao(z) - qy(2)}) — Tz|i]|(1/1 — 1) Re (/ curl Ay(z) - curlé(l) dx> ,

(4.124)
where Ao, qo € X%, are the solutions of (4.27) and (4.95) corresponding to e = 0,

+1 ifZGQC
Tz = .
—1 ifze )y

and QW is defined via (4.106) if z € Q¢, via (A.11) if z € Q).

Proof. It suffices to apply Theorem 4.1.2 to the Lagrangian function (4.122), with the
choice I(¢) = |we|. In particular, it follows from (4.11) that

47 (Qc,w) = lim L(e, Ao q0) — L0, Ao q0) | p.
e—0t ’w‘g | e—0* ‘wg ’
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provided both limit exist and are finite. According to (4.61) and (4.62), we first observe
that

Vve(x) —v(x) = (X, (¥) — xac ()1 + (Xa\ac, (%) — Xayae (%)) v2
=T (1 — )X () VxeQ,

and

0e(x) — (%) = oo(xac, (X) = xac (X)) = —Too)xw, (¥) Yx e Q.
For what concerns the first limit, we have

L(e, Ao, 90) — £(0, Ao, 90)
=1 </\1/ | Ag|* dx + &@1 —Vz)/ ’CHﬂAO’de)
2 We 2 We

— 17, Re ((1/1 —1/2)/ curl Ag - curlqodx—l—z/w Ung-qux>

= &1, <);1 |Ag(z + ex) ? dx—f—); (1n —1/2)/(0 | curle(z+sx)|2dx>
— &7, Re < V1 —12) curl Ag(z +ex) - curl g, (z + ex) dx>
— &1, Re (z 00Ao(z + ex) - 4, (z + ex) dx) :

Exploiting the continuity of Ay, curl Ay, qo, curl go at z provided by Lemma 4.4.1 and
Lemma 4.2.6, as well as |w;| = €3|w|, we deduce

lim L(S/ AO/ qO) - 'C(O/ AO/ 170)
e—0t ’a)g‘

A A _
= —TZ(71|AO(Z)|2 + 72(1/1 — ;)| curl Ag(z) > + Re{(v1 — v2) curl Ag(z) - curl g, (2)

+i00A0(2) - o(2) })-
(4.126)
Note that the local summability assumption J € I/\/l%s’ﬂ(curl, Qc) is enough to guaran-
tee continuity of Ay, curl A, qo, curl g9 at z € Q¢ (cf. Lemma 4.2.6 and Lemma 4.4.1),
which in turn suffices to achieve (4.126). The same can be said for J € I/Vl%fﬂ(curl, Q)

if z € Q.
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To compute the second limit, we write

‘C(S/ AO/ qE) - ‘C(SI AO/ qO) -
Re (/Q ve curl Ag - curl(g. — qo) dx —}—i/ﬂ 0:Ao - (qe — q0) dx — /Q]- (ge — q0) dx)

= Re <—TZ(U1 — 1) / curl Ag - curl(g: — qo) dx —izoo [ Ao - (g — q0) dx>
We

+Re /vcurlAO-curl(qg—qo)dx—&—i/QUAo-(qg—qo)dx—/Q]-(qg—qo)dx
0

=0 due to (4.27)

= Re <—TZ(1/1 — 1) / curl Ay - curl(g, — go) dx — i'rzao/ Ao (g: — 90) dx>

We

= ¢>Re (—Tz(l/l — 1) / (curl Ag) o T - ee ! curl (qa;% o T£> dx)
w

+ & Re (—irzag/ AgoT,-¢ (lhglio) dx>

= —&1,Re <(v1 — 1) / (curl Ag) o T - curl@él) dx + iao/ Apo T, - s@él) dx> )
(4.108) «“ «“

Since |we| = €3|w|, we are left to evaluate the limit as ¢ — 0" of

—Tz‘wl‘ Re <(1/1 — 1) /w(curl Ag)o T, - curlQEl) dx + iop /w Ao T, -e@il) dx> )

In view of (4.109) (respectively (A.13) if z € ();), we have that curl Qél) convergence
strongly to curl Q1Y) in L?(w), whence

/ (curl Ag) o T - curl@él) dx — / curl Ay(z) -curlé(l) dx ase—0".

w

Next we aim to show that
eQY = 0 strongly in L?(w) ase — 0%, (4.127)

To this end, let us write

e QM 2y < el QY — QW12 + €l QW 12
< Ce+e|QW |2, < Ce(1+ QW |l 2rs) < Ce
(4.109) (4.107)

if z € Qc. If z € )1, we can carry out the same estimate but with (A.13) in place of
(4.109). We also rely on the fact that Q1) enjoys the same decay at infinity regardless
of z € Qror z € (¢, see Lemma A.0.6. Summing up, we have shown that

L(e, Ao, ge) — L(g, Ao, q0)
|coe |

— _Tz‘i)’(vl —1p)Re </ curl Ap(z) - curlé(l) dx)

as ¢ — 07, which concludes the proof along with (4.125) and (4.126). O
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4.6 Improved asymptotic expansions

In the context of topological derivatives, it is customary to introduce corrector fields
in order to improve the scaling behaviour of certain terms and derive higher order
expansions [BS21; Stu20]. In this section we introduce two more corrector fields, one for
the state and one for the averaged adjoint, that allow to derive a second-order version
of (4.94). Despite Theorem 4.6.8 and Theorem 4.6.10 being preliminary results, such
new correctors can lay the groundwork for the introduction and analysis of similar
tields that are needed to obtain higher-order topological derivatives for our problem
(or related problems, e.g. the eddy current system). We develop the theory having
z € Q¢ in mind; once again, the case z € () can be carried out in a similar way, but
we don’t explicitly state the corresponding results for the sake of brevity, and because
of the work in progress nature of the section.

