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WHEN I HEARD THE LEARN’'D ASTRONOMER,

When the proofs, the figures, were ranged in columns be-
fore me,

When I was shown the charts and diagrams, to add, di-
vide, and measure them,

When [ sitting heard the astronomer where he lectured
with much applause in the lecture-room,

How soon unaccountable I became tired and sick,

Till rising and gliding out I wander’d off by myself,

In the mystical moist night-air, and from time to time,

Look’d up in perfect silence at the stars.

— Walt Whitman






ABSTRACT

This work handles inverse scattering problems for both acoustic and
electromagnetic waves. That is to reconstruct the irradiated media
from measurements of the scattered fields by regularization methods.
As a particular feature, the contrasts of the scattering objects are as-
sumed to be supported within a small region, hence called sparse. To
apply sparsity regularization schemes it becomes crucial to model the
problems in Banach spaces. Traditionally, they are given in a Hilbert
space setting, such that reformulation in an LP-sense becomes a key
point. Contrasts are linked to the data by forward operators, basing
on beforehand stated solution operators and their continuity proper-
ties. Thereby, appropriate regularization techniques providing spar-
sity are given.

As the case of scalar-valued contrast functions is already covered
in the literature, mainly inverse scattering problems for anisotropic
media are shown. In the case where electromagnetic waves are con-
sidered, a distinction is made between magnetic and non-magnetic
media, since the latter is less complex. Finally, the case of inverse
acoustic backscattering is handled, which is rarely seen in literature.

ZUSAMMENFASSUNG

Diese Arbeit behandelt inverse Streuprobleme fiir akustische und
elektromagnetische Wellen, also die Objektrekonstruktion aus Mes-
sungen gestreuter Felder mit Hilfe sogenannter Regularisierungsme-
thoden. Dabei wird angenommen, dass die Kontraste der bestrahlten
Medien einen verhaltnismaflig kleinen Tréger haben, d. h. sparse sind.
Um sparsity-erhaltende Regularisierungsmethoden anzuwenden, ist
es erforderlich das zugrundeliegende Problem in Banach Rdumen zu
modellieren. Ublicherweise sind diese in Hilbert Raumen gegeben, so-
dass der neuen Darstellung im LP-Sinn eine Schliisselrolle zukommt.
Kontraste und Daten werden dann durch Vorwértsoperatoren mitein-
ander verkniipft, die auf Losungsoperatoren und deren Stetigkeitsei-
genschaften basieren. Das erlaubt passende sparsity-erhaltende Regu-
larisierungstechniken zu formulieren.

Da der Fall skalarwertiger Kontraste schon in der Literatur behan-
delt wurde, werden hauptséachlich inverse Streuprobleme an aniso-
tropen Medien betrachtet. Im Fall elektromagnetischer Wellen wird
dabei zwischen magnetischen und nicht-magnetischen Medien unter-
schieden, da der letzte Fall weniger technisch ist. Abschliefiend wird
der in der Literatur schwer aufzufindende Fall akustischer Riickstreu-
ung untersucht.
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PUBLICATIONS

Note that the ideas and figures of Chapter 3, concerning regulariza-
tion techniques for anisotropic acoustic scattering, have been submit-
ted December 2015 and published previously in [LR17] (after revision
in September 2016). Likewise, the concepts for electromagnetic scat-
tering on non-magnetic anisotropic media, shown in Chapter 4, have
been submitted for publication recently, see [Ren16].

[LR17]  A. LEcHLEITER AND M. RENNOCH. “Non-linear Tikho-
nov regularization in Banach spaces for inverse scatter-
ing from anisotropic penetrable media.” In: Inverse Probl.
Imaging 11.1 (2017), pp. 151-176.

[Ren16] M. RENNOCH. “Non-linear Tikhonov regularization in Ba-
nach spaces for inverse electromagnetic scattering from
anisotropic penetrable non-magnetic media.” Submitted.
2016.
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How sad,

to think I will end
as only

a pale green mist

drifting the far fields.

— Ono no Komachi
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WHAT IS AT ISSUE?

What if a planet does not behave in the way it should do? Question
the validity of observations? Disregard the underlying theory since it
causes false predictions? As confusing this problem may be, as simple
appears the solution: consider a lack of information.

At the beginning of the 19th century Kepler’s laws of planetary
motion, derived from Newton’s law of universal gravitation, were
used to calculate the orbit and the movement of Uranus, the farther-
most known planet of the solar system. But surprisingly the mathe-
matically derived forecast did not match the observation made. Put
crudely, Uranus did not behave as expected, although disturbances
caused by its neighbors Jupiter and Saturn were taken into account.
As the assumption of existence of another planet would explain the
discrepancy, the French mathematician U. Le Verrier accurately calcu-
lated its hypothetical position from given observations. By that, the
predicted object, nowadays known as Neptune, was observed.

Yet we have seen a famous example of a so-called inverse problem,
which means, roughly speaking, to determine the cause of an ob-
served effect. More explicit, the best possible reconstruction of a miss-
ing information is used either to identify the source of observed ef-
fects (respectively their cause) or to determine the value of unknown
model parameters. Throughout this thesis we are going to handle
the latter, so-called parameter identification problems. Therefore, the
abstract definition of a mathematical problem is given by a mapping

A: X =Y,

for a forward operator A modeling the relation between a set of
causes or parameters X and a set of observations or data Y. Thus,
calculation of observable effects Ax € Y from unknown values x € X
is referred to a direct problem. However, the inverse problem is to
determine x € X from given y € Y, such that Ax =y holds.

Typically inverse problems are ill-posed in the sense of Hadamard.
That is, either existence of solution of Ax = y is not given for all
y € Y, or the solution is not unique or the solution x does not depend
continuously on the data y. Usually the latter causes the ill-posedness,
since the other ones normally can be avoided by enlarging the solu-
tion space or by considering further properties of the model respec-
tively. But if the solution is not stable due to perturbed data, addi-
tional information about the solution is necessary to achieve useful
results (see, e.g., Kirsch [Kir11]).



WHAT IS AT ISSUE?

HISTORICAL BACKGROUND Bearing in mind the little story about
Neptune’s discovery, told at the chapter’s beginning, it may not sur-
prise that the first result on mathematically rigorously described in-
verse problems was obtained by the Armenian mathematician and
astronomer V. A. Ambartsumian. He devoted his early works to in-
vestigations of the theory of eigenvalues of differential equations and
in 1929 published the first result for the inverse Sturm-Liouville prob-
lem, consisting in the reconstruction of a potential q € L2(0,7) such
that

—y" () +aq(x)y(x) =ry(x), x€0n,  y'(0)=y'(n)=0.

If q is identical to zero almost everywhere on (0, 7t), the eigenvalues
An are of the form nZ, n > 0. But due to Ambartsumian’s theorem
the converse also holds (see, e.g., [Kab12, Theorem 6.2.1]). In 1946 the
Swedish mathematician Borg showed that in general a single spec-
trum is not sufficient to determine the potential uniquely, but that
uniqueness holds if an additional set of eigenvalues corresponding
to a different boundary condition is given (see, e.g., [Kab12, Theo-
rem 6.2.2]). We will see this kind of uniqueness result in Theorem 2.13
in Section 2.4. However, it was not until Levinson simplified Borg’s
proof in 1949, thus many years after the first results of Ambartsumian,
that the importance of his discovery to scattering theory was realized
(see, e.g., Sections 6.4 and 6.5 in the book of Kabanikhin [Kab12]).

From the applications’ point of view the significance of inverse
scattering problems was quickly realized during World War 11, when
radar and sonar were invented, trying to determine the distance of an
object by the use of electromagnetic and acoustic waves. But whereas
determining the location of a target is kind of straightforward, the
problem of identification is ill-posed. As indicated above, that is, the
solution of the modeled problem does not depend continuously on
the measured data and is therefore way more difficult to handle. Thus,
it was not until the Russian mathematician A. N. Tikhonov and his
Western pendant K. Miller established their mathematical theories on
solving ill-posed problems in the 1970s, that prepared the ground
for the invention of synthetic aperture radar (saRr), marking the first
successful application in object identification using electromagnetic
waves [Colo3]. Subsequently theoretical and numerical improvements
consolidated the position of inverse scattering in physics and me-
chanics, like, e.g., acoustics, spectroscopy, geophysics, oceanography,
and biomedical engineering. Therefore, the theory of inverse scatter-
ing has become an inherent part of daily life, for example electri-
cal impedance tomography (E1T) or ultrasonics. Consequently, in-
verse scattering problems have become the most popular and well-
studied amongst ill-posed problems (for a survey introduction see,
e.g., [CK13]).
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AT PRESENT This thesis is motivated by establishing reconstruc-
tion schemes for inverse scattering problems at so-called sparse me-
dia, roughly speaking relatively small objects that is. The required
mathematical ideas are inspired by known techniques for solving in-
verse problems with sparsity constraints and for this reason base on
regularization methods, which is primarily the minimization of Tik-
honov functionals as briefly sketched in Section 2.1.

To acquaint us with the concept of sparsity, we have a more de-
tailed glance at this terminology in Section 2.2. Hence, we see how
regularization methods takes sparsity into account and why Banach
spaces, especially LP-spaces, play a major role. Initially, the presented
ideas are influenced by linear inverse problems of image processing
and became most famous by the work of Daubechies, Defrise, and
De Mol [DDDoy4], inspiring a whole community in a short time. It
consequently entailed a bunch of expanding results [BTog; LST11],
as well as extensions to non-linearity [GHSo08] and varied penalties
[BBog; RZo9] as for discrepancies in Banach spaces [Bon+08; Sch+12].
Note that the mentioned references are just few examples out of a
well-filled pool of publications, in which especially vast results re-
late to topics of image processing, e.g., [Sch+og; Stri4]. Nonetheless
the field of applications expands, see, e.g., [KSSog; Dah+12; JM12a].
For example an extensive survey on parameter identification prob-
lems concerning partial differential equations is provided by Jin and
Maass [JM12b].

However, sparse regularization techniques in inverse scattering the-
ory are highly underrepresented. Thus inspired, Lechleiter, Kazimier-
ski, and Karamehmedovi¢ [LKK13] presented so-called Tikhonov and
soft-shrinkage regularization methods for non-linear inverse medium
scattering problems with sparsity-promoting penalty terms. The moti-
vation of their work is justified by the assumption that the contrast of
the medium is supported within a small region. As mentioned, mod-
eling the problem in Banach spaces is a crucial basis for the use of
sparsity regularization schemes. Since the analyzed scattering prob-
lems are traditionally given in a Hilbert space setting, reformulating
them in an LP-space setting becomes a key point. To achieve that, we
intend in this thesis to transfer ideas of [LKK13] to different models
of inverse scattering problems. That’s why we see a sketched outline
of their results in Section 2.3. In that context, the uniqueness result
presented in Section 2.4 can be seen as an addendum, which over-
comes a limitation in [LKK13], originating in the authors passion for
simplicity.

In the subsequent chapters we have a glance at different scattering
problems, which we are going to transfer in a Banach space setting. To
begin with, we study the scattering of acoustic waves from anisotro-
pic penetrable sparse media with matrix-valued material parameter
in Chapter 3. In fact, these results are already published in [LR17].

3
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In Chapter 4 we likewise handle inhomogeneous anisotropic objects
with matrix-valued material parameter, but this time illuminated by
electromagnetic waves. For this purpose we assume that the scatterer
is non-magnetic, since this avoids technical complications occurring
by direct transference of the beforehand derived methods. Once more
these results are submitted for publication in [Ren16]. The mentioned
difficulties arising from magnetic media are thereafter outlined in
Chapter 5, where we show similarities and differences between the
two cases. A slightly different idea is finally presented in Chapter 6,
in which the problem consists of reconstructing a scalar-valued con-
trast function from observations, only measured in the incident direc-
tion. This model is commonly known as backscattering and enables
us to rely more on the ideas of [LKK13] than the settings handled
before.

NUMERICAL ANALYSIS Similar to the work of Lechleiter, Kaz-
imierski, and Karamehmedovié¢ [LKK13] this thesis is heavily based
on the theoretical aspects of the studied problems. Consequently, no
proper numerical analysis of the reconstruction methods used in Sec-
tion 3.7 is given.

Therefore, we refer to the work of Biirgel, Kazimierski, and Lech-
leiter [BKL17], in which the authors present a computational frame-
work for the scalar inverse medium scattering problem, outlined in
Section 2.3. Basically, they transfer the problem of reconstruction into
a minimization problem for Tikhonov functionals, cf. (2.3). Addition-
ally, different kinds of penalty terms are supported, like sparsity or to-
tal variation. Matching our principle approach, the used algorithm ex-
ploits Fréchet differentiability of the forward operator. Unfortunately,
handling multiple penalties goes beyond the capabilities of iterated
shrinkage schemes, used in [LKK13] as well as in Section 3.7. For that
reason, the authors adjust the concept of primal-dual algorithms to
their setting. Kindly, all numerical examples of that paper were made
available in a kind of Matlab® toolbox, containing the solver for the
direct scattering problem as well as the framework for both inversion
methods, i.e., the primal-dual algorithm and the soft-shrinkage itera-
tion.

Because of that, to put it crudely, the numerics shown in Section 3.7
rely on that framework, which we adapted to our problem. Therefore,
in principle, two changes had to be made: first, the solver of the direct
problem was extended as it is originally limited to the scalar problem
of [LKK13]. Second, the adjoint of the forward operator’s lineariza-
tion needed to be calculated and implemented, see Section 3.8.

Thus, in Section 3.7 itself, there is a description of how the al-
gorithms are used explicitly for the problem handled in Chapter 3.
However, for a detailed portrayal of the discretized framework we
refer to [BKL17].
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NEW CONTRIBUTIONS As mentioned beforehand, the handled
scattering problems are traditionally given in Hilbert space settings,
whereas a Banach space setting would be appropriate. Hence, at first,
we state the scattering models in an LP-setting for the acoustic cases,
or at least L™ for the electromagnetic cases. As this results in weak
formulations, we gain corresponding solution operators for which we
prove continuity and differentiability results. Afterwards, to model
the inverse problem, we construct forward operators from the solu-
tion operators and transfer the beforehand shown properties. This al-
lows us to show that assumptions of already existing Tikhonov regu-
larization results are satisfied. Relying on those, we construct sparsity-
promoting penalties via wavelets or total variation approaches to gain
statements on sparsity regularization.

By and large, this procedure is done for anisotropic acoustic and
electromagnetic scattering problems. Only the case of acoustic back-
scattering relies more on a volume potential approach as seen in
[LKK13] due to the simpler Helmholtz model. However, the way of
showing continuity and differentiability properties as well as regular-
ization results orientates on the techniques established in the cases
before.

Since numerical calculations exploit the computational framework
for scalar acoustic scattering problems from [BKL17], at least adjust-
ments of the solver of the direct problem as well as of the forward
operator’s linearization had to be made. By that, synthetic examples
for scalar isotropic contrast functions complement the analysis of the
anisotropic acoustic scattering problem. Note that as the framework
does not handle electromagnetic problems properly, numerical exam-
ples for these cases remain.

In conclusion, by combining scattering theory with regularization
techniques originally designed for image processing this thesis pro-
vides a first approach of how to reconstruct sparse media from noisy
measurements concerning various scattering problems.






FUNDAMENTAL TERMS AND IDEAS

The mathematical ideas to establish regularization methods for in-
verse scattering problems used throughout this thesis are presented in
this chapter. Readers familiar with regularization methods to solve in-
verse ill-posed problems and, probably, with the terminology of spar-
sity and how this affects the solution schemes, may skip Sections 2.1
and 2.2.

Since we are ultimately interested in non-linear inverse medium
scattering problems, Section 2.3 provides an existing approach from
Lechleiter, Kazimierski, and Karamehmedovi¢ [LKK13] handling a
scalar acoustic scattering problem. Finally, results of their work is
supplemented by showing a uniqueness result for a broader range of
contrast functions in Section 2.4.

2.1 CONCEPTS OF SOLVING ILL-POSED PROBLEMS

By and large the theory of inversion methods provides diverse math-
ematical techniques to gain useful information of a problem from
imperfect data, based on deductions from observations. In view of
the impreciseness of the data, the techniques provide numerous solu-
tions concerning the given uncertainties. Out of them the appropriate
ones are chosen according to additional assumptions, like physical
plausibility as for example in the algorithm of Biirgel, Kazimierski,
and Lechleiter [BKL17]. The a-priori information used in this thesis
will be clarified in Section 2.2.

One option to investigate inverse ill-posed problems bases on func-
tional analysis, trying to make the problem well-posed by changing
the space of the variables or its corresponding topology. Another ap-
proach takes the existing uncertainties into account by considering all
variables to be random. Corresponding methods, for example Monte
Carlo Methods, therefore aim for the related probability density func-
tion, see, e.g., the book of Tarantola [Taros].

REGULARIZATION METHODS A third way to solve ill-posed prob-
lems follows the path paved by A. N. Tikhonov as well as his col-
leagues V. Badeva and V. A. Morozov. Throughout this thesis we will
rely on these so-called regularization methods, which provide solu-
tions approximating the exact solution (supposing it exists). There-
fore, one constructs a framework concerning the additional a-priori
information.



FUNDAMENTAL TERMS AND IDEAS

For a more detailed explanation we rely, to some extent, on the
introduction of chapter 6 of the book on mathematical image process-
ing of Bredies and Lorenz [BL11]. Therefore, remind that an inverse
problem can be modeled by an operator equation, i.e., for giveny € Y
we seek the solution to Ax =1y for a corresponding model A: X — Y
and the Banach spaces X and Y. Note that A is often chosen to be
an integral operator where its kernel is linked to the data. Because
of perturbed measurements or miscellaneous errors in most applica-
tions we do not have access to exact data yf, since the given data is
typically perturbed by some noise, which for example could be ad-
ditive, multiplicative or Poisson (also called Salt-and-Pepper noise).
Throughout this thesis we implicitly assume to have additive noise,
i.e., we work with data yé = yT + 9, compromised by some noise level
5. Put crudely, the mathematical task of solving the inverse problem
is to minimize the mismatch between noisy measurements y° and ap-
proximations of the exact solution xt of Axt = yT. Thus, solving an
inverse problem becomes a little bit tricky.

To obtain such “minimizing approximations” we would like to be
able to distinguish between solutions and noise using their local prop-
erties. For instance, one assumes that the searched-for solution x'
(perhaps a picture in image processing tasks or a contrast function in
an inverse scattering problem) is a structured object, i.e., one can de-
rive local characteristics of x'. In contrast we suppose that the noise
does not have such a structure. To quantify how well these assump-
tions fit into the underlying model, we rely on two functionals. The
obvious one is the discrepancy @, depending on the noise and indicat-
ing for every solution x € X the mismatch between y° and A x. Intu-
itively, its minimization implies better approximations of the exact so-
lution. However, solely minimizing the discrepancy causes numerical
instabilities, as the model does not favor unconstrained output (see,
e.g., [DDDog, Section 1.2]). Thus, one has to regularize the inverse
problem, i.e., avoiding instable results by incorporate a-priori knowl-
edge about the solution. Therefore, one adds a so-called penalty term
R, a stabilizing functional rating how well a solution x satisfies the
a-priori stated properties.

Both functionals are designed to have a decreasing behavior if their
arguments match well with the stated properties and vice versa. Con-
sequently, a quantification of fulfillment of the stated requirements
for every x, and therefore implicitly for every noise level § =y® —yT,
is given by

B (x) = O(AX, ) + aR(x). (2.1)

The additional weight & > 0 emphasizes how much the a-priori
known properties of the solution are taken into account. Due to the
behaviors of ® and R, we prefer the solution which minimizes the
functional J4 5. The existence and even the uniqueness of such a so-
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lution under appropriate assumptions can be guaranteed by a result
from convex analysis (see, e.g., [BL11, Satz 6.31]):

THEOREM 2.1. Let X be a reflexive Banach space and J: X — R U {oo} a
convex, lower semicontinuous, and coercive functional. Then there exists a
solution in X of the minimization

argmin J(x).
xeX

If 3 is strictly convex, then the solution is unique.

FORWARD OPERATOR Note that the functional J«s in (2.1) de-
pends on the model of the analyzed problem, therein portrayed by a
linear map A. Unfortunately, a lot of inverse problems are not covered
by such a mapping, since either the forward operator is simply non-
linear or corresponding solutions has to be found in domains which
structure conflicts with the linear setting. Even though the underlying
problem is linear, the forward operator can be non-linear. This typi-
cally holds for parameter identification problems concerning partial
differential equations, on which the regularization techniques for in-
verse scattering problems presented in this work rely. For that reason
we now see in a rough outline, following an approach provided by
Jin and Maass [JM12b], how such a forward operator can be achieved.
As we have seen, mathematical problems which are subjects of dis-
cussion in this thesis can be modeled by an operator equation. Thus,
let A(x): Y — Z be a differential operator depending on a parame-
ter x. Therefore, one aims to determine x from measurements of y,

satisfying
A(x)y =z onadomain Q (2.2)

and some appropriate boundary conditions on 9Q). Note that we in-
corporate the right-hand side of the boundary condition with z, such
that by sloppy notation we write down the differential equation as in
(2.2). This differential equation is then said to be solved by the solu-
tion operator L(x,z) =y. If A(x) is linear, theny = L(x,z) = Ax) 'z

Since A(x) for a fixed parameter x maps a function y on the right-
hand side z, there is the operator valued mapping

A: X—={Y—=Z}, x— Ax).

We emphasize that the choices of the function spaces X, Y, and Z play
a significant role in determining the analytic properties of A(x) and
of the associated parameter-to-state map, given for fixed z by

F=F()z: X—=Y, x—L(x,z)=uy.

Note that J is non-linear even for linear differential operators A(x).
Throughout this thesis F, or rather F(-)z, will mainly be called for-
ward operator and is used to model the inverse problem.
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Consequently, the analysis of the presented inverse problems rests
on the analysis of the corresponding forward operators. Because of
their construction, the analytic discussion of the solution operators
will be the basis for all presented examples.

TIKHONOV REGULARIZATION Now we adjust the functional de-
fined in (2.1), commonly known by the Russian mathematician A. N.
Tikhonov, to the kind of beforehand derived non-linear forward ope-
rators

F:DIF)CX=Y

on infinite dimensional reflexive Banach spaces X and Y, such that
D(F) is a convex and closed subset of X. Of course, also non-linear
inverse problems can be ill-posed in a sense that is analogous to
Hadamard’s: violation of his third principle, solution’s continuous
dependence on data that is, transfers to so-called local ill-posedness,
see, e.g., [Sch+12, Definition 3.15]. This means at a point xo € D(J),
such that F(xp) =y for a y in the intersection of Y with the range of 7,
there exists a sequence {xnnen C Be(xo) N D(F) for arbitrarily small
radii € > 0, such that F(xn) — F(xp) in Y as n — oo, but x, 4 xo in
X.

Note that we assume to have some data y® such that ||y® —y|ly <6
for y in the range of J and a noise level 5. Because of that, we like
to approximate the minimum of the set of solutions, that is, {x €
X, F(x) = y}. Such minimum is subsequently referred to as penalty
minimizing solution:

DEFINITION 2.2 (R-minimizing solution). We call x* € D(F) C X a
R-minimizing solution if

F(x*) =y and R(x*)=min {R(x), F(x) =y, x € D(F)}.

Further we assume that the discrepancy as well as the added con-
vex penalty term are determined by Banach space norms, such that a
regularized solution is given as the minimizer of

argmin Ju5(x) = %Hfr’(x) —yP|I¥ + aR(x), (2.3)
xeX
where « > 0 is called regularization parameter. If an estimate of the
noise is known, « can be chosen appropriately [DDDog, Section 1.2].
That means it depends somehow on the noise level §, such that the
mismatch of approximations tends to zero for 6 — 0.
One can show existence, stability, and convergence of regularized
solutions of (2.3) under certain conditions, depending mostly on the
forward operator, the function spaces, and the penalty term.

THEOREM 2.3 (Existence). Assume that the above introduced forward op-
erator F: D(F) C X — Y is continuous and weakly sequentially closed.
Further assume that the penalty R: X — R4 is a proper convex functional
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with D(F)ND(R) # 0 and is weakly lower semicontinuous with weakly
sequentially pre-compact level sets. Then for all o > 0 and y® € Y there
exists a minimizer of (2.3).

THEOREM 2.4 (Stability). Under the assumptions of Theorem 2.3, the min-
imizers of (2.3) are stable with respect to the data y®. That means for a data
sequence {y> }nen converging to y® with respect to the norm-topology of Y,
every corresponding sequence {XnneN of minimizers of (2.3), has a subse-
quence {xn, }JxeN that converges in the weak topology of X to a minimizer x
of (2.3). In addition, R(xn, ) = R(x) as k — oo.

THEOREM 2.5 (Convergence). Under the assumptions of Theorem 2.3, as-
sume that a R-minimizing solution exists. Let {0nneN be a non-negative
sequence of noise levels decreasing to zero and assume that {y®nlnen C Y
satisfies ||y —y® || < &n. For an a-priori parameter choice &, == &(8,,) > 0

such that q

on — 0 and 6—“ as 6n — 0.
Xn

Then any sequence of minimizers xn of J«, 5, has a weakly convergent
subsequence, converging to R-minimizing solutions.

Remark 2.6. The same or similar results can be found proved in differ-
ent textbooks or articles, see, e.g., Propositions 4.1 and 4.2 as well as
Corollary 4.6 in the textbook of Schuster et al. [Sch+12], or rather The-
orems 3.1 and 3.3 in the survey of Jin and Maass [JM12b]. Sometimes
assumptions vary a little, for example the weakly sequentially closed-
ness of J can be replaced by stronger conditions, e.g., by weak-weak
continuity. Throughout this thesis we profit from that variability ac-
cording to the actual problem. Thus, versions appropriate to treated
problems are referenced at the corresponding parts.

2.2 TERMINOLOGY OF SPARSE SCATTERING OBJECTS

Relying on the minimization of a Tikhonov functional J as in (2.3) to
solve a corresponding inverse problem, one classically assumes that
the quantification of the noise 6 can be measured in the L2-norm (see,
e.g., [BDV78]). Thus, if & is a function on the domain Q, one has
Y = L?(Q). In addition, X is typically supposed to be a subspace of a
Hilbert space. Hence, R is chosen to be the pth power of the Hilbert
space norm. Obviously, one is tempted to exploit the provided scalar
products and, consequently, chooses both norms to be squared, that is
p = q = 2 [Sch+09, Section 3.1]. Of course this is not always an appro-
priate choice, since such penalties result in overly smoothed minimiz-
ers. For example, methods in image processing fall back on squared
H'-seminorms, using weak gradients to penalize the pointwise noise
(see, e.g., [BL11, Beispiel 6.1]). Unfortunately, denoising is then cou-
pled with a loss of sharpness as this minimization scheme is similar
to a linear filter. Because of that another approach “takes away” the

11
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squares [Osh+os; CKP98; AVog4]. This results in the seminorm corre-
sponding to the space of functions with bounded variation, simply
known as total variation; we refer to Definition 4.17 for a rigorous
definition. For a proper introduction to so-called TV-regularization
methods see, e.g., the survey of Burger and Osher [BO13].

SPARSITY In fact there are a lot of applications preferring highly
localized approximations of their solution. Therefore, for example,
techniques of inverse parameter identification problems in material
mechanics are proposed for non-destructive material testing. Since
this includes characterizing the intactness of a machine-made compo-
nent, it is, roughly speaking, about detection of non-obvious cracks,
bumps or the like. It is further about identification of singularities
and physical material parameters.

Consequently, one can legitimately assume that the samples tested
contain objects, e.g., the cracks, which are very small compared to its
surrounding media, in fact the manufactured item. Mathematically,
the contrast of such an object is described by few non-zero coefficients
for a chosen basis and is commonly called sparse, see, e.g., [DDDoy4;
JM12b]: Assume that {@n}nen forms an orthonormal basis in X. If
the searched-for parameter x' is supposed to be sparse, then it can be
represented by a finite number of basis functions {@;}ic1 with finite
index set I. One distinguishes then between exact sparsity, that is xT =
> ic1 Xi®i, and approximated sparsity, which means for a predefined
tolerance that

Ixf— > xi@i]x < TOL.
iel

Throughout this thesis, our numerical examples rely on synthetic ob-
jects, which are supported within a small subdomain of a known
search domain. Examples of such constructed sparse scatterers are
shown in Figure 2.1. We emphasize that although the examples only
show objects with the same properties at every point, it is admissible
and highly reasonable to suppose structures with irregularities, i.e.,
inhomogeneous media.

*

Figure 2.1: Examples of synthetic localized structures.
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ADAPTING PENALTIES In this thesis we rely on the concept of Tik-
honov regularization, which means minimizing a functional consist-
ing of the discrepancy and an added penalty term, as seen in Sec-
tion 2.1. For our purpose the penalty is supposed to incorporate a
sparse representation of the solution. The perhaps most famous re-
sults for solving (linear) inverse problems with sparsity constraints
were given by Daubechies, Defrise, and De Mol [DDDog].

As mentioned, the concept of sparsity, and, therefore, the choice
of the penalty term, is linked to the chosen orthonormal basis. For
example the object is assumed to be sparse in the Fourier domain,
ie., x! has only a few nonzero Fourier components. Consequently,
one would choose a Fourier basis. Another example requires singular
value decomposition (svD) expansions, e.g., if operators can be diag-
onalized in an analytic way or fairly small-scale problems are to be
solved. Sometimes significant aspects of xI correspond to the small-
est singular values. This can be problematic since the penalization in
linear regularization methods discards those values. In such cases it
may be useful to replace basis functions by singular vectors [DDDo4].