4.6.1 New corrector equations
Lemma 4.6.1. Let Ay € XY, be the unique solution of (4.27). The variational problem

/]R3 Ve cutl U - curl o dx = iy /w Ao(z) -odx Vo €S (4.128)
has a unique solution UV € S, where the latter is defined in (4.70).

Proof. In force of [AVV01, Appx. 2, Lemma 12], there is a constant C > 0 such that

- PP ) 1 v 4.12
HUHLg(IRS) = /]1131+|x\2 x| <Clleurlv| sy Vo €S (4.129)
so that || curl(-)[|;2(g3) is an equivalent norm on S. As the left hand side of (4.128) is
an inner product in S, to get existence and uniqueness it suffices to show that the right
hand side can be seen as a bounded linear functional. Indeed let R > 0 be such that
w C Bg(0), for all v € S we have

§C</BRlv(x)]2dx>;

1
2y [o(0)[? ?
<C (/BR(1 FR)T ) < Clloliz,

/w Ap(z) -odx

and the conclusion follows by exploiting (4.129). O

Next we provide a saddle point interpretation of (4.128) which will be useful for the
improved asymptotic analysis.

Lemma 4.6.2. Let U™ be the solution to (4.128) and let [&] € BL(IR®) be the solution of

/m V[2)- Vody = icy / Ao(z)-Vgdx Vg € BL(R®). (4.130)
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Then
/31@, curl UV - curl 5dx + /3 V¢l -odx = iao/ Ao(z)-odx Vo € H(curl, R?)
R R w

/3 a0 . vgdx =0 Vg € BL(R%).
R

(4.131)
Additionally, there exists a representative ¢ € [G] that enjoys the following decay behaviour at

infinity:
fx)=0 <’xl|2> and Vi(x)=0 <’xl‘3> as |x| — oo. (4.132)

Proof. Let
. Ap(z) inw
a =
0 in R®\ @.
Applying decomposition (4.19) to icpa* € L*(IR%), we find ([p], [¢]) € W(R®) x BL(R?)
such that
icpa* = curlp + V¢ in R3, (4.133)

with & being precisely characterized by (4.130). Let v € H(curl,IR?®). We can find a
unique s € BL(IR®) such that
/3 Vs Vijdy = /30 Viidx ¥y e BL(R?) < As =divo inR3
R R

and observe that o = (v — Vs) € S by construction, making it an admissible test
function for (4.128). Indeed, curl & = curl v € L?(R?®), divd = divo — div Vs = 0 and
7 € L*(R?) — L§(1R3 ). With the choice of v as test function, the right hand side of
(4.128) reads

1 * 7 o ‘ -~ n~ o .~
zao/Rsa -vdx—/R3curlp vdx+/]R3V§ vdx /IRScurlp vdx

oo (4.134)
:/]R?)curlp-(v—Vs)dx = /R3curlp-vdx.
div curl p=0
Note that we have used the implication
uc L*(R%), divu =0 — /3 u-Vydx =0 Vg€ BL(R?), (4.135)
R

whose validity follows from
0= (divu, ¢) = /3u -Vodx V¢ € D(R?),
R

and then arguing by density (of D(R%) in BL(RR?)).
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As

/ v, curl W . curl5dx = / v, curl W . curl v dx,
R3 R3

the first equation in (4.131) follows combining (4.133) and (4.134). The second condition

in (4.131) follows from div U") = 0 in R® and the mentioned density of test functions
D(R®) in BL(R3).

To show the decay behaviour (4.132), let us first observe that there is a representative
¢ € [¢] satisfying the strong formulation

AE=0 inwU (R*\ @)
t=¢ on dw (4.136)
(VE-n)" —(V&-n)” =iogA¢(z)'n  onodw,

where we recall that (-)* means that the corresponding trace is taken referring to the
domain w or w* (respectively the plus sign for w, the minus for w®).

By virtue of (4.136), we have the representation formula

de + /]R3\ VxG(x,y) . Vé’(x) dx/ y c ]R3 \w/ (4137)

dw anx

where G(x,y) = denotes the fundamental solution of the Laplacian in IR>.