In some instances objects are sparse in the original domain, which
also holds for the scattering problems handled in this thesis. Such ob-
jects are modeled in a pixel basis, the characteristic functions of pixels
that is. Inverse problems discretized in a pixel space then are regular-
ized using LP-norms (or rather {P-norms in a finite-dimensional situ-
ation) as penalty, 1 < p < 2. In general one uses weighted {P-norms.
More precisely, for an orthonormal basis {¢n }nen and a sequence of
strictly positive weights w = {wn }nenN, the penalty term is defined as

pr(X) = Z wn\<x, (Pn>|p- (24)
nelN

Note that this corresponds to the penalty in (2.3) for a Banach space
X equipped with the weighted {P-norm.

Now let the weights equal a fixed constant and observe the penal-
ties R, with p decreasing from 2 to 1. Notice that while the ex-
ponent decreases, parameters x with “small” coefficients for which
|(x, on)| < 1 are more penalized than parameters with “large coeffi-
cients”, i.e., with [(x, n )| > 1. In other words, in a range of small val-
ues the quadratic function is smaller than the absolute value function
(Figure 2.2 provides a plot of both functions). So to say, for ¢' there
is less penalty on functions with large but few components (with re-
spect to the chosen basis), whereas {? favors sums of many small
components. Further remember that results on Tikhonov regulariza-
tion in Section 2.1 base on convex functionals J. Since (P is strictly
convex for 1 < p < oo and at least convex for p = 1, one restricts
themselves mostly to p > 1, although some applications rely on expo-
nents p between zero and one. Therefore, p € [1,2) promotes sparsity
properties of xT with respect to the basis functions.

13
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Finally we emphasize that Tikhonov regularization with £'-penalty
yields sparse minimizers, although the true solution is not sparse, see,
e.g., [Sch+12, Section 1.5]. Thus, a-priori knowledge of the searched-
for object becomes crucial.

Figure 2.2: Plot of a quadratic function (solid line) as well as the absolute
value function (dashed line).

2.3 REGULARIZATION TECHNIQUES PROVIDING SPARSITY FOR
INVERSE MEDIUM SCATTERING

As mentioned before, Tikhonov regularization schemes with sparsity-
promoting penalties found their way into the theory of inverse prob-
lems due to image processing tasks. After the community drew its
attention for those techniques to parameter identification problems,
Lechleiter, Kazimierski, and Karamehmedovi¢ aimed to shift the fo-
cus on inverse medium scattering problems, that is to reconstruct
the (sparse) contrast of the medium from measurements of scattered
waves.

SCATTERING PROBLEM Roughly speaking, in [LKK13] Lechleiter,
Kazimierski, and Karamehmedovi¢ assume to have an incident wave
u' with time-dependence exp(—iwt) for the frequency w. Such time-
harmonic field is a solution to the Helmholtz equation Aut +k?ut = 0
for the positive wave number k = w/co, where co denotes the speed
of sound. Now they consider that u' illuminates an inhomogeneous
medium, given by a bounded and open set D C RY, d = 2,3, which
physical properties are modeled by a contrast function q: R¢ — C,
supported in D. The thereby arising scattered field u® is described by
Sommerfeld’s radiation condition,

0
lim [x|(4-1)/2 < —ik> us(x) =0
[x|—00 a|X|
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uniformly in all directions % = x/|x|, and is therefore called radiating.

Consequently, the total field u = u' +u® satisfies
Au+k*(1+qu=0 inR<%

Likewise, the scattered field also solves an Helmholtz equation. For a
schematic illustration see Figure 2.3.

i ([
u

Scatterer D

(
w = 0O < = ®© 0 0o X"

Figure 2.3: Schematic illustration of the scattering model.

However, the authors reformulate u® as a solution to the so-called
Lippmann-Schwinger integral equation

us — kZV(qus) = kZV(qui) inD,

via radiating volume potentials V(f)(x) = ID ®(x—y)f(y)dy for x €
R4, The herein used function ® denotes the radiating fundamental
solution of the Helmholtz equation, given by

ipg(1) T
D(x) = 4H((_)k| (EM)' ifd=2 x # 0. (2.5)
PN g -3,

Remember that in Section 2.2 we have seen that penalties based
on LP-norms for small p are appropriate to respect the sparsity prop-
erty, as, roughly speaking, small values are strongly penalized. Con-
sequently, Lechleiter, Kazimierski, and Karamehmedovi¢ base their
choice of penalties on the analysis of scattering theory for time-har-
monic waves with scalar valued refractive indices in LP, p € (1,00).
Note that the restriction of p distinct from one or infinity guarantees
to work with reflexive function spaces. Because of that they derive
compactness properties for u — V(qu). We remark that Chapter 6
heavily relies on these properties. Although the way of working pre-
sented in the other parts of this thesis differs in this aspect, we will
use volume potential representations several times. Afterwards they
show uniqueness of LP-solutions to the inverse problem under appro-
priate assumptions.

15



16

FUNDAMENTAL TERMS AND IDEAS

INVERSE PROBLEM To model the inverse problem as an operator
equation, the authors construct the forward operator J as a so-called
contrast-to-measurement operator. If q' is the searched-for exact con-
trast, the inverse problem hence becomes to determine q such that

F(q) = Foensr (2.6)

for noisy measurements F,.,., that is ||F(q") — Fdeusl < 8. According
to the outlined properties of inverse problems, this equation is locally
ill-posed about any q. Note that the results in [LKK13] use near field
data, but that there is no restriction for far field measurements. To
apply standard Tikhonov regularization results, see Section 2.1, they
show continuity, compactness and weakly lower semicontinuity in
appropriate function spaces for the contrast-to-measurement opera-
tor. Due to the volume potential-based solution theory, this is done
via the collective compactness of a certain family of integral operators,
which seems impossible for most of our approaches, except the one
outlined in Chapter 6. Finally they have all the proper ingredients
to show that approximative solutions of the regularization scheme
converge to the unique exact solution of the stated operator equa-
tion (2.6).

EXPLANATORY NOTE The statement of uniqueness of solution to
the operator equation (2.6) given in [LKK13, Theorem 11], is in the
case of dimension three restricted to contrast functions in LP, p >
3. This limitation arises from the uniqueness result for the contrast
function the authors use. They admit that this result is not optimal,
but was chosen for its elementary proof. Sharing their opinion that
an elementary argumentation optimized in p has its own interest,
we provide such a proof in the following Section 2.4. Therefore, the
statement also holds for functions in LP, p > 3/2.

We remark that throughout this thesis, we will consider complex-
valued material parameters and at least in the case of anisotropic
acoustic scattering we also consider Banach spaces for the image
space of the contrast-to-measurement operator. Although we handle
slightly different problem settings, we thereby try to cover outstand-
ing issues of [LKK13].

In closing we like to remark that their paper due to its immense
appendix may also be attractive for readers interested in results on
Sobolev embeddings, collectively compact operator theory, Hilbert-
Schmidt operators, and non-linear Tikhonov regularization.

2.4 UNIQUE DETERMINATION OF CONTRASTS

In Section 2.3 we have already outlined the work of Lechleiter, Kaz-
imierski, and Karamehmedovi¢ [LKK13]. Therein, in detail, the sup-
port of the contrast function q modeling the scattering object is as-



2.4 UNIQUE DETERMINATION OF CONTRASTS

sumed to be in a ball of radius R, i.e., D == supp(q) C Bg, and, conse-
quently, volume potentials V(f)(x) = fBR ®(x —y)f(y) dy for x € R¢
and the fundamental solution ® of (2.5) play a major role. This is
because the arising scattered field can be found as a solution to the
Lippmann-Schwinger integral equation

(Id—k*V(q-)) u® =k*V(qu') in Bg. (2.7)

In an additional note we explained that in dimension three the orig-
inally given statement relating to uniqueness of solution of the opera-
tor equation (2.6) can be extended by concerning a uniqueness result
for contrast functions q € LP(Bg) for p > 3/2 instead of p > 3. To
prove this statement, we reproduce in detail the appropriate assump-
tions for which uniqueness of solution to the Lippmann-Schwinger
equation, respectively the Helmholtz equation for the scattered field,
was shown in [LKK13].

AssUMPTION 2.7. Let p > 3/2 > 1 and choose

t > max {p, 6} ,
p—1'5

which in fact guarantees t > 1. Compactness results, e.g., shown in
[LKK13, Proposition 2], thus imply that the Lippmann-Schwinger in-
tegral equation (2.7) is well-defined in L'(Bg). Defining additionally
a number p such that

tp 6
[ — > =,
t+p 5
enables to apply a unique continuation property of LP-solutions to
the Helmholtz equation, see, e.g., [LKK13, Lemma 3].

p =

The authors showed that under this assumptions the Lippmann-
Schwinger equation has a unique solution in L'(Bg), which norm
is bounded by the norm of the (arbitrary) right-hand side. Thus, for
an incident field u' € L*(Bg), the Lippmann-Schwinger equation (2.7)
defines a radiating solution u® € leo’f(]Rg‘) of the Helmholtz equation

AU + K2 (14 q)u® = —k?qut  in L} (R3). (2.8)

Since u® can be found as a solution to (2.7), we denote for conve-
nience 1
Tq = (Id—k*V(q)) , q€Lf50(Br),

which is a bounded operator on L*(Bg) due to Assumption 2.7.

Remark 2.8. For t > 2 the operator Tq: LY(Bg) — LY(Br) < L?(Bg)
is continuous, such that also its adjoint T’a is a continuous function
from L?(Bg) to LY (Bg) for t’ < 2.

17
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SOBOLEV EMBEDDINGS Under Assumption 2.7 the authors have
shown that the scattered field is a radiating solution of the Helm-
holtz equation (2.8). We now specify ua(~,9) € Wﬁf(]l@) to be the
unique weak solution of the corresponding scattering problem for
the incident field ut(-, ) from directions 0 € S2. Therefore, we are go-
ing to state some embedding results which indicate that the integrals
arising from equations given in the weak sense are well defined.

Denote by p’ the conjugated exponent of p, such that % + % =1
Then in regard to Remark 2.8 it seems beneficial to aim for t > 2 as
t > max{p’,6/5} by Assumption 2.7. Thus, t = 2p’ is a reasonable
choice, since then

_tp T 1\ TN 2 .
= =(-+—=) =(1-2=) = = (2p')".
PT <P+2P’> 2p’ 2p'—1 2r)

By that, one shows that p' = 2p’, where P’ denotes the conjugated
exponent of p, that is % + r% = 1. Now p > 3/2 by Assumption 2.7
implies that p’ < 3, which is equivalent to 2p’ < 6 such that (2p’)’ =
P > 6/5. Consequently, p,p’ € (6/5,6).

Assume that ' > 3, which implies p > 3/2. Then Sobolev embed-
ding results, see, e.g., [AF03, Theorem 6.3], state that W2P(Bg) —
L"(Bg) for all v € [1,00). Otherwise if P < 3, then W?P(Bg) —
L"(Bg) forall r € [1, 35%). Note that we can choose r =P’ if 3525 >
p'. Fortunately this holds if and only if 3p* — 3p > 3p — 2p?, that is
P > 6/5, which is true as we have seen. However, we can always find
a compact embedding of W27 (Bg) into LP (Bg).

Further Sobolev embeddings also show that W1 P(Bg) — L"(Bgr)
forallr € [1, %). Since p — % is strictly monotonically increasing
for p € (6/5,3), we have that

3p 3¢ 18/5 18
P > 95 _ /

:—:2
3—p 3_g (15—6)/5 9 !

which means that WP (Bg) — L?(Bg).

PREPARATORY WORK The aim of this chapter is to show that the
knowledge of the far field pattern ug’(%,0), corresponding to an in-
cident field from direction 6 € 52 and measured in direction & € 2,
provides sufficient information to determine the contrast function
uniquely. Therefore we assume to have two functions q1, q2 € LP(Bg),
p > 3/2, such that their corresponding far field patterns coincide.
Then we show that the contrast functions are equal to each other.
Note that for this approach we heavily rely on an analogous proof for
the refractive index n = /T + q € L*®(IR3) given by Kirsch [Kir11, Sec-
tion 6.4], which originally rest upon different works from A. Ramm,
R. Novikov, and A. Nachman from the 1980s. The proof is subdivided
into three lemmata which we enroll in the following.
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At first we show, roughly speaking, that for a fixed contrast func-
tion the span of all total fields corresponding to scattering problems
arising from incident plane waves are dense in the space of solutions
to the Helmholtz equation.

LemMMA 2.9 (Denseness). Let q € LP(Br) such that q(x) = 0 for all
x ¢ B and let uq(-,0) € leof (IR3) be the total field corresponding to the
incident field ut(x, 0) = e'*®. Then the linear span

U = span {uq(-,0): Bg = C, uq(-,0) = u'(-,0) +uj(-,0) for 0 € S},

U c W2P(Bg), is dense in the LP (Bg)-closure of

H:= {veWZ'p(BR),J [Vv-Vl])—kZU—l—q)ml)] dx =0
B
£ (2.9)

forall P € wlfﬁ(BR)} c P (Bg).

Proof. To handle functions of LP(Bg) and LP (Bg), we extend the
L%(Bg)-scalar product, (-,-);2, to the dual product between LP(Bg)
and LV (Bg) for 1 < p < 0o. We thus assume that the closure of U in
[P isa proper subset of H, i.e., that there exists a function f € LP(Bg)
such that

(f,u(-,08)) = J f(x)u(x,0) dx =0 forall 8 € §?
Br
and further there is another function ¥ € H \ U such that (f,¥) > 0.
By definition of Tq = (Id —k? V(q-)) "' its adjoint is
T; = (Id—[k*V(q:)]*) ' = Id—k*qV()) .
Due to that one claims, that

Note that the potential V(f) € W2P(Bg) solves (A +k?) V(f) = —f in
LP(Bg), ie.,

J [V V() - VP — k2 V(HP] dx = J P dx forall b € W27 (Bg).

BR BR
(2.10)

Consequently, w := T (f) € LP(Bg) satisfies
f(x) = w(x) —k*q(x) J @(x,y)w(y) dy, x € Bg.
Br

Note that g .= V(w) = IBR @ (x,y)w(y)dy in W2P(Bg) with LP-
density w. Therefore, g is a weak radiating solution of the Helmholtz
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equation (A + k?)g = —w in LP(BR). Observe that its far field pattern
vanishes:

1

97(-0) = 5 | € Vw(y) dy

— ]
—ik0-y — if. —
w(yle dy a (w,ut(-,0)) =0.

:
!

Now Rellich’s lemma, see, e.g., [CK13, Lemma 2.12], implies that
g(x) =0 for all x ¢ Bg, that means g, g € Wg’p(BR).
Due to the definition of H, we have for all v € H that

J [Vv- Vi — k2] dx = k? J qvip dx for allp € Wg’ﬁl(BR).
Br Br

Choosing \p =g € Wé’ﬁ(BR) < LP (Bgr) we have also that

J [Vv-Vg—k?vg| dx = k? J qvg dx. (2.11)
BR BR
In addition the weak formulation corresponding to the Helmholtz

equation solved by g, implies for \p = v € H after complex conjuga-
tion that

J [Vg- Vv —k*gv] dx = J wv dx. (2.12)
BR BR

Finally equations (2.11) and (2.12) show that for all v € H it holds that

0= J v(w—k%qg) dx = J v(w—k2qV(w)) dx = J vf dx = (f,v).

Br Br Br

In fact, this contradicts the assumption of existence of v € H such that
(f,v) > 0. O

In the next lemma we prove some kind of orthogonality relations
between solutions of the Helmholtz equation corresponding to differ-
ent contrast functions q; and q;.

LEmMmA 2.10 (Orthogonality relations). Let q1,q2 € LP(Br), p > 3/2,
be two contrast functions such that q1(x) = q2(x) = 0 for all x ¢ Bg and

assume that ug, = uy’, with respect to all directions. Then

J viva(qr —q2) dx =0
Br

for all weak solutions vy 3 € WP (BR) of the Helmholtz equation Avq ; +
kz(] + ql,Z)VLZ = 0in Bg.
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Proof. Fix vi € W?27P(Bg) as a weak solution of Avy +k?(1 4+ qq)vy =
0 in Bgr. Now we have a glance at the difference of the total fields
u = uq, (-, 0) —uq,(-,0), which corresponds to the difference of the
scattered fields ufh and ufq , causing the far field patterns uy
ugy- Since ug, (-,0) = uy (-,0) by assumptions, Rellich’s lemma, see,
e.g., [CK13, Lemma 2.12], implies that u vanishes outside of By, that
isu € Wg’ﬁ(BR). Further u satisfies the Helmholtz equation Au +

kz((] + q1)uq] —(1T+ qz)uqz) =0, ie,

and

Au+kz(1 +qiju= kz(qz —(q1)ug, inBg

in the weak sense, that means for all p € W2¥ (Bg) it holds that

J [Vu- Vi — k(1 + qq)u] dx = —k? J (92 — q1)uq, P dx.
Br Br

Choosing ) = v; as test functions this yields

k2 J Vilg, (g1 —qg2) dx = J [Vu-Vw —%2(1 +q1)uv1} dx,
BR BR

where the right-hand side vanishes, since v weakly solves
(A+X%*(1+q1))vi =0 inBg,

as u is compactly supported in Bg, ie, u € Wg'ﬁ(BR) < LP(Bg).
Finally by the denseness result of Lemma 2.9 14, approximates v €
W?2P (Bg) as it is a weak solution of the Helmholtz equation. O

Following the techniques of Serov [Ser12, Lemma 3], for contrast
functions q € LP(Br) we construct distributional solutions u, €
LP(Bg) of the form u,(x) = u(x,z) = e*Z(1 +v,(x)), solving the
Helmholtz equation Au, + k?(1+ q)u, = 0 in R3 for z € C3 such
that z-z =0.

LemMmaA 2.11 (Distributional solutions). Forall z € C3 such that z-z = 0
and |z| large enough, there exists a unique solution v, € W*P (Bg) of

(A+2iz-V)v, +k*(14+q)(1+v,) =0 in D'(R3). (2.13)

Further v, satisfies for ¢ > O the inequality

Cc
HVZHLﬁ’(BR) < iz

where y = (1—2s)0 for 6 =1 — % > 0and 0 < s < 1. Consequently,
there exists a solution u, € W2P (Bg) of the form u,(x) = e™Z(1 +v,(x))
solving

Au, + K% (14 q)u, = 0in R3.
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Proof. We claim that for z € C3 such that z-z = 0 and for v,(x) =
v(x,z), the searched-for distributional solutions u,(x) = u(x,z) =
e*Z(1 +v,(x)) solve the Helmholtz equation Au, +k?(1+ q)u, = 0
in R3. Thus applying the general product rule for the Laplace opera-
tor yields

0 = Au,(x) + k(14 q(x))uz(x)
= A (e™*(1+v,(x))) + k(1 + q(x))e™ (1 +v,(x))
= e ZA(1 +v,(x)) +2Ve™* - V(1 +v,(x) + (1 +v;(x))Ae™
+K2(T+q(x))e™=(1 +v,(x))
= e ZAv, (x) + 2ie™ %z - Vv, (x) — 2 - ze™Z(1 + v, (x))
+ K2 (1+q(x))e™ (1 +vz(x)).
This implies that v, solves equation (2.13).

To show that v, satisfies the stated inequality, we rely on the inte-
gral equation

V(x) = J 9= (x —K2(1 + q(y)) (1 +v(y)) dy
5 (2.14)

= (g *K*(1+q)(1+V)) (x),

for q € LP(Bgr) and the Green-Faddeev function g,(x), which is the
fundamental solution of the following operator with constant coeffi-
cients, see, e.g., [Ser12, p.3]:

(A+2iz-V) g, (x) = —5(x) in D'(R3). (2.15)

(Here, D'(IR3) is the dual space of the space of test functions D(R3)
on IR3 and denotes the space of distributions on R3.) We further de-
note by G (f) the convolution of g, with f. Then using the embedding
v € W2P(Bg) < LP(Bg), we can rewrite equation (2.14) as an opera-
tor equation A, (v) =vin L? (Bg) with integral operator

Az:f e Go(K2(1+q)(1+)).
For q € LP(BR) the general Holder inequality states that
laflly < llallplIfll-

Due to that, the convolution operator G,: LP(Bgr) — LP (Bg) extends
to LP'(Bg) such that application of [LPS08, equation (15)] yields

HGZ(q')HLﬁ(BR)—)Lﬁ,(BR) < cllqllLe gy /I2I"-

If we now assume that v € Bo(0) = {u | [[uf| y 5, <o} C LP'(R3) for
arbitrary p > 0, a solution v of A,(v) = v satisfies

ck?
Vllw (Bg) < W“ + )T+ allLe(Bg)- (2.16)
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Let further v,w € W2P(Bg) — LP(Bg) and |z| be large enough

such that
ck?

WH] +qllr By < 1.

Consequently, A is contractive, i.e.,

ck?
| A(V) _A(W)HLF(BR) < WH] +4llLr (By) ”V—WHLW(BR),

such that there exists a unique solution v, of A,(v) = v by the Ba-
nach fixed-point theorem. Note that v,(x) = v(x, z) satisfy the esti-
mate (2.16) and solves the integral equation (2.14) as well as equa-
tion (2.13), since g,(x) is the fundamental solution of (2.15). O

UNIQUENESS OF INVERSE PROBLEM We now show that the set
of products of two solutions of the Helmholtz equation is dense in
L?'(Bg). This becomes the key factor of the aimed-for statement to
uniquely determine the contrast function from given far field mea-
surements.

THEOREM 2.12. Let q1,q2 € LP(BR) be two contrast functions compactly
supported in Br. Then the span of the set of products of weak solutions of
the Helmholtz equation, i.e.,

span{ujuy, uj s € W?2P (By) weakly solve Awq »+k*(1+q712)u1 2 =0},
is dense in LV’ (Bg).

Proof. Let g € LP(Bg) such that [ B JUIU2 dx = 0 for all weak so-
lutions uy, € W?2P (Bg) of the Helmholtz equation. Further fix an
arbitrary vector 1 € R3\ {0} such that for a ¢ € S? it holds that

-1=0.

(@)

Likewise choose b € R3 as well as a positive number T > 0, such that
b-1=0, b-¢=0 and |b* =12 + %

Thus, {1, ¢, b} forms an orthogonal system in R3. By that, define z1 ; €
C3 in the sense that
L ¢ i
=4 —F=b, zpm—n—— — = b.
S R N L R N

Note that it holds that z1 7 - z12 =0, [z12| > T/2 and z1 + 2z, = —1. By
Lemma 2.11 there exists T > 0 and C > 0 such that there are solutions
uz,, € W2P(Bg) of the homogeneous Helmholtz equation in the
formu;,, =e™#12(1+v;,,), where vz, , |1 g, < C/lz12]Y <2C/7
forall t>T.
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Due to the choice of g, we thus have that

0= | g0z, (x)uz, () dx
Br

_ J =122 %(1 4y, (x))(1 + s, (x))g(x) dx.
Br

AsP >2>7p > 1, the product of the integrands is in L' (Bg) and the
L'-norm is uniformly bounded in T > T. Consequently, Vz,, vanish
for T — oo after interchanging limit and integral. Thus it holds that

0=Jgumi“dx=mm
Br

where § denotes the Fourier transform of g. By the inversion theorem,
see, e.g., [Rudg1, 7.7(c)], the inverse Fourier transform

go(x) = J g(lel'>dl=0, xeBg
Br

is identical to g(x) for almost every x € Bg. Therefore, also g vanishes
almost everywhere. O

Now by Lemma 2.10 we have, almost as a corollary, the aimed-for
uniqueness result.

THEOREM 2.13. Let q1,q2 € LP(BRr), p > 3/2, be two contrast functions
such that qq1(x) = qa2(x) = 0 for all x ¢ Bg. Further denote by ug, and
ug, the corresponding far field patterns. If both patterns coincide, that is,
U (%;0) = uP(%;0) for all 8,0 € S?, then q1 = q2.

Proof. Lemma 2.10 states that for such q1,q2 € LP(Br) and all weak
solutions of the Helmholtz equation it holds that

J V]Vz(q] — qz) dx =0.

Br

Since we know from Theorem 2.12 that the set of products of such
solutions is dense in L? (Bg) and, consequently, 1 = (2. O



INVERSE ACOUSTIC SCATTERING FROM
ANISOTROPIC PENETRABLE MEDIA

In this chapter we consider non-linear Tikhonov regularization and
sparsity-promoting techniques in Banach spaces for inverse scatter-
ing from penetrable anisotropic media. Therefore, we recall in Sec-
tion 3.2 well-known weak solution theory for the anisotropic Helm-
holtz equation (3.1) in the ball B,g for an admissible set of material
parameters with the LP-topology. While the material parameters per-
form the searched-for contrast, we assume that its support is strictly
included in Bg. Although this is not crucial, it avoids technicalities
and enables us to directly rely on a specific bound in Meyers’ semi-
nal work [Mey63].

Using Meyers’ gradient estimate we analyze the dependence of
scattered fields and their Fréchet derivatives on the material param-
eter in Sections 3.3 and 3.4. Section 3.5 extends these results to a
forward operator mapping the contrast to its far field operator. This
allows to show convergence of a non-linear Tikhonov regularization
against a minimum-norm solution to the inverse problem in Sec-
tion 3.6, but also to set up sparsity-promoting versions of that reg-
ularization method. Note, for both approaches, the discrepancy is de-
fined via a g-Schatten norm or an L9-norm with 1 < q < co. Several
numerical examples presented in Section 3.7 indicate the reconstruc-
tion quality of the method, as well as the qualitative dependence of
the reconstructions on q.

Finally, as the adjoint operator of the forward operator’s lineariza-
tion is a crucial ingredient for the reconstruction scheme, an explicit
and computable representation of this adjoint can be found in Sec-
tion 3.8. All results presented in this chapter are already published in
[LR17].

3.1 PRESENTATION OF THE PROBLEM

We consider direct and inverse scattering of time harmonic waves
from a penetrable and anisotropic inhomogeneous medium with den-
sity described by a matrix-valued material contrast parameter Q €
C dxd

div((Idg +Q)Vu) +k*u=0 inRY, d=2,3. (3.1)

To this end, we set up weak solution theory for the scattering prob-
lem in Lebesgue spaces Lt with t > 2 to be able to treat contrast
functions in LP with p < oo in some admissible set. The analytic re-
sults allow to prove convergence of a sparsity-promoting version of
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Tikhonov regularization in Banach spaces for a specifically designed
penalty term towards, roughly speaking, a minimum-norm solution.
Numerical examples of contrast reconstructions in two dimensions
show feasibility of the proposed algorithm.

Regarding incident waves ut(x,0) = exp(ik6 - x) from direction
0 cgdl = {x e R | |x| = 1} we seek solutions u(-,0) to (3.1) such
that the scattered field u®(-,0) =u(-,0) —u'(:,0) additionally satisfies
Sommerfeld’s radiation condition,

lim r(d-1)/2 (aus(rﬁ, 0) —iku®(ry, 9)) =0 (3.2)
T—00 or

uniformly in all directions X € ga-T, By construction, the scattered
field in particular solves the Helmholtz equation Au + k?u = 0 out-
side some ball Bg = {|x| < R} containing D; such solutions are called
radiating in the sequel. It is well-known that radiating solutions to
the Helmholtz equation have the asymptotic behavior

e1kr

Wu°°(72,9)+(9(1‘_1) as T — oo,

u®(rx,0) =vqa
where v, = exp(in/4)/v8nk, y3 = 1/(4m), and u™: gd-T gd=1
C is the so-called far field pattern of the scattered field. This function
is analytic in both variables and defines the far field operator F =
Fo: L2(8471) —» L2841,

(Fqg) (*) := Ld (u(%,0)g(0)dS(0), %€ ga-T,
The inverse scattering problem we are interested in is to stably ap-
proximate the contrast function Qexa from noisy measurements of
the far field pattern u*, that is, from a noisy version F3 . such that
[ Fexa — FS eas]| < & for some noise-level &. To this end, we show that dif-
ferent variants of Tikhonov regularization can be employed for this
task and in particular suggest a sparsity-promoting variant of that
technique. The latter variant hence provides a solution Q' such that
FQT = Fexa in the limit as the noise level & tends to zero, such that
moreover QT minimizes the sparsity promoting penalty term defin-
ing the Tikhonov functional.

Note that the convergence analysis of minimization-based regular-
ization methods requires Banach spaces with some smoothness prop-
erties that rule out L as a suitable space for contrasts. Following the
ideas of Jin and Maass in [[M12a], we use Meyers’ gradient estimates
for weak solutions to elliptic equations to obtain that gradients of
weak solutions to (3.1) actually belong to L*-spaces with t > 2. This
in turn allows to prove various analytic properties for the solution
to (3.1) as Lipschitz continuity or directional Gateaux differentiability
that only require the contrast Q to be measured in some LP-norm
with 2 < p < oco. While [JM12a] applies sparsity-promoting regu-
larization methods based on Tikhonov regularization to determine a
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conductivity distribution in electrical impedance tomography (&17),
the only known investigation of corresponding techniques in inverse
scattering was done by Lechleiter, Kazimierski, and Karamehmedovi¢
in [LKK13]. As mentioned in Chapter 2.3, their work tackled the sim-
pler Helmholtz equation Au+ k?nu = 0.

A specificity of our approach compared to the ones of Lechleiter,
Kazimierski, and Karamehmedovi¢ as well as of Jin and Maass is
that we do not only incorporate penalty terms that are linked to
Hilbert spaces but also measure the discrepancy, that is, the difference
between the measured far field data and the computed approxima-
tion, in a Banach-space: We consider either the full range of Schatten
classes 8 4 on the space of linear operators on L2(S4~ 1) for 1 < q < oo,
or define a norm on the space of measurement operators by consider-
ing the norm of their integral kernels in L9(S4~! x §4~1). For q = 2,
both notions coincide. The choice of q significantly influences both
reconstruction time and quality, as we demonstrate numerically.