1
47t|x —y|
Using (4.136), we can further expand as

5 anx x)dS, + /R o V3G y) Vi) d
—I—/ ViG(x,y) - VE(x) dx—/ ViG(x,y) - VE(x)dx
— [ G(x,y)(icoAo(z) - n) dSx + /a G(x,y)&(x) dSs

Jw
- / V.G(x,y) - VE(x) dx

w anx

In view of [AmmO08, Lemma 3.1.3], we know that

1
(x)dSy =0 <|y|2) as |y| — oo,

ow anx

as well as

/aw G(x,y)(iopAp(z) -n)dS, = O <‘y1‘2> as |y| — oo

due to / (icpAo(z) - 1) dSy, = 0. The statement for V¢ can be proved in similar way,
9

starting f(f;om taking the gradient of (4.137). By classical arguments, the gradient can
be put under the integral signs, resulting in a representation formula for V(y). This
implies (4.132) and concludes the proof. O
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Remark 4.6.3. The strong interpretation of (4.128) reads:

(4.138)

curl (v, curl UY) + V& = ioga*  in R®
diva® =0 in R3.

The proof follows the exact same lines of the one of Lemma 4.6.2, but starting with a smooth
compactly supported vector field 5 € D(R?) in place of v € H(curl, R?).

Lemma 4.6.4. There exists a unique solution Q1) € S to

/3 v curl QU - curl 5dx = io’o/ go(z) -vdx —1—2)\1/ Ap(z) -odx Vo eS. (4.139)
R w w

Proof. We omit the proof as it follows the exact same lines of the one of Lemma 4.6.1,
given the apparent similarity in structure between (4.139) and (4.128). O

Lemma 4.6.5. Let Q(V) be the solution to (4.139) and let ¢ € BL(IR®) be the solution of

/1R3 Viy]- Veodx = 1'0'0/ qo(z) - Vodx + 214 / Ao(z) - Vgdx V¢ € BL(R®).

(4.140)
Then
/31@, curl QU - curl 5 dx + /3 Viy]-vdx = 1'(70/ qo(z) -ﬁdx+2}\1/ Ap(z) -odx
R R w w

(4.141)

for all v € H(curl,IR%). Moreover,
/ Q- Vgdx=0 Ve BL(R) (4.142)

R
and there exists a representative P € [] that enjoys the following decay behaviour at infinity:
1 1

P(x) =0 <\x]2> and |Vy(x)|=0 <|x\3) as |x| — oo. (4.143)
Proof. We omit the proof as it is almost identical to the one of Lemma 4.6.2. O

4.6.2 Improved asymptotic expansions

Before proceeding, we shall need to assume that U"), Q1) have a certain decay at
infinity.

Assumption 4.6.6. Let U™ be defined by Lemma 4.6.1 and QY by Lemma 4.6.4. There exist
61,6, € (0, %) such that

~ 1 ~ 1
W) =0 (\x!“) , 1Y) =0 <\x!”> as [x| > oo,  (4.144)

and

. 1 N 1
lcurl UM (x)| = O <]x|2—‘51> , lcurl QW (x)| = O <]x|2—52> as |x| — oo.

(4.145)
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Remark 4.6.7. Let us motivate why Assumption 4.6.6 appears to be a reasonable hypothesis in
the given context. In view of (4.65) and the divergence-free condition, the field UV satisfies

—vAUY = —VE inR*\ @,

and we know that V& has the decay O(1/|x|?) as |x| — oo (see Lemma 4.6.2). Using spherical
coordinates, it is easy to see that a solution of Af = 1/|x|* (vanishing at infinity) has a decay

behaviour of order
0 <log | x| > ‘
x|

Since log | x|/ |x| is eventually smaller than 1/|x|° for |x| — oo and all § > 0, assuming
(4.144) and thus (4.145) seems consistent.

Theorem 4.6.8. Let Assumption 4.6.6 and Assumption 4.3.13 hold. Let Ug(l) be defined by
(4.73), UY) through Lemma 4.3.9 and U™ by means of Lemma 4.6.1. If | € W2 (curl, Qc)
(a > 0), there is a constant C > 0 not depending on & > 0 for which

Hug“) — U — e[, un < Ce (4.146)

for sufficiently small e.

Proof. The proof follows the structure of the one of Theorem 4.3.14, and it is carried
out in the case z € Q).

Let v € X% (Q); we recall that

. v in Q) 3
v* = . 53, = € H(curl,R)
0 inR’\Q,

and that the equation satisfied by the difference Ug(l) —UuW is (see (4.84)) :

/ Vo cul(UY — UMY - curl v dx + i/ v —uW) wdx
Q

€

=— iao/ y UM . 5dx + (v — 1) / (curl Ap(xe) — curl Ag(z)) - curl o dx
Q\w

w

—|—i(70/ eAp(xe)-Tdx VYo € X%(Qk).
w

(4.147)
This time, before applying Lemma 4.3.12 we make use of the other corrector U(!).
Employing the test function v* € H(curl, R?) in the first equation of (4.131) implies

/ Ve curl U -curlﬁdx+/ VE-odx = iao/ Ao(z) -vdx,
Q. w

€
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and then we subtract the latter equation multiplied by ¢ from (4.147) to obtain

/ Ve curl(Ug(l) —u® —etdM) . curl 5dx +i/ Uwez(Ug(
o}

€

—/ eVE-vdx = —1'00/ U . pdx — 1'00/ SV - pdx
Qg Qs\w Qf\w

+ ioy /w e(Ao(xe) — Ap(z)) -odx + (v1 — 1p) / (curl Ag(xe) — curl Ap(z)) - curl T dx.