On the very technical level, the ellipticity of the conductivity equa-
tion tackled in [JM12a] generally makes uniform estimates for solu-
tions to the governing differential equation with different conductivi-
ties arguably easier than for the indefinite Helmholtz equation treated
in this case. (This problem did not occur in [LKK13] due to the much
easier solution theory in L' handling the simpler Helmholtz equa-
tion.)

Note also that nonlinear Tikhonov regularization requires perfor-
mant minimization routines; we rely on the classical shrinked Land-
weber iteration from Daubechies, Defrise, and De Mol mentioned
in Section 2.2 and also the Chambolle-Pock algorithm from [CP11],
which is connected to trust region algorithms. Since we not attempt
to improve reconstruction algorithms, we leave further algorithmic
tools aside. A proper numerical analysis of these techniques can be
found in [BKL17].

We finally remark that estimates use a generic constant C that
might change its value from one occurrence to the other.

3.2 THE SCATTERING PROBLEM

In this section, we recall weak solution theory in Sobolev spaces wit
with t > 2 for the anisotropic Helmholtz equation (3.1) subject to the
radiation condition (3.2) for the scattered field. The latter equation is
understood in the distributional sense. After recalling conditions for
solvability of that problem in H', we provide L!-theory using Mey-
ers’ gradient estimates. As it leads to somewhat shorter expressions,
we actually tackle the scattering problem for the corresponding scat-
tered fields, which are required to be locally in H' and to satisfy the
differential equation

div((Idg +Q)Vu®) + k*u® = —div(QVu') in R¢ (3-3)
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weakly in the sense of [2(IR¢), subject to the radiation condition (3.2).

Remark 3.1. If the material parameter A = Idgq +Q is piecewise dif-
ferentiable, then any weak solution u and its co-normal derivative
du/dva = v AVu are continuous over interfaces I' where A jumps:
[ulp = 0 and [vTAVu]r = 0, where v denotes a unit normal to I" and
[vIr denotes the jump of the function v across T".

ADMISSIBLE CONTRASTS Before recalling the standard L*-based
solution approach via Riesz-Fredholm theory, we introduce a set of
contrasts that depends on a fixed parameter A € (0, 1),

0= {Q € L®(Byr, €*%) | A < 1+Re(z7Qz) <A™,
AT <Im(z" Qz) <0 for all z € C¢ with |z] =1 (3-4)
and such that supp(Q) € Br}.

Thus, A determines the class of possible material parameters A =
Idg +Q such that A < Rez' A(x)z and |A(x)] < A~! for all z € C¢
with |z| = 1 and almost every x € R%. (We always implicitly extend
Q € Q by zero from Bjr to all of R4.) We further endow Q with the
LP(Bgr)4*%-norm for 1 < p < oo. Note first that for p < oo, the
set Q then has no interior points for the LP-topology, since for any
Q € Q and any e > 0, the open LP-ball {Q’ € LP(B,g)4*4 | ||Q —
Q’llLr (B,g)axa < €} is not completely contained in Q. Second, any
Q € Q obviously belongs to all spaces LP (Bg)4*¢ for 1 < p < 0.

Remark 3.2. We consider contrasts Q on B,r supported in Bg since
this straightforwardly allows to directly rely on a specific Meyers” es-
timate from [Mey63], avoiding technicalities. (B,r could be replaced
by any bounded domain that strictly contains Br.)

SOLUTION THEORY VIA RIEZ-FREDHOLM  Seeking to solve for the
scattered field instead of the total one, we rewrite equation (3.3) for
all test functions P € CP(R?) in the weak sense by multiplying that
equation with 1, integrating over B,g, and integrating by parts the
divergence term. Thus,

ous

9Byr 9V

J [(Idq +Q)Vus - VP — k*usp] dx—J P dsS
B
- (3:5)

= —J QVvul- Vi dx,
Br

and density of smooth functions in H'(B,g) implies that the latter
equation holds for all € H'(B,g). As the trace operator y(u) =
ulaBZR has a unique continuation to a linear operator from H'(B2g)
into H'/2(9B,g), see [McLoo, Lemma 3.35], such that uslaBZR belongs
to H'/%(dB,g), see [Mono3, Theorem 3.24]. Further, (Idg +Q)Vu® be-
longs to H(div,B,gr) since u® solves (3.3) in L2(RY), such that the
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trace theorem in H(div,B,g) shows that ou’/ov = v-Vu® = v.
(Idg +Q)Vu?® belongs to H~1/2(dB,g), see [Mono3, Theorem 3.24].
Thus, the boundary integral in (3.5) is well-defined as a duality pair-
ing between H*1/2(9B2R).

Now, we denote by Ajg: H'/2(0Bagr) — H~1/2(0B2R) the exterior
Dirichlet-to-Neumann operator, see [Nédo1], which maps Dirichlet
boundary values ¢ on 9B, to the normal derivative dv/0v of the
unique radiating solution v to the exterior Dirichlet scattering bound-
ary problem. More precisely, v € H}._(R%\ B,g) is the unique radiat-
ing solution to Av + k?v =0 in R4\ B,g, and can be written down ex-
plicitly in series form using Hankel functions, see Remark 3.5. As u®
is a radiating solution to the Helmholtz equation, Azr(y(u®)) equals
ou®/0v, such that the left-hand side of (3.5) becomes

|, I0dsrQ@vae vh-wwi] dx- | Aseyu)vibds

9B
(3.6)
for allp € H'(Bag), equal to the right-hand side Y(1) = — fBR QVut-
V1 dx. (We omit the trace operator y from now on if a restriction to
the boundary is obvious.)

To prove existence of solution of (3.6), we follow Hahner [H&hoo],
see also the proof of Theorem 5.7 in [CK13], and rely on an additional
Dirichlet-to-Neumann map Aa 2r that maps Dirichlet data on 9B;r
to Neumann data of the solution to an exterior Dirichlet boundary
problem for the Laplace equation. Note that —Ax > is coercive, that
is, = [ap,, Aa2r (WD AS > c[F125p,, for all b € H/2(3B3g),
see, e.g., [CK13, p. 131]. The sesquilinear forms

sl = |

i [(Idd+Q)V<p-v¢+<mb]dx—J Aazr(@)PdsS,

9Byr

s1(@, 1) = (K2 +1)J

Bar

o0 dx+LB (A2 — Aa2r) (@)D dS,

allow to reformulate the variational form (3.6) as

s b) =51 () =~ | QU Thdx forallh € H (Bag). (37
Br

Both Ayg and Aa 2k are bounded from H'/2(0B,g) into H='/2(3B2R),

such that s and s7 are bounded sesquilinear forms. The coercivity of

Aa2r implies that s is coercive,

$(0,0) > [0lis(p = | Asar(0)0dS > Clolsp,,,
2R
for all ¢ € H'(B2gr). Moreover, compactness of Ayr —Aa 2R, See, e.g.,
[CK13, p. 131], and the compact embedding of H'(B2g) in L2(Bzr)
imply that sy is a compact sesquilinear form.
By Riesz’ representation theorem there exists a bounded opera-
tor S: H'(Bog) — H'(Bag) and a compact operator S; such that
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s(@, ) = (S, P)1(p,,) and s1(@, V) = (S19,V)yi(p,,) for all
@, € H'(Bag). By Lax-Milgram’s lemma, S is further boundedly
invertible. Further introducing r € H'(B2g) such that — By QVut-
Vi dx = (r,9) (Byp) forall b € H'(B,r), the variational formula-
tion (3.7) can be equivalently rewritten as Sv—S;v = rin H' (B2g).
Multiplying with the inverse S™' yields v —Kv = S™' r with a com-
pact operator K := S' S;. Thus, Riesz-Fredholm theory implies that
uniqueness of solution to the latter equation implies existence of so-
lution for all right-hand sides.

LEmMMA 3.3. If the only solution to the homogeneous problem correspond-
ing to (3.6) is the trivial solution, then that variational problem possesses a
unique solution for all bounded anti-linear functionals ¥ € H'(B,g)* and
there is Cq independent of ¥ such that

¥l By < Col¥lht (B | = Call Qlli (B ¥t

' , (3-8)
ifY) = —J QVvu' - Vi dx]|.
Br

Uniqueness of solution for the variational problem (3.6) is strongly
linked to the unique continuation property for solutions to that equa-
tion. In [Hdhoo], Hihner shows uniqueness of solution for contrasts
Q that are C'-smooth and supported in domains of class C?; this re-
sult can be generalized to contrasts that are piecewise differentiable
on a decomposition of B, into finitely many Lipschitz domains.

COROLLARY 3.4. If there is a decomposition of Bag = i1 Qj of Bar into
finitely many Lipschitz domains Q; such that Q € Q belongs to C'(Q;)
forj =1,...,n, then the variational formulation (3.6) possesses a unique
solution v for all bounded anti-linear functionals ¥ € H'(Bar)™.

Remark 3.5. It is well-known that solutions v to (3.6) can be uniquely
extended to radiating solutions in Hloc(]Rd) of the Helmholtz equa-
tion in Hfoc(]Rd), see [Nédo1]: For the spherical Hankel function hg )
and the spherical harmonics Y* this extension is given by

:Z Z h“ (Zk"‘”v <|§|> >R (3.9

- J(2kR)

where vii' = % | OB,k vY'dS. Thereby one defines extended functions
as w = {v in Bg, ¥ in R3 \BZR} as radiating solutions of (3.3). By
abuse of notation, we denote such functions for simplicity by v again.

REGULARITY ESTIMATE To be able to handle derivatives of scat-
tered fields in LP-spaces, we give a version of Meyers” well-known
gradient estimate from [Mey63].



3.3 THE SOLUTION OPERATOR

THEOREM 3.6. For the bounded Lipschitz domain Bor C R4 and forQ e Q
and f € LY(B,ygr)9 let v e H' (B,g) be a weak solution to

div((Idq +Q)Vv) + k?v = —divf in Bag,

i.e. v solves the variational formulation (3.6) for all \ € H(])(BzR). Then
there exists a constant Ty € (2, 00) depending on A and d such that for all
t € (2,Ta) the gradient Vv belongs to L*(BoRr)¢ and satisfies

1%l (e < C (1 HIAVI2(m00) + Il (By)a) . (3:10)

where C = C(A,d,t,R). As A — 0 (or A — 1) the constant Ty tends to 2
(or 00).

Proof. In [Mey63, Theorem 2] the original statement is shown more
generally for f € L'(B2g)4 and h € L"(B,g) with * > t > 2, such
that Vu € L2(B2g) weakly solves

div(AVu) =divf+h in Bg.

The number 1 is defined by 1. = I — L if r < d or as any number
in (1,00) else. Since in our case h = k?u for u € H'(B,g), the choice
r = 2 is natural. If d = 2, we can hence choose an arbitrary r* € (1, o)
such that v > t > 2. In three dimensions, the analogous condition
for v* is fulfilled: v* =2d/(d—2) =6 >t > 2.
The necessary condition t > 2 enforces t > 2d/(d + 2), which al-
lows to use estimate (49) of [Mey63, Theorem 2],
IVl (0 < € (RAG il e + s

(B2r)4

L
+RAG—2)F IMlL2(B) )

and gives the stated result forv=u, h = k2w, and T = 2. O

3.3 THE SOLUTION OPERATOR

To investigate the solution operator mapping the contrast Q and the
incident field u' to the weak solution of the scattering problem (3.6),
we define a sesquilinear form for Q € Q for all @, € H'(B,g) by

aqle,b) = |

| (a4 QYo V- Kb dv- | As(ehbs.

9By

For Q € Q, we assume that the forward problem (3.6) is solvable for
all right-hand sides and denote by L(Q, -): H'(Br) — H'(Bgr) the
solution operator mapping f € H'(B2g) to the solution of the varia-
tional problem aQ v ) = — [, QVf - Vipdx for all P € H'(Bygr).

Choosing f = u' as a solution to the Helmholtz equation in R4,

31



32

ANISOTROPIC INVERSE ACOUSTIC SCATTERING

vQ = L(Q,u!) is hence the weak solution to the variational formu-
lation (3.6), i.e.,

ag (v, ) = —JB QVu'- Vi dx forallp € H'(Br)  (3.11)

and thus the radiating extension of v to R4, see (3.9), weakly solves
div((Idg +Q)Vv) + k?v = —div(QVul) in R4,

PERTURBED CONTRASTS To state a perturbation result for L(Q, -),
note that boundedness of the solution operator L(Q,-) implies by
Riesz’ representation theorem the existence of a boundedly invertible
operator Aq: H'(Bygr) — H'(B2g) such that

(AQvQ, Wi (B, = Qv ) forallp € H'(Bor).  (3.12)

LEmMMA 3.7. Assume that for Q € Q the forward problem (3.6) is uniquely
solvable and let Q' be a perturbation of Q, small enough such that

b=t =
HQ,HL"O(BZR)dXd S ZHAQ HH‘(BzR)—>H‘(BzR)' (3.13)
Then for all W € H' (B,g)* there is a unique v € H' (BR) solving

Qg ) =Y()  forallp eH'(Bxr).  (3.14)

Thus, the solution operator L(Q + Q,-) exists for all Q' that satisfy (3.13)
and is uniformly bounded by | L(Q + Q/,ul) |1 (B, < Cllutlli sy,
with C = C(Q) independent of Q'.

Proof. Let Q, Q € 9 such that ||Q — QHLoo(BzR)dxd < 6 for || Ag | <
5~ 1. (We omit to explicitly denote operator norms in this proof.) De-
fine A & as the Riesz representation Ag of a ) in (3.12) and note that

((AQ = AV, V)11 (B )

L (Q—Q)Vv- Vipdx

<Q = Qe (B IVVIIL2 (o) VWl L2(B g )

such that || Ag —Ag | < 1Q— QHLOO(BZR) < 6. Due to the choice of

5 there holds that | Id—Ag' Ag || < [[AG' [[[[Aq—Ag || < 1, such
that the Neumann series

- -1 b _ a3y} A

;}(Id—AQ AQ) _ (Id—(Id—AQ AQ)) = AZ' Aq,

]:
converges and defines AgAQ. Thus, Aé] exists as a bounded op-
erator on H'(B,g) and its operator norm is bounded by || Ag | <
HA&I Il/(1 —5HA6] ). Setting Q' = Q—Q and & = 1/2, the claim
follows from the equivalence of (3.14) and the equation

(AQ v, W1 (B,r) = Y(W)12(B,yp)

holds for all p € H'(B2g). O



3.3 THE SOLUTION OPERATOR

Remark 3.8.  A. It is well-known that the technique of the proof of
Lemma 3.7 allows to show solvability for all contrasts of the
form Q + Q' with Q" € L®(Bg)4* 4 such that ||Q'[|{x(py)axa <

11
IAQ" 7 (B y) =1 (B

B. Combining the last Lemma 3.7 with Corollary 3.4, one can show
that the forward problem (3.6) is solvable in the union of open
L*-balls around, roughly speaking, all piecewise continuously
differentiable contrasts Q with radius || Ag ||ﬁ} (Bag)—sH! (Bag)"

SOLUTION OPERATOR’S CONTINUITY Recall now that the con-

stant Ty > 2 has been defined in Theorem 3.6 and that u' denotes

a generic solution to the Helmholtz equation Aut + k?ut = 0 in R<.

THEOREM 3.9. For p > 2T, /(Tx —2) and Q, Q + Q' € Q such that the
solution operator L(Q, -) exists and Q' satisfies (3.13), there holds that

ILIQ+Q/ul) —L(Q,ul) |4y (Bor) S CHQ/”LP(BR)CIXdHui”H‘ (Bag)”
- (315)
with a constant C that only depends on Q but not on Q' or on u'.

Proof. Due to Lemma 3.7, the assumptions on Q and Q' imply that
both solution operators L(Q,-) and L(Q + Q’,-) are bounded ope-
rators on H'(B,g). For the same incident field u! we set VQ4+Q/ =
L(Q+Q’,u') and vo = L(Q,u') and denote the radiating extensions
(see (3.9)) of these functions to R¢ again by vo+q’ and the corre-
sponding total fields by ug; g/ = u* +vgiqr and ug = u' +vq. The
difference vg4 g’ —vqQ = uQ+q’ —uq is the weak, radiating solution
to

div((Ida +Q)V(ug+q/ —uq)) + k*(ug+q —uq)
= —div(Q'Vugiq/) inR%
Thus, the boundedness of the solution operator L(Q, -) hence shows

that HuQ+Qx _uQHH](BZR) < CQHleuQ—O—Q’”LZ(BR)d' Choosing P
and t such that 1/p 4+ 1/t = 1/2, the generalized Holder inequality
yields

1Q' Vuq+q/lli2Brya < IQ e (Bryaxall ViQ+qrllesrye:  (316)

The choices of p and t imply p = 2t/(t — 2) and since by assumption
p > 2T /(Tx —2) we have 2T, /(T —2) < 2t/(t —2). The strict mono-
tonicity of s — 2s/(s —2) on (2, 00) consequently implies that t < Ty,
which allows to conclude by Meyers’ estimate (3.10) that

Vil srye < Cllug+qrllizs - (3.17)
Due to the assumption on Q' and Lemma 3.7, the right-hand side of
the latter estimate can be bounded by
@+ Qllz ey < el eae + Vol B
< (] +2CQ)HLL1||H](BZR),
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where Cq is the constant from (3.8). Together, the last four estimates
yield the claim. O

Remark 3.10. The case p = oo is not covered by Meyers’ estimate, but
could be treated directly by standard [2-theory from Lemma 3.3 and
Lemma 3.7. This also holds for all further statements.

Theorem 3.9 requires assumption (3.13) for Q' merely to bound the
norm of ug g’ independently of Q’. If one knows a-priori that the
norm of solutions to the scattering problem is uniformly bounded,
then assumption (3.13) can obviously be dropped.

CoROLLARY 3.11. Assume that || L(Q, )|lyi1(B,5) =11 (Byg) I8 uniformly
bounded for all Q in a subset Q" of Q. Then for all p > 2Ty /(T\ — 2) there is
C. > Odepending on Q" and p such that (3.15) holds forall Q, Q+Q’ € Q'
with C replaced by C,.

3.4 DIFFERENTIABILITY OF THE SOLUTION OPERATOR

We now have a glance at the differentiability of the solution operator

and, therefore, fix the incident field u! in this entire section. We fur-

ther fix Q € Q such that the solution operator L(Q, -) is bounded on

H'(B,g) and denote the derivative of L with respect to Q in direction

Q' € LP(Bar) ¥4 by v/ := L'(Q,u")[Q’], defined by

aqQv, ) = —J Q'V[L(Qu') +u']-Vipdx forallh € H' (Bzr).
Br

(3.18)
We show in Theorem 3.15 that v/ can be interpreted as a Gateaux

derivative of L(Q, u!) in direction Q' (see also Remark 3.16).

CONTINUITY PROPERTIES

LEMMA 3.12. For every Q € Q the mapping Q' — L’(Q,u')[Q’], which
isin L(LP(Br)4*¢, H(Bar)), has the following continuity properties:

(i) Forp > 2T\ /(Tx —2), there is C = C(Q) > 0 such that
IL(Qu) Q11 (Byg) < CIQ llLr (B yaxall w1 (Byg)-

(ii) For every p > 2T\/(Tx —2) thereis t € (2, Ty) and C = C(Q) > 0
such that

IVL(QuM) Qe (Brya < ClIQlLr (Bgyaxalt i1 (8-
Proof. (i) Lemma 3.3 implies that

IL(QuIQ N1 () < CIQ'Vuqlliz(sy)as

where ug = L(Q, u') + u' represents the total field whose radiat-
ing extension to R¢, see (3.9), satisfies the anisotropic Helmholtz
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equation div((Idq +Q)Vugq) + k*u = 0 weakly in R4. Choosing p
and t such that 1/p + 1/t = 1/2, the generalized Holder inequality
further implies that |Q'Vug|l2(gg)a < [|Q [lLr(Bg)axall VUQ]ILt(Bg)e

Again, p = 2t/(t —2) and, as in the proof of Theorem 3.9, Meyers’

estimate (3.10) yields

[Vug e gge)e < Cllugliz(syg)-

Next, we exploit Lemma 3.3 to estimate

lugllLz(B,ge) < Vol Byg) +Hu 1 (B,g)
< ClQVU | r2(ggya + Il

(B2r)”

such that [ug|li2(p,,) < [14 ClQllLes(pg)axal llutllii(p,,), and we
conclude that

IL(QuM QN 11 (Brp) < CQllLe(Bgyaxa 1Q e (Bgyaxallt |11 (B,g)-

(ii) For t € (2, T)) and p > 2T, /(Tx —2), Meyers’ estimate (3.10) yields
as in the proof of part (i) that

IV L/ (QuIQ Nk (g0 < C [IL/(QUYQ N (5

) (3.19)
H1Q'Vuql i (810

where the radiating extension of the total field ug = L(Q,ut) +ut to
R4 solves div((Idg +Q)Vuq) + k?u = 0 weakly in R4 (see (3.9)). The
first term in (3.19) is bounded by C||Q’||15 (B )axallu![i1(p,,) due to
(i), such that it remains to bound the second term: For arbitrary e > 0
such thatt’ =t+e € (t,T)), we set p = t't/(t’ —t) and compute that

1QVugll e = | 1Q8IVul dx
R

N

’ -5
(J |Q/|ﬁdx) ||VLLQ||Lt (Bg)d
Br

=5
< CH‘LLQHLZ BZR)<JB |Q/|de) .
R

Since p(t' —t)/t't = 1 and as |[ug|li2(p,y) < CIQ)UHH1(B,,) @S
seen in the proof of (i), we have that
Q" Vug |t (B, < ClQ’ HLtp,tBR axalltQllz(s,g)
< CIQ ILr (Boyaxallwt 1 (B )
which shows the claimed estimate for [|[VL'(Q,u")[Q/l]| ¢ (gg)a- O

LEMMA 3.13. For p > 2T\/(Tx —2) and for every Q,Q + Q' € Q such
that Q' satisfies (3.13), there exists t € (2,T\) and C > 0 independent of
Q' and u' such that

IVLQ+ Q" ub) = VLIQuM) [ty ya < CIQllir(Bgyaxalu [ nr (s -
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Proof. As in Theorem 3.9, we exploit that the difference of ug g/ =
u+L(Q+Q’,ul) and uQ = ut +L(Q, ut) can be extended to a radi-
ating function in R¢ that solves

div((Idg +Q)V(ug+q' —uq)) + k*(ug+q/ —uq)
=—div(Q'Vugiq/) inR%

Consequently, Meyers estimate (3.10) implies that
IVIL(Q+ Q,ul) = L(Q, u)] ||t (B e
= HV QJFQ,LL )+ui—L(Q,ui)—ui]||Lt(BR)d
< € (ILQ+ Q1) ~LIQ Ul (5 + 1Q'Vitq s /Lt (B¢ )

The first term of the right hand side is bounded by Theorem 3.9,
whereas the second one estimates as in the proof of Lemma 3.12

part (ii),
IVIL(Q+Q’,u') —L(Q,u) e (Bg)e < ClQ’ Lr (By) ddeu 1117 (Bag)-
O

THEOREM 3.14. Under the assumptions of Lemma 3.13, the map Q —
L'(Q,u') is locally Lipschitz continuous: There is C > 0 independent of
Q' and u' such that for all P € LP(Bgr)%* ¢ there holds

IL(Q+ Q" ul) [Pl — L' (Q,uM) [Pl 11 (B )
< CIQ tr (BgyaxallPllie (Bg) dxd”uin (Bar)

Proof For P € LP(Br)¥*4, woiq/ = L'(Q+ Q’,u’)[P] and wq =
L’(Q,u')[P] satisfy by (3.18) the variational formulatlons

agrq/worqnb) = —LR PV [L(Q+ Q' ul)+u']-Vpdx  and
ag(wq,b) = —LR PV [L(Q,u') +u'] - Vihdx
for all p € H'(B,g). Thus, w :=wq g — wq satisfies
aq(w, ) ——JBR PV [L(Q+Q',u!) —L(Q )] - Vb dx

—J Q'VL(Q+Q/,ul)[P]- Vi dx.

Lemma 3.7 and the generalized Holder inequality with Lebesgue in-
dices p and t, such that 1/p 41/t = 1/2, then imply that

||WHH1 (Bar)
< Cq [PVILQ+Q’, u) —L(Qu)]+Q'VL'(Q+ Q" ul) [Pl L2 (g, )a

< Cq [Pl (g4 VILIQ + Q1) = LIQ N e

+ CQ 1Qlltr (Byyaxa |V L (Q+ Q' uM) Pl gy |-
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Herein the L*-norms are bounded by Lemma 3.13

IVILQ+Qju")— (Q/ui)]HLt(BR)d < C(Q)HQ/HLP(BR)dXdHuiHH‘(BZR)

as well as by Lemma 3.12

IVL(Q+ Q" u)Pllle(pgya < CQllPllie(Bg)axallut i (Bayg)-
Combining these bounds with the above estimate for w shows the

claim, as

HWHH1(B2R) < CHQIHLP(BR)dXdHPHLP(BR)dXdHuiHH‘(BZR)'

GATEAUX DERIVATIVE

THEOREM 3.15. For p > 2T, /(T\ — 2), the solution operator L is differen-
tiable in the sense that for every Q, Q + Q' € Q such that Q' satisfies (3.13),
it holds that

IL(Q+ Q' ul) —L(Qu') =L (QuM)IQ N1 (B,p)

is bounded by HQ HU, (Br) ddeu 111 (B, ), Scaled by a constant indepen-
dent of Q' and u'. Thus, if {Q/ }nen satisfies (3.13) for all n € IN as well

as | Qullir(gyaxa — 0 asn — oo, then
IL(Q +Qp,ul) =L(Qu!) —L'(Qul)Qp] 1 (B,
[QullLr (Br)yaxa

Proof. For w == L(Q + Q’,u') —L(Q,u") — L'(Q,u')[Q’] we first con-
sider the variational formulations defining all three terms,

—0 asn — oo.

r

ag+o/(LQ+Q/,ul), ) =— ) (Q+ Q) Vul - Vi dx,
a0 (L(Q,ut), ) = — "B OVt Vi dx,
aQ(L/(Q,ui)[Qq,ll)) =— "B Q'VIL(Q,ul) +ul]- Vipdx

for all \p € H'(B,g). Thus, for all \p € H'(B,g) there holds

aQJrQ’(qu))
= aQ+q/(LIQ+Q/u"), ¥) — aq(L(Quh), ¥) —aq(L'(Qul)Q'], ¥)

—L Q’VL(Q,ui).vwdx—L Q'VL(Q,ub)[Q']- Vipdx
:J QVui-Vﬂ)dx—J (Q+Q’)Vui-v11>dx—J Q'VL(Q,u!) - Vipdx
Br Br Br
+J Q’v[L(Q,ui)Jrui]-vwdx—J Q'VL(Q,uh)[Q']- Vi dx
B

:—J Q'VL/(Q,uh)[Q’]- Vi dx.
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Generalized Holder’s inequality for p and t such that 1/t+1/p =1/2
and Lemma 3.7 imply that

Wit (B,) < 2€CQlIQ'VL'(QuNQ T2 (By)e
< CllQ'lltr (BgyaxaIVL(QuIQ e (g e/

where by Lemma 3.12 part (ii)

IVLY(Q,uM)Q N1t B e < ClQItr (Bgyaxa w11 (Bg)/

which finally implies the claimed estimate. O

Remark 3.16. For Q' € L®(B,g)4*¢ that satisfies (3.13), the last the-
orem shows that Q' — L’(Q,u')[Q’] is the Gateaux derivative of
Q — L(Q,ul) at Q in direction Q’. As Q — L(Q,ul) is, however, not
defined on an open set in LP (B 2r) 4% 4, see the discussion below (3.4),
Q — L(Q,u') is not Gateaux differentiable (or Fréchet differentiable)
in the LP-sense and L’(Q,u!) is not a Gateaux differential.

3.5 THE FORWARD OPERATOR

In this section, we define the forward operator corresponding to the
inverse scattering problem we are ultimately interested in. This oper-
ator maps a contrast function to the corresponding far field operator.

POTENTIAL REPRESENTATION Therefore, we reformulate the an-
isotropic Helmholtz equation under investigation for a source f €
L2(B,r), extended by zero to all of RY, as div((Idg +Q)Vv) + k?v =f
in R¢ for a radiating weak solution v € H! (RY). By [Kiro8, Lemma

loc
2.1], v can be represented as a volume potential defined via

ig(1) :
+H, ' (klx]), ifd=2,
wu(x) = { o 1) x#0,
expl1k|x .
}4317'[7‘74’ if d= 3,
which is the radiating fundamental solution to the Helmholtz equa-

tion. More precisely,
V= diVJ O (- —y)[QVv+fly)dy in R4, (3.20)
Br

Note that the choice of f = Vu' corresponds to the radiating exten-
sion of v = L(Q,u') to R%. In analogy to this potential representation,
the radiating extension of the derivative v/ = L’(Q,u!)[Q’] to R¢
satisfies

v = diVJB Di(- —y) [QVV +Q'V (L(Qu) +ul)] (y)dy (3.21)

in R4, since v/ solves, by definition, the variational formulation (3.18).
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Further we assume from now on that the solution operator L(Q, ul)
is well-defined and bounded on H'(B,g) for all Q € Q. Due to
Lemma 3.7, this can always be guaranteed by choosing the param-
eter A € (0, 1) defining Q small enough.

AssuMPTION 3.17. The solution operator L(Q, u') exists for all Q € Q
as a bounded operator on H'(Bag).