¢ (4.148)
We are in position to apply Lemma 4.3.12 to equation (4.148) with the choices

(we, ) = (UM — UV —el W, ¢l0,), (8o he) = (welr, x n,&r,)

and @ equal to the mapping induced by the whole right hand side, which we denote
by ®.. Note that in contrast to Theorem 4.3.14, a gradient term shows up in (4.148) so
that ¢, # 0, he # 0. Therefore by Lemma 4.3.12, the following inequality holds true:

. 1 T
[elle,curt < C([|Pel Ercun, ) + €2118ell 2(r,) + € 2 dive gellr2(ry)

1 (4.149)
+e2[[¢l 2r,) + |€|H%(r£))/
and it remains to estimate each term appearing on the right hand side.
Boundary norms. It holds
We X 1= (Ue(l) —u® —etdM) x n
= U xn—elW xn, (4.150)
~—
Ug(1>><n:0
so that @ )
< ||UY X n y FellU xn
I8ellaqry < U iz + €TV x nluz, s
= UV | 2qr,) + el TV | 2,
and
I dive gell2r,) < 1 dive(U™ x m)[|2(r,) + el dive (AN x n) || 2r,)
= || curlu® . 1|2, + €| curl am. nHLZ(Fs) (4.152)
= || curl U ||L2 (o) T eH curl U ||L2
From the proof of Theorem 4.3.14, we already know that
U2y < Ce, | eud UV |2, < Ce (4.153)
for sufficiently small ¢ > 0, with C > 0 not depending on .
In view of (4.144) and (4.145), Lemma 4.3.2 guarantees
EHi\I(l)HLZ(rE) < Cel™,  gfcurl l//\l(l)HLZ(rg) < Cer o, (4.154)
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Recalling (4.151) and the first inequality in (4.153), this implies

eHgelluary +e | dive gelliagr, < Cel ™ (4155)
for e > 0 sufficiently small and C > 0 independent of e.
According to [BS21, Lemma 3.4] (that provides the e-scaling for |U‘H% )’ given the
decay behaviour of v) and (4.132), it holds

1¢ll2r,) < Ce and ‘C|H%(I’5) < Ce2

whence

N

1
e2|[¢ll2(ry) + |€|H%(FS) < Ce (4.156)

Dual norm of ®.. We only estimate the terms that did not appear in (4.84). We start
with
< 00| U | 20\ 0) 17 curt (4.157)

i0'0/ SV - pdx
Q\w

and now focus on 2| | 12(0,\w)- Recalling that Q, = e 1(Q — z), as a consequence
of the decay property (4.144) we find &g > 0 such that

X e QS\QSOI e<eg = ’ﬁ(l)(x)’ <

Therefore we can write

1
2
Y a0 o (/ o, AV P [ |2dx>
(/Qg\oao R d"“)
1dlam0
</ dr—f—l)

< Ce*( +1)<Cs2

Nl

NI—

where we used the fact that Q);, ), are bounded, hence we can fit Q) \ (), in a three
dimensional annulus of radii diam(Q))/2 = ¢ !diam(Q)/2 and ¢ > 0,c € R. The
above estimate combined with (4.157) gives

< Cer 0| cun (4.158)

ioy / SUW . pdx
Q\w

for sufficiently small e. Since Ay is Lipschitz in a neighbourhood of the point z (see
Lemma 4.2.6),

iffo/ e(Ao(xe) — Ao(2)) - vdx| < Cel|Ap(xe) — Ao (2) | 12(w) 10l 12(w) < Celv][,cun-

(4.159)
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The conclusion follows by (4.149), (4.155), (4.156), (4.158) and (4.159) all together. Note

that the leading power of ¢ turns out to be still equal to one thanks to §; € (0, 1), which

implies 3 — &; > 1. O

Corollary 4.6.9. Inequality (4.146) is equivalent to
HAS - AO - eu(l) © Tsil - 821:\[(1) © T;l HH(curl,Q) < CE%/ (4160)

which can be seen as a second order expansion of A, in H(curl), featuring the correctors
u), a,

Proof. Recalling the definition of Ug(l) (4.73) and multiplying by ¢ > 0, we rewrite
(4.146) as
|| (AS - AO) © TE - Eu(l) - 821’1(1) Hs,curl S ngz

the conclusion follows applying (4.49).

A similar result can be stated for the averaged adjoint field.

Theorem 4.6.10. Let Assumption 4.6.6 and Assumption 4.3.13 hold. Let QW be defined via
(4.106) and Q(l) through (4.139). If | € I/Vl?)’s’“(curl, Qc) (a > 0), there is a constant C > 0
not depending on e for which

HQEU — QW — 8@(1)H€’cuﬂ < Ce (4.161)

for sufficiently small € > 0.