Due to the potential representation (3.20) of v = L(Q, ul), the far
field pattern of v™°(%) for a direction & € S4~! hence equals

V°°(f<)=<diVJB ®k(~—y)Q(y)V[v(y)Jrui(y)]dy) (%)

=—J (@il —y))® (8) - Qy) Vivly) +ui(y)] dy
Br » . (3.22)
:‘L Vye ¥V Qy) Viv(y) +ut(y)l dy

_ kg J Q) Viv(y) + uily)e ¥V dy, %8,
Br

CONSTRUCTING THE FORWARD OPERATOR As the latter integral
expression is an analytic function in X, the far field v*° is analytic as
well. Let us now introduce, for brevity, the integral operator

V: L2(Bag)® — H2(Bag)?, Vf‘L (- —y)f(y) dy.

(See [CK13, Theorem 8.2] for the mapping properties of V.) The total
field v + u' restricted to Bay satisfies in H' (B,g):
v+ut = [Id—divV(QV(-))] "' divV(QVu') +ut
= [Id —div V(QV(-))] Tut.
Thus, we abbreviate the (bounded) inverse of Id —div V(QV/(-)) on

H'(Bgr) by Sq and represent the far field v>° = L(Q,u!)®, computed
in (3.22), as

v®(R) = ikj % Q(y)V(SQ ui)(y) e **VUdy, gesd !
Br
If we further introduce the integral operator
Z: LYBg)d = L2(84 ), fi— ikJ %-f(y)e ®**VYdy, (3.23)
Br

then there holds that
L(Qu")® =Zo [QVSq(u')].

As Q € Q C L®(Byr)¥*? and Sq(u') € L?(Bag), the following
lemma shows that the composition on the right is well-defined and
bounded. This is basically due to the smoothing property of Z, which
is a trace class operator, see [Gross].
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LEmMA 3.18. Choose m € N, 1 < t < oo, and f € Lt(B,g)<.
(i) Thereis C = C(m,t) such that || Zf||cm(ga-1) < C(m, t)[|f|Le(p,q)a-
(ii) The operator Z is of trace class from L*(B,g)¢ into 12(S4-1).

Proof. (i) The kernel of the integral operator Z is smooth in % and vy,
such that one easily shows the claimed bound by partial integration
and the Holder inequality.

(ii) Due to the bounds shown in part (i), Z is bounded from L*(B,g
into any Hilbert space H™(S9~1). Choosing m large enough then
implies that the embedding of H™(89-T1) in L2(S9- 1) is a trace class
operator, see [Gra68]. As those operators form an ideal, Z is also a
trace class operator that maps Lt(B,g)? into L2(S41). O

)d

We are now ready to rigorously introduce the forward operator
that, by definition, maps contrasts to far field operators. To this end,
we consider incident fields in form of Herglotz wave functions,

vg(x) = Ld] e*¥04(0)dS(6), forx € R and g € [2(5471),

(3-24)
that are well-known entire solutions to the Helmholtz equation in

R4. It is moreover well-known that g + vg4lg,, is a bounded opera-
tion from L?(S9~") into H'(B2R), see [CK13, Section 3.3]. Using vq
as an incident field then defines a far field operator Fg € L2(5d-1)
by Fog = (L(Q,vg))™ for g € L2(S4-1). As the integral kernel u® =
uy: §4-1 x §4=1 — C of F(Q) = Fq is analytic in both variables,
Fq is compact and even belongs to the set 87 of trace class opera-
tors on LZ(S9-1), since its singular values s;(Fg) are summable, i.e.,
[FQlls; = 2_jensj(FQ)l < co. The embedding (P C {9 for 1 < p <
q < oo of the sequence spaces (P further implies that trace class ope-
rators belong to the qth Schatten class 84 for all q € [1,00), a Banach
space of all compact operators on [2(S4~1) with g-summable singu-
lar values s;(Fq), equipped with the norm defined by

- .
IFalls, = > lsj(FQ)l9, forg>1.
jEN
This allows to define the contrast-to-far field mapping,

F:Q =8y,  F(Qg=Zo(QVSqlvy)) forgeL*(5% "), q>1,

(3-25)
as an operator from Q into the qth Schatten class 8.

PROPERTIES OF THE FORWARD OPERATOR

Remark 3.19.  A. Due to Lemma 3.18 with t = 2 and the continu-
ity properties of the solution operator L, the composition Z o
(QVSq(vg)) is well-defined in L?(S4-1).
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B. Since trace class operators form an ideal in the space of all
bounded operators, and as F(Q)g = Z(L(Q,vq)) with a trace
class operator Z, the forward operator is a trace class operator
as well, and, hence, belongs to all spaces 8§ for q > 1.

C. An alternative to the § ;-norms are L9-norms for integral opera-
tors on the sphere: Since F(Q)g = J‘Sd7] u®(-,0)g(0)dS(0) is rep-
resented by the far field pattern u™(:,0) of the scattered fields
u® = L(Q,vg), the L9-Norm of u*™ defines an operator norm
for F(Q) by [[F(Q)|lq = [[u*™[|La(sa-1xsa-1), T < q < oco. The
contrast-to-far field map Q — F(Q) as defined in (3.25) is then
continuous from L9 (89-1) into L9(84-1) with q' = q/(q—1),
because g — Vg4, is continuous from L9'(S9- 1) into C' (D) for
all q € (1,00). For q = 2, it is well-known that || - ||s, = || - [|2-
The advantage of the L9-norms with respect to the implementa-
tion of inversion algorithms is that the computation of adjoints
or subdifferentials is straightforward for these spaces. Since the
subsequent theoretic results do not depend on the choice of
the discrepancy norm, we continue to work with the Schatten
norms || - [|s,, noting that all results holds as well for the || - ||4-
norms.

The link between the solution operator L and the non-linear for-
ward operator F enables us to show various properties of F via those
of L. To this end, note first that the far field of the radiating extension
of L(Q,vg) depends boundedly and linearly on L(Q,vg), such that
the derivative Q’ — F’(Q)[Q’] € £(LP(B,g)4*4, 84) with respect to
Q € Q of F equals by the product rule in Banach spaces, see [Zei86],

F'(Q)Q1g =Z0 [QVL'(Q,vg)[QT+Q'VSq(vs)], (3.26)

since L(Q,vg) = Sq(vg) —vg. This allows to transfer the results of
Theorems 3.9, 3.14, and 3.15 from L to F.

COROLLARY 3.20. Choose Q € Q and Q + Q' € Q such that Q' satis-
fies (3.13), and q > 1.

(i) If p > 2T\ /(Tx — 2) then there is C = C(Q) such that

IF(Q+ Q") = F(Qlllsy < ClIQ"lILr(Bg)axa- (3-27)

(ii) The operator F'(Q) is locally Lipschitz continuous with respect to
LP(Br)94*4: There is C = C(Q) such that

IF'(Q+Q") = F(Q)llctr(Brr)axe,sq) < CNQILr(Bg)axa-

(iii) If p > 4T, /(T\ — 2) the far field operator F(Q) is differentiable in the
sense that

IF(Q + Q") —F(Q) —F'(Q)Q"ls, < ClIQIIFs 5, axa
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for C = C(Q). Is there further a sequence {Q}, InenN satisfying (3.13)
foralln € N and if ||Q || p (B )axa — 0 as . — oo, then

IF(Q+ QL) —F(Q) — F(Q)Q4 s, /I Qi (5yyaxe — 0.

Proof. The basic ingredient of the proof is the smoothing property of
the far field map Z defined in (3.23), which is a trace class operator
from L?(B,r)¢ into L?(S4~1). Choosing the incident field u! as a
Herglotz wave function vy for some g € L2541,

IF(Q+ Q") —F(Q)lls,
= [lg= Z[(Q+Q"1VSq+q:(ve) = QVSq(vg)] [,

< Jlg= Z[(Q+QVSq+qr(vg) = QVSqlve)] I,

INE

Cllg = [(Q+Q")VSqiq:(vg) —QVSq(vy)] HL(LZ(Sd—‘),LZ(BR)d)

N

C sup [HQIVSQvLQ’(Vg)HLZ(BR)d
llgll 2=1

+11QVISq+qr(ve) = S el (e -

where inequality () follows from Lemma 3.18(ii) and the fact that the
composition of the trace class operator Z with a bounded and linear
operator is of trace class as well. Now we use again the technique
from the proof of Theorem 3.9, see (3.16) and (3.17), to obtain the
bound

1Q'VSq+q Vollliz(Bgye < Q' lLr (Bg)axallSQ+Q (Vo) llHT (By)

where due to Lemma 3.7 the total wave field satisfies the estimates

1S+ (ValllmiBr) < Clivglli ) < CllgllLzsa1y =C,

with a constant C = C(Q) independent of Q’. As the difference of
the total fields Sq1q/(vg) —Sq(vg) equals the difference of the scat-
tered fields L(Q + Q’,vg) — L(Q,vg) for the fixed incident field v,
Theorem 3.9 further shows that

|QVISq+q(vg) — SQ("Q)]HLZ(BR)d
. (3.28)
< CllQl oo (Bg)axallQ e (BryaxallVgllii (Byr)

such that by plugging the last estimates together we conclude that
IF(Q+Q") = F(Qlls, < C(Q)QllLr(5q)axe- The bounds in (ii) and
(iii) are shown analogously, using Theorems 3.14 and 3.15 instead of
Theorem 3.9. O

As for Theorem 3.9, the last corollary’s assumption that (3.13) holds
for Q' can be replaced by uniformly bounded solution operators,
see Corollary 3.11.
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COROLLARY 3.21. Assume that || L(Q,)|[111(B,5)—H1(B,g) IS uniformly
bounded for all Q in a subset Q" of Q. Then for all p > 2T\ /(T\ — 2) there is
C. > Odepending on Q" and p such that (3.27) holds forall Q, Q+Q’ € Q'
with C replaced by C..

Proof. Instead of Theorem 3.9, use Corollary 3.11 to obtain the bound
in (3.28) of the last proof. O

36 NON-LINEAR TIKHONOV AND SPARSITY REGULARIZATION

The inverse problem we consider is to stably approximate a contrast
Qexa from perturbed measurements of its far field operator F(Qexa)-
More precisely, for noisy measurements FJ,.,, with noise level § > 0
such that ||F(Qexa) — Foieaslls . < 8, we seek to approximate Q by non-
linear Tikhonov regularization. Thus, for some penalty term R we
consider to minimize the Tikhonov functional

goc,é(Q) = %HF(Q) _Fgleasngq + (XfR(Q)/ qce H,OO), (329)

over some appropriate admissible set of contrasts included in Q. As
the functional J«, s requires F(Q) to be well-defined, we suppose for
the rest of the chapter that the variational formulation (3.6) of the
forward problem is uniquely solvable for all Q € Q and all incident
fields u' that solve the Helmholtz equation in R9.

AssUMPTION 3.22. The variational formulation (3.6) is uniquely solv-
able for all Q € Q and all incident fields u' that solve the Helmholtz
equation in R4, and the norm of the solution operator L(Q,-) on
H'(B,g) is uniformly bounded for Q € Q.

Due to Lemma 3.7, the first part of the latter assumption can always
be guaranteed by choosing the parameter A € (0, 1) that defines the
set Q in (3.4) close enough to one, as (3.6) is uniquely solvable if Q
is the identity matrix. The second part can be guaranteed by merely
considering contrasts in Q N X for some space X C L®(B,g)4*¢ that
embeds compactly into L*°(B,g)4* <.

Before presenting the Tikhonov regularization framework in detail,
we first show Lipschitz continuity of the discrepancy £(Q) = ||[F(Q) —

Fréneas”sq °

THEOREM 3.23. If Assumption 3.22 holds, then |€(Q) — &(Q + Q') <
ClIQ'lILr(Bg)yaxa for p > 2Tx/(Tx — 2) for all elements Q and Q + Q'
of Q.

Proof. For all contrasts Q and Q + Q’ in Q the reverse triangle inequal-
ity for norms implies that [£(Q) —&€(Q + Q') < [F(Q) —F(Q+ Q") ||s,-
By Assumption 3.22, Corollary 3.21 bounds the last right-hand side
uniformly in Q and Q" by [[F(Q) = F(Q + Q")ls, < CIIQ"[lLp(pexa
for any choice of p > 2T, /(Tx —2). Thus, € is Lipschitz continuous on
Q with respect to LP(Bg)4*4 for p > 2T /(Ta — 2). O
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TIKHONOV REGULARIZATION  Fixing p > 2T, /(T\ —2), let us now
set p. = dp/(p + d), such that T < p, < d. Sobolev’s embedding
theorem then implies that W1P+(B,g)4*4 embeds compactly into
LP(B,gr)9*4; moreover, the Sobolev inequality

HQHLP(BZR)Md <C HQ”W"P*(BzR)d“‘

holds for all Q € W'P+(B,g)9*4, Note that functions in W1P+(B,g)4*¢
are in general discontinuous, since an embedding into Holder spaces
would require p, > d. In the sequel we consider W(],’p*(BzR)dXd to be
the space of functions that vanish on 0Br and extend those by zero
to all of R9, such that the intersection of Wg’p*(BR)dXd with Q is
well-defined. (By abuse of notation, we do not denote this extension
explicitly.)

Non-linear Tikhonov regularization is classically based on the as-
sumption that the penalty term R is coercive in the space of interest
LP(Bg)4*4, such that weak convergence results can be obtained for a
minimizing sequence. If R is even coercive in a space compactly em-
bedded in LP(Bg)9*4, then one directly obtains strong convergence
of the minimizing sequence.

THEOREM 3.24 (Tikhonov regularization). If we choose the penalty term
R of the Tikhonov functional J s as R(Q) = HQ”S\;W*(BR)MW then Ju.5
possesses a minimizer in QN WP+ (Bg)4* 4 If§, — 0asn — oo and if
one chooses & = ot (dn) such that 0 < oty — 0 and 0 < 631/ocn — 0,
then every sequence of minimizers of J«, s, contains a subsequence that
weakly converges to a solution QT € W1P+(Bg)4*4 N Q such that F(Q') =
F(Qexa) holds in 84 and QT minimizes the WP+ (Bg)4*d-norm amongst
all solution to the latter equation.

SPARSITY REGULARIZATION As the proof of Theorem 3.24 is well-
known, see, e.g., [Sch+12] or the proof of Theorem 3.26 below, we
directly present a sparsity-promoting alternative based on a wavelet
basis of WP+, see [Trio6]. Assume that Py, € C*(R), n € N, is
a compactly supported (mother) wavelet with scaling function ,,
associated to a multi-resolution analysis, such that the corresponding
one-dimensional wavelets

VPEa (Xr —m) ifj=0,meZ,
2071/ 2o (D Txr —m) ifjeN, me Z,

ll)]:m(xr) =

form a wavelet basis for x = (x1,...,xq)' € R4, By that define d-
dimensional n-wavelets as usual by setting ¥, (x) = Hf:] Vpa(xr —
m,) for m € Z4. For {Fa,Mo}%* = {G € {Fa,Mo}¢ : at least one
component of G equals Mo } and x € R4, we further set

d
Yo (x) =][we,(xr —ms), mezZ4, G=(Gr), €{Fa,Mo}?,
r=1
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introduce G° = {(Fa)4} = {(Fa,...,Fa)} and G} = {Fa,Mo}9* for j €
N, and for m € Z4 define n-wavelets on R4 by

Yo (x) forj =0, G € G°,

WiE(x) =4 " , j
26-14/2y6 (2i-Tx) forjeN, G € G,

We finally define wavelet coefficients of functions Q € L' (R%)4*d by

d
Qi = (j Que¥iC dx) ect . (330
R4 00/ =1
Examples for suitable wavelets include the well-known Daubechies
wavelets, see [Dau88; Daugz]; however, the following result holds
as well for differently constructed Meyer wavelets, see Chapter 3.1.5
in [Trio6], in particular Theorem 3.12.