Proof. We follow the lines of the proof of Theorem 4.4.5. The equation satisfied by le)
reads

/ Ve curl le) -curl odx +i/ 820*ng1) -odx

€ €

= (11— 1/2)/ curl go(x;) - curl o dx + iao/ eqo(xe) - odx — /\1/ 2u! - pdx
w w QO

e\w

+2A1/ eAp(xe) -de—)u/ Ve curl Ug(l) -curlodx
w (@)

+2A5 (g — 1/2)/ curl Ag(x;) - curlzdx Vo € X%(Q,).
w

(4.162)
If v € X%(Q), the extension
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belongs to H(curl, R?) — W(IR®) and therefore it can be chosen as test function in
(4.106). This yields

/ Vo cutl QW - curl dx = (1] — 1) / (curl go(z) +2A2 curl Ap(z)) - curl o dx
£ w

— /\2/ 1 curl u® . curlodx.
Q.

(4.163)
At the same time, v* is also admissible as test function for the first equation in (4.141)
producing

/ Ve curl Q(l) -curlﬁdx+/ le-?dx:iao/ qo(z) -5dx+2)x1/ Ao(z) -odx.
Qs Qg w w

(4.164)
Subtracting first (4.163) and then (4.164) multiplied by & > 0 from (4.162) gives

/ Vo curl(le) — QW —eQW) - curlvdx +i/ (Tws2(Q£1) — QW —eQW) . 7dx
Qe

Q.
—/ eV -vdx = —iao/ szQ(l) -6dx—i¢70/ sSQ(l) -odx
Qg Os\w Qe\w
A / o vdx+100/ (qo(xg)—qo(z))-ﬁdx+2)&1/ e(Ap(xe) — Ag(2)) dx

+(r1 —12) </ (curl go(x) — curl go(z)) 'curlvdx>
w

+2A5(v1 — 1p) </ (curl Ag(xe) — curl Ag(z)) -curlvdx>
w

€

+An (—/ v, curl Ug(l) -curlodx +/ v, curl u® -curlvdx) ,
Q.

which we rewrite as

/ Ve curl(QEl) — QW —eQW) . curlzdx +i/ awsz(le) — QW —eQW) . 7dx

€ QE‘

—/ eV -vdx = O.(v),

€

(4.165)
where @, (v) is a shortcut for the whole right hand side.

We are now in position to apply Lemma 4.3.12 to (4.165) with the choices ®, =

@, € (H(curl, ), | - oeun)®s (we,de) = (QF) — QW —eQW, ¢|n,) and (ge he) =
(we x n,P|r,). It follows

1 _1 .
[welle.cunt < C([Oe || f(cur, ) + €2 l|ell2(r,) + € 2 dive gell12(a

; (4.166)
+e2[[9|l 2,y + |1’[J|H%(FS)),

and it remains to estimate each term on the right hand side of the above equation.
Boundary norms.
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Considering that the couples (UM, Q), (&, 1) and (UM, Q) share the same asymp-
totic behaviour at infinity (see (4.107), (4.69), (4.143), (4.132), (4.144)), we can mimic the
arguments used in the proof of Theorem 4.6.8 to obtain

1 1y 3 1 3
el gell ) + € 2|l divegelliary < Ce27%, e llgllary + 19l ) < Ce? (4167)
Dual norm of ©;. First we make the splitting
0.(v) =0 (v) + 8 (v) + 8 (v) + 8" (v) + 8 (v),
where

oM (v) = —iao/ QW .7dx — iao/ £0W .pdx — A1/ 2ul’ - pdx,
w Q

Qg\w Qs\ S\w

02 (v) = iy /w e(qo(xe) — qo(z)) - Tdx + 20, /w e(Ao(xe) — Ag(2)) dx,

653)(0) = (1 —12) / (curl go(x;) — curl go(z)) - curl o dx

w

+(n — 1/2)2/\2/ (curl Ap(xe) — curl Ap(z)) - curl o dx,

w
®£4)(v) =\ <—/ v, curl Ug(l) ~curl odx —|—/ v cud U -curlvdx> )
Q. Q;

(4.168)
We provide explicit estimates only for the terms that either do not appear or are
different from those in (4.115). By Holder and triangle inequality,

10 (0)] < Cle| QW 2en) + 1D 12 (00100) + €U (11200 19l cunt

< Cleter 4 eUu ) < Ce(1+ U~ UV 12(0) < Celfo|scun

R (4.169)

Here we used Q(V) € L2(IR%), which follows from (4.107), €2|QW |12, \0) < Ces %
which can be obtained with the same argument employed for (4.158), and &, € (0, 1).

As Ay, qo are continuous at x = z (cf. Lemma 4.2.6, Lemma 4.4.1),

0% ()] < Ce||v]lecun- (4.170)
We already know from (4.118), (4.119) that

|@§4)(Z})| < Cel|v|lecunt (4.171)
as well as X

10 (0)| < Cel|v]l. cur (4.172)

provided curl g, curl Ay are Lipschitz continuous in a neighbourhood of z (and this is
guaranteed under the hypothesis J € I/\/l%’s’”(curl, Qc) for some a > 0). Summing up,
it holds

1Oe | (Fr(curt,00), | o) < C&
and this estimate in combination with (4.166), (4.167) concludes the proof.
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Corollary 4.6.11. Inequality (4.161) is equivalent to

5

||qs —4qo0 — 8Q(1) ° Te_l - 82Q(1) ° Ts_l ||H(curl,Q) < Ce2, (4.173)

which can be seen as a second order expansion of q, in H(curl).

Proof. Recalling the definition of le) (4.108) and multiplying by ¢ > 0, we rewrite
(4.161) as

H (qf - ‘]O) oTe— 8Q(1) - EZQ(l) HS,curl < CEZ/

the conclusion follows by an application of (4.49).

4.7 Future research and open problems

As announced in the main introduction, this chapter is still a work in progress as a
standalone scientific work, therefore it’s easy to identify potential improvements. First,
remove Assumption 4.6.6, which means to understand the decay behaviour of the
correctors UV, Q). In addition, deriving complete asymptotic expansions like

UM (x) =RV (x)+0 <| 1‘a> as |x| — oo,

with a > 0 and R (or at least its absolute value) to be explicitly determined, is
needed to define the so-called regular correctors that are in turn required to compute
higher-order derivatives [BGS21; BS21]. In particular, the field R® would appear as
boundary datum in the variational problem defining the regular corrector. The main
difficulty here is that U(!) is characterized by the strong formulation

curl(v, curlUM) + V&= f  inR®
divt™ =0 in R®

where
fo inw, 03
= € L*(R°).
4 {0 in R*\ @ (R
Using the definition of v,, (4.65) and the divergence-free condition, we can restate the
system as

—v AU = -V in R®\ @
{ " g inR\@ (4.174)

—VQAU f() in w,
which has the form of a pseudo-transmlsswn problem (with jump conditions on
the boundary to be precisely determined) for the vector Laplacian. Moreover, V¢ is

supported in the whole space and merely its decay behaviour at infinity is known (cf.
(4.132)), making the derivation of a complete asymptotic quite challenging, even with a
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representation formula involving potentials at hand. Alternatively, taking the curl of
both sides in the first equation in (4.174) one can see that curl UM is vector harmonic
in the exterior domain R® \ @, but this seems too little to derive a complete asymptotic.
Similar considerations hold for Q(l).

The computation of higher order topological derivatives also demands for the intro-
duction and the investigation of new boundary layer corrector equations. For example,
a field U® € W(R®) satisfying (D, denotes the Jacobian matrix with respect to the
variable x)

/3 Ve carl[UP)] - curl G dx = (v1 — 12) / ((Dy curl Ag)(z))x - curlzdx Vo € W(R?)
R w
needs to be introduced and its asymptotic expansion at infinity to be understood. In
this respect, notice that the proof of the decay properties of U(1) relies (see Lemma 4.3.9)
on the right hand side showing a constant vector multiplied by the rotation of the test
function, which is not true in this case.

In [GS21] the authors compute the topological derivative for a quasi-linear magneto-
static problem proposing a projection trick to avoid the usage of fundamental solutions
and potentials, it would be interesting to extend the work of this chapter to a non-linear
low-frequency electromagnetic problem, or the eddy current model.
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Appendix A

Appendix: some results for z € ();

The presentation of Chapter 4 is mainly focused on the case z € Q)c, i.e. when a small
piece of conductor w, = z 4 ew (w is a bounded connected domain which contains the
origin) is removed from the interior of ()¢c. The case z € ()} instead corresponds to the
creation of a small conductor inside the original insulator, and can be also of interest
in applications. The purpose of this section is to shortly show what modifications are
needed to derive all the results for z € ();: we collect the definitions of new correctors
and restate the main results, omitting all the technical details that can be already found
in Chapter 4. Another motivation for keeping the presentation concise is that most
changes boil down to a change of sign. As the existence results (Proposition 4.3.6 for
the perturbed state and Lemma 4.4.1 for the adjoint) are not affected! by the choice of
z, we start from corrector equations, that is roughly from the beginning of Section 4.3.3.

In this case, the material parameters associated with the reference inclusion w read

v xeR*\w =R 0 xe R\ @
U (x) := { 2 \ and Ow(x) := { \
V1T XEw 0 X Ew.

Note that we have
0 < min(vy,v2) < U (x) < max(vy, 1), 0<0u(x) <oy VxeR3
as for v, 0, (see (4.65)).

Lemma A.0.1. Let Ay € XY, be the unique solution of (4.27). The equation
N q q

/3 U cutl[UM] - curl 5dx = — (1 — 1/2)/ curl Ay(z) - curlodx Vo € W(R?)
R

w

(A1)

IWith this sentence we are just stating that the proofs of existence and uniqueness do not change
depending on whether z € Q¢ or z € ), because the material parameters vg, 0, satisfy 0 < vg(x) <
max(vq,1p) and o¢(x) > 0 for all x € Q) in both cases. This doesn’t mean the fields themselves are not
affected, on the contrary, for a given € > 0, A, (and g.) will in general vary along with z.




admits a unique solution (U] € W(IR®). Moreover, there exists a unique divergence-free
representative UV € [UM] N L2(IR®) which satisfies

/3 U carl UV - curl 5dx = —(vg — 1/2)/ curl Ag(z) - curlodx Vo € W(R?), (A2)
R w

and enjoys the asymptotic behaviour at infinity
uMx)| =0 1 as |x| — oo.
|x|?

Proof. The parameter 7, has the same properties as v,, and the right hand side of (A.1)
only differs from (4.67) by a change of sign. The proof is therefore identical to the one
of Lemma 4.3.9. O

Lemma A.0.2. Assume z € Qpand | € I/Vl%’f”(curl,ﬂl) for some & > 0. Let A, be the
solution of (4.64) and Ag the solution of (4.27). There is constant C > 0 independent of € such
that

3
[Ae — Aol| H(cun,0) < Ce2 (A.3)
for sufficiently small values of € > 0.

Proof. We subtract (4.27) from (4.64) to get

/ vecurl(A; — Ap) - curl o dx +i/ 0e(Ae — Ap) - odx
Q Q (A.4)
= —ioyg [ Ag-vdx— (v —1p) / curl Ag - curlodx Vo € Xg,.

We We

Testing with v = A, — Ag € XIQ, in (A.4) gives

/ Vve| curl (A, — Ag)|? dx—l—i/ 0| Ae — Ag|*dx
0 0

= —iO’O AO . (Ag — AO) dx — (1/1 — 1/2) / curl AO - curl (Ag — AO) dx.

We We
The proof now proceeds in the exact same way as in Lemma 4.3.10, since the changes

of sign would not affect the norm estimates. ]

The following result is the counterpart of Lemma 4.3.12 for the case z € Q).

Lemma A.0.3. Let Q. = T. }(Q) and T, = T, (T). Let (ge, he) € Vo(Te) x Hz(T,) and
®. € (H(curl, ), || - ||ecurt)* be defined for sufficiently small values of € > 0. Recall that
Vo(Te) = {v € L4(T,) : divev € L%(T,)}, see (4.57). Assume further that (w, ¢:) €
H(curl, Q) N H(div=0, Q) x H'(Q,) satisfy

/ U, curl w, - curl o dx + i/ Golwe - Tdx + / eV -vdx = (<I>g,v>H(CurLQ€)
e Qe Q.
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forall v € X%(Q), as well as

We XN =g on I,
¢)g = hg on rg.

Then there is a constant C > 0, independent of ¢, such that

ellceun < CCIPellreun oy + e 8ellizqry
e | dive gl + €2 el iz + Vel g3 )
Proof. The parameters 1,,, 0., have the same properties as v,,, 0, in the sense that
0 < min(vy,12) < Uy (x) < max(vy, 1), 0<0u(x) <oy VxR
Hence the proof is carried out as for Lemma 4.3.12. O

Theorem A.0.4. Let Assumption 4.2.1 and Assumption 4.3.13 hold, and z € Q)j. Let l,lg(l)
be defined by (4.73) and UV through Lemma A.0.1. If ] € WO’?’”(curl,QI)for some o > 0,

loc

then there is a constant C > 0 not depending on &€ > 0 for which
||u8(1) - u(l)He,curl S Ce (AS)

for sufficiently small e.

Proof. We observe that

(Ve o Te) (x) = ((vixac, + v2xa\ac,) © Te) (%)
= (Mxacuw, T 2X0\w,) © Te) (%)
= (lew + VZXle(Q)\w)(x) = 17(4}|Qs (x),

In a similar fashion we have (0, o T;) (x) = 0y |0, (¥). Keeping this in mind, the change
of variables x — T,(x) in (A.4) gives the following equation for ng(l):

/ U, curl Ug(l) ~curl odx +i/ Ewezug(l) -odx
o O (A.6)
=— iao/ eAp(xe) -odx — (v — 1p) / (curl Ap)(x¢) - curlodx
w w
forall v € X%(QS).
Next we note that if v € X{,(Q)), then the extension

v in Q)
v = _
0 inR¥\Q:



belongs to W(IR®) and therefore it is a feasible test function for (A.2). This yields

/ U cutlUY - curl 5dx = —(1q — 1/2)/ curl Ag(z) - curl o dx, (A7)

Qe w

so that we can now subtract (A.7) from (A.6) to obtain:

/ Vo curl(Ug(l) —uW). curl 5dx +i/ ?r\wsz(ug(l) —uW).zdx

€

=— iao/ U . gdy — (v — 1n) / (curl Ag(xe) — curl Ap(z)) - curlodx  (A.8)

We now apply Lemma A.0.3 to equation (A.8), with the choices

1)

(we, ¢e) = (U —UM,0),  (ge,he) = (we|r, x n,0)

and ®; equal to the mapping induced by the whole right hand side of (A.8), which we
denote by ®,. On the boundary T’ it holds

§e = We XN = (u§1)—u(1)) xn=—-UY xn

and we stress that g, belongs to V;(I;) since U is harmonic in the exterior of w (see
(A.2)). Therefore by Lemma 4.3.12 the following inequality holds true:

o 1
eellecurt < CI el r(eurn,y + €2 IUD % nll 2y + 72| dive (U x 1)l 2(r,))
= C(®ellmeuron): + €2 UV | 2r,y + €2 curl U - n| 2 )
= C(|| el tr(eun,r) +e2 UT HLzrerS 2 curt UV|| 2, ).

Comparing (A.8) and (4.84) and considering that the decay behaviour of U") does not
change if z € )y (cf. Lemma A.0.1 and Lemma 4.3.9), the proof now follows the exact
same lines of the one of Theorem 4.3.14. O

Next we focus on the averaged adjoint equation.

Lemma A.0.5. Assume z € Qrand | € wY 3+”‘(curl, Q) for some a > 0. Let q,, qo denote

loc

the solution to (4.95) respectively for e > 0 and € = 0. There is a constant C > 0 not depending
on & such that

3
lge — qOHH(curl,Q) < Ce2 (A9)

for sufficiently small & > 0.

131



A. APPENDIX: SOME RESULTS FOR z € ()

132

Proof. We subtract (4.96) from (4.95), this yields:

/ ve curl(qe — qo) - curl o dx +i/ e(qe — qo) - v dx
o) Q

90 ~5dx—zx1/ (Ae — Ap) -odx

=—(1rn — 1) / curl q¢ - curl o dx — iop
We QC,S

We

+ 21 Ay -odx — ocz/ vecurl(A; — Ap) - curl o dx
o)

We

— 205 (V1 — 1p) / curl Ag - curlodx Vo € X3 (Q).
We

(A.10)
Next we test (A.10) with v = g, — qo. Exploiting the continuity of Ay, qo and of
curl Ay, curl g (Lemma 4.4.1, Lemma 4.2.6) and what we already know on the scaling
behaviour of ||A; — Ao || g (cur) from (A.3), we can mimic the estimates performed in the
proof of Lemma 4.3.10. O

Lemma A.0.6. Let UY) be defined through Lemma A.0.1. There exists a unique solution
[QM] € W(RY) to

/3 U curl[QW] - curl Tdx = — (v — 1) / (curl go(z) + 2ap curl Ap(z)) - curl o dx
R

w

- (xz/3 TocurlUY - curlzdx Vo € W(R).
R

Moreover, there is a unique divergence-free representative Q1) € [Q] N S (the space S is
defined in (4.70)) that satisfies

/3 U curl QW - curl 5dx = — (11 — 12) / (curl go(z) + 2ap curl Ag(z)) - curl o dx
R

— a2/3 ToculUY - curlzdx Vo € W(R®)
R
(A.11)
and enjoys the decay behaviour at infinity

QW ()| =0 (,ﬂ) as [x] oo (A12)

Proof. We omit the proof as it is almost identical to the one of Lemma 4.4.4. In particular,
note that 7, is strictly positive in R® like v,, and that the right hand sides of (A.11) and
(4.128) only differ by a sign (and the fact that U(!) is technically different as it is now
given by (A.7)). O

Theorem A.0.7. Let Assumption 4.2.1 and Assumption 4.3.13 hold and assume z € Q). Let

o be given by (4.108) and Q) be defined via (A.11). If J € W2 ™ (curl, Q) (x > 0),
there exists a constant C > 0 not depending on e such that

||Q£1) - Q(l)HE,curl S Ce (A13)
for sufficiently small ¢ > 0.



Proof. Changing variables in (A.10) gives the following equation for le):

/ 7,y curl Q" -Curlﬁderi/ £5,Q" - vdx

€ €

—(1n — 1/2)/ curl go(x,) - curlodx — iao/ eqo(xe) -odx — (xl/ SZUE(U -odx
w w

Q\w

+ 21x1/ eAp(xe) -odx — ocz/ v, curl Ug(l) ~curl odx
w @)

€

—20p(vp — 1/2)/ curl Ag(x;) -curlzdx Vo € X% (Q).
w

(A.14)
As v € X%(Q)), the extension

. v in ()
v* = _
0 inR3\Q
belongs to H(curl, R?) — W(R®) and therefore it can be chosen as test function in
(4.106). This yields

/ U cutl QW - curl5dx = — (v — 1p) / (curl go(z) + 2ap curl Ap(z)) - curl o dx

e w

- ocz/ U curl UV - curl 3 dx.

€

(A.15)
Subtracting (A.15) from (A.14) yields
/ Ve curl(le) — QW) . curl 5dx +i/Q cATwsz(le) - QW) .5dx
= —iao/wszQ(l) -odx — ucl/ » 2u) - vdx — iao/wsqo(xg) -odx
+ 2&1/ eAp(xe) -odx — (v — 1p) /w(curl go(xe) —curlgo(z)) - curlodx  (A.16)

—205(11 — 12 / curl Ap(x:) — curl Ap(z)) - curlodx

w

€

+ ap (—/ v, curl LIE( ). curl 7 dx + / U cud UMW curlvdx) .
JO,

Next we apply Lemma A.0.3 to (A.16) with the choices ®, = O, € (H(curl, Q.), || -

le,curl)®s (We, Pe) = (le) —QW,0) and (g, he) = (we x 1,0), where @ is a shortcut
for the whole right hand side of (A.16).

The proof now follows the exact same lines as the one of Theorem 4.4.5, since the

asymptotic decay of U") and Q) doesn’t change depending on z € Q; or z € QOc.

Additionally, | € W%C3+“(curl Q);) guarantees that Ay, qo, curl Ay, curl qo are locally
Lipschitz continuous in a neighbourhood of z € (), as shown in Lemma 4.2.6 and
Lemma 4.4.1. ]
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