THEOREM 3.25 (See [Trio6, Theorem 3.5]). For 1 < p. < oo and the
above-defined n-wavelets WIS with

n €N suchthat n > max(1,2p%+%—1),

there holds that the set of functions {WhCY} is an unconditional basis in
WP (R4)4XA | Fyrther, there are constants A,B > 0 such that for all
Q € WP+ (R9)4%4 there holds
1/p
p*>

Al|Qllwrps (rayaxa < ( Z 2i(ps—d) Z Z Zjdp*/z}Q];;lG
< BJ[Qllwrps (rajaxa.

j€No GeGi mezd
(3-31)

In the following, we use the representation of the W!"P«-norm in
(3.31) for contrasts Q € W}P*(Bg)4*4 that are extended by zero to
all of R4 and, to this end, abbreviate the series in (3.31) by }_
For all numbers T < v < p, and all sequences (a;)jen in {P*(IN) there
holds that (Z;i] \a5|p*)]/p* < (Z;’L IajIT)”T. Fix such r € [1,p.]
and choose any sequence of weights (wj)jen, C R* such that w; >
21(1=d/p.+d/2)v Then the functional

1 : 1 . _
R (Q) = = Z w;| QS| > - Z 2(1=d/ptd/2)| IG|T

j,G,m j,G,m
1 i(pa—dtdp./2) | (j,G [P TP AT
* * ’ * T
> (GZ 270 QR ) A QU v
), ,m

(3-32)

bounds the rth power of the W1 P+norm of Q € W;'p* (Br)9*4 from
above.
Recall now that F(Qexa) and Fo € 84 model exact and noisy

meas

measurements, respectively, with noise level ||F(Qexa) — Foenslls q

j,G,m*

<o.
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Due to the the above setting, the following result follows straight-
forwardly from standard non-linear regularization theory, see, e.g.,
[Sch+09; Sch+12].

THEOREM 3.26 (Sparsity regularization). For 1 <1 < p. =dp/(p+d),
the functional J« s with R = Ry from (3.32) possesses a minimizer in Q N
WP+ (Bg)dxd, If 54 — 0 as n — oo and if one chooses &y, = 0tn(dn)
such that 0 < oy — 0 and 0 < 8% /an — O, then every sequence of
minimizers of Ju, 5, contains a subsequence that weakly converges to an
R-minimizing solution QT € WP+ (Bg)dxdnQ of the equation F(Q) =
F(Qesxa) i1 8.

Recall that QT is a R,-minimizing solution to F(Q) = F(Qexa) if
®,(Q") = min {®,(Q), Q € 2N W' P+(Bg)?*4, F(Q) = Fexa

Proof. We repeat the proof for the existence of a minimizer of J4s.
For an arbitrary minimizing sequence {Q™},cn C Q the penalty
(R(QM))}is uniformly bounded, such that

Q™ T s (g gyaxa < CHQM™ Ry rp. (g yaxa

ﬁij\(Q“)LFP CTR Q™)

j,Gm

is uniformly bounded as well. As WP+ (Br)4*4 is a reflexive Banach
space, the sequence {Q (™}, oy contains a weakly convergent subse-
quence that converges in LP(Bg)4*4 due to the compact embedding
of WI'P+(Bg)4xd in [P(Bg)4*4, say, to Q € W!P+(Br)4*4. Since Q
is a convex set, the limit Q belongs to Q and Lipschitz continuity
of the discrepancy term € with respect to LP(Bg)4*¢ implies that
E(Qn) — €(Q). Lower semi-continuity of the penalty term R, with
respect to WP+ (Bg) shows that Q is a minimizer of J, 5. Consistency
of the minimizers for vanishing noise level under the given choice of
the regularization parameter o can be shown as in, e.g., [Sch+12]. [

We omit here to show well-known source conditions that imply
convergence rates of the minimizers, as these are classic and can
be straightforwardly transferred from either abstract results in, e.g.,
[Sch+12], or from [JM12a], to our setting. All required analytic prop-
erties of the forward operator F can be derived from Corollary 3.20.

As it is well-known that a solution Q to the inverse problem F(Q) =
F3 eas is only unique up to a change of variables, Theorem 3.26 shows
that all we can hope for is to determine an R,-minimizing solution.
Even if we restrict ourselves to an (scalar) isotropic contrast of the
form Q = g*Idg, it is unclear to us whether the far field operator
Fgs corresponding to q* uniquely determines the isotropic contrast

qSC‘
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3.7 NUMERICAL EXAMPLES

After elaborating a theoretic framework that guarantees convergence
of the Tikhonov iterates against a minimum-norm solution, we now
present a couple of numerical experiments for contrasts, that are
sparse in a wavelet basis. Referring to Section 2.2, that means that few
wavelet coefficients of the isotropic contrast function are non-zero.
To this end, we minimize the Tikhonov functional in (3.29) for the
sparsity-promoting penalty (3.32) in a simplified setting: we model
an isotropic test media by merely a scalar material parameter q*¢ with
wavelet coefficients Wq*® = {(qsc)i{iG} defined as in (3.30).

Starting with an initial guess qf (that will always be chosen as
zero), we consider a Tikhonov functional for the linearization of the
forward operator at the current iterate q}° and seek a minimizer hy of

e GlIF(AE) + F/(qF) M — Feasl§, + & Re(gi +1),  (3.33)

where R, is defined in (3.32). We tackle the latter minimization prob-
lem numerically by either a shrinked Landweber iteration as pro-
posed by Daubechies, Defrise, and De Mol [DDDo4], oz, alternatively,
by a primal-dual algorithm as proposed Chambolle and Pock [CP11],
see also [HH14]. Whilst the first algorithm is simpler to implement
and essentially equals the one used for the numerical experiments in
[LKK13], its disadvantage, to some extend, is that it requires (squared)
Hilbert space norms defining the discrepancy.

COMPUTATIONAL FRAMEWORK All examples moreover rely on
simulated scattering data for 32 incident and scattering directions.
Computation of synthetic data and the evaluation of the forward op-
erator, as well as the adjoint of its derivative, require to numerically
approximate solutions to the scattering problem (3.1—3.2) or to corre-
sponding adjoint problems. To this end, we discretize the volumetric
integral equation (3.20) by a collocation approach using trigonomet-
ric polynomials as in [Vaioo], see also [LN14] for the analysis of a
corresponding Galerkin method applied to a periodic variant of (3.1).
The advantage of the resulting method is that the integral operator
can be rapidly evaluated by the fast Fourier transform, which makes
the solution of the discrete system by an iterative solver attractive.
(We use the generalized minimal residual method (GMRESs) with an
accuracy of 107 as linear solver.) Moreover, the uniform grid of the
domain-of-interest can remain fixed during the iteration.

All synthetic far field data are computed on a uniform grid of size
2048 x 2048 of [—0.4,0.4)2, which leads in the examples to a relative
numerical error of less than one percent. (Wave lengths equal either
/70 ~ 0.044 and 71/50 ~ 0.0628.) In the inversion schemes, we ap-
proximate solutions to scattering problems on a grid of size 512 x 512
on the same domain; the contrast function itself is resolved on a grid
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of size 128 x 128. We did not attempt to speed up the forward solver,
such that most of the inversion time is due to solving (adjoint) for-
ward problems (speeding up the forward solver hence yields a cor-
responding speed-up for the inverse solver). All computations are
coded in Matlab® and indicated computation times are measured on
an eight-core Intel® Core™i7-3770 cPu@3.40 GHz with 32 GB rAM.

When adding artificial noise to the synthetic data, we scale a matrix
containing independent and normally distributed random numbers
with mean zero and standard deviation one such that the sum of the
synthetic data and the random matrix has a prescribed relative er-
ror, equal to & = 0.01, 0.05, or 0.1. Note that instead of discretizing
the adjoint of the derivative of the forward operator, we rely on the
adjoint of the discretization of the integral operator, to obtain exact
adjunction up to the precision of the iterative solver. Figure 3.1 shows
plots of the two contrasts q* (1) of the isotropic test media we con-
sider for inversion (for the complex-valued q* () we plot real and
imaginary part).

0
1 -0.2 0.8
0.8 -0.4
(0.6
0.6 -0.6
0.4
0.4 -0.8
0.2 -1 02
0 0

(©

(@)

Figure 3.1: Contrasts plotted in [—0.4,0.4)2. (a) Real part of q* (1) (b) Imag-
inary part of q* () (c) Real-valued contrast q* (2).

SHRINKED LANDWEBER ITERATION In detail the shrinked Land-
weber iteration determines qi ; = qi + h¢ by computing the {th
step hy by resolving the first-order optimality conditions for a (scalar-
valued) minimum of the non-linear functional 4 s in (3.29),

qi +om ) wysign((qF))| ik Wk
j,G,m
= qzc - HF/(q%C)*(F(q%C) - Fréneas)

for all p > 0, which motivates to compute the update by a traditional
fixed point iteration (see, e.g., [DDDo4])

— oSow(qzC— e (5) IF(q) —aneasJ),

with a step-size parameter p; > 0 determined by Armijo’s rule, see,
e.g., [Arm66], and W and W~ as the forward and the inverse wavelet
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transform. Further, § = 8§« w,r is the so-called soft-thresholding op-
erator: For @ = (@j); with positive entries there holds S +(fj) =
(Sw;,+(fj)); with scalar functions Sy, defined as inverse function to
t—t+ ocsign(t)ltlr_] for r > 1, see [DDDo4]. (For r = 1 there holds
Su,r(t) = sign(t) max{[t| — «, 0}.)

Independent of how the update h; is computed, we stop the itera-
tion for the qi° if the discrepancy is less than a fixed tolerance T = 1.5
times the (relative) noise level. All examples are computed using the
Cohen-Daubechies-Feauveau 9/7 wavelets.

When choosing the weights w = (wj)jen such that the penalty
term R, with r = 1 is for a fixed wavelet discretization numeri-
cally equivalent to the W'3/2(Bg)-norm, the resulting reconstruc-
tions both for the shrinked Landweber iteration and the primal-dual
algorithm did neither substantially differ in the visual norm nor re-
garding the resulting reconstruction errors from reconstructions for
the constant sequence where w; = 1 (such that R; is the {'-norm of
the wavelet coefficients). As, additionally, the shrinked Landweber it-
eration required considerably more iteration steps, all results shown
below are computed with for constant weights w; =1 and r = 1.

In the following first set of examples we used the shrinked Landwe-
ber iteration sketched above for artificial noise levels & equal to 0.01,
0.05, and 0.1 and regularization parameter o« = 6. The wave number
equals k = 140, such that the wave length is about 0.045. The iteration
is stopped by the discrepancy principle if the (relative) discrepancy
is less than 1.55. Figure 3.2 shows that the shape of the cross in Fig-
ures 3.1a and 3.1b is well reconstructed and that the magnitude of
the reconstruction is roughly matched, at least for small noise level.
However, the small variations of the contrast inside the cross-shape
are not well resolved but tend either to thicken or to thin the width
of the cross. For 6 = 0.01, the relative discrepancy does not reach
the prescribed value of 0.015 in 500 iterations, which might be due
to the numerical noise level of the synthetic data. We hence plot the
5ooth iterate; after the 4ooth iteration, the first two digits of the recon-
struction do no longer change, such that this is, arguably, justified.
Reconstruction times notably become tremendous for so many itera-
tion steps.

Figure 3.3 shows the corresponding results in the same reconstruc-
tion setting for the real-valued double L-shape from Figure 3.1c. The
inversion scheme converges somewhat faster; again, for 6 = 0.01 the
reconstructions do not reach a relative discrepancy of 1.58 until the
sequence of reconstructions becomes stationary at about the 200th
iterate. Notably, the imaginary part of the reconstruction remains
small during the iteration without imposing it to vanish by the algo-
rithm. Again, the reconstruction times are rather high, which is a well-
known disadvantage of soft-shrinking techniques. Generally speak-
ing, the inversion problem is to our impression somewhat harder to
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Figure 3.2: Reconstructions of q* (') by shrinked Landweber method, plot-
ted in [—0.4,0.4)? (real parts in top row, imaginary parts in bot-
tom row). (a/d) &6 = 0.01, 500iter., 2145 min., rel. error is 0.533
(b/e) & = 0.05, 300iter., 748 min., rel. error is 0.565 (c/f) & = 0.1,
57 iter., 126 min., rel. error is 0.677.

tackle numerically by the shrinked Landweber iteration compared to
the Helmholtz equation Au + k?(14 q)u = 0 considered in [LKK13].

Since due to their parallel edges the above shown examples are well
suited for a tensor product basis, Figure 3.4 shows results of the less
restrictive case of non-axis-parallel edges. Therefore, we reconstruct a
rotation by 25° of above real-valued double L-shape from Figure 3.1c.
As seen before, for & = 0.01 the reconstructions do not even reach
a relative discrepancy of 1.7 6 until the sequence of reconstructions
starts to get stationary at about the 300th iterate. Although consider-
ably more iterations are needed, the reconstructions are slightly infe-
rior to those in Figure 3.3.

PRIMAL-DUAL ALGORITHM To cope with the two most obvious
disadvantages of the shrinked Landweber iteration, we finally con-
sider the primal-dual algorithm by Chambolle and Pock. This al-
lows first to consider different norms for the discrepancy term of
the Tikhonov functional (we choose discretized LP-norms for func-
tions on S' x S'-norms as explained in Remark 3.19) and second
yields smaller computation times. This algorithm computes the min-
imizer of the Tikhonov functional in (3.33) by explicitly consider-
ing the resolvents of the subdifferentials of the convex functionals
Frs |[F—TF s + F(q%C)ng and h — aR;(qy° +h). More precisely, let
us consider general proper, convex, and lower semicontinuous func-
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Figure 3.3: Reconstructions of q* (?) by shrinked Landweber method, plot-
ted in [-0.4,0.4)? (real parts in top row, imaginary parts in bot-
tom row). (a/d) & = 0.01, 200iter.,, 390 min., rel. error is 0.653
(b/e) & = 0.05, 48iter., 87 min., rel. error is 0.665 (c¢/f) 6 = 0.1,
20iter., 38 min., rel. error is 0.703.

tionals € : 84 — [0,00] and P : Q — [0, 00], as long as the resolvents
(I4+009&*)~ ! and (I14+1dP)~" of the subgradients of the Fenchel con-
jugate £* of € and of P are explicitly computable for ,0 > 0. The
primal-dual algorithm then computes the minimizer of

h = E(F/(qF) (R — (Foeas — F(q5))) + « P(qF +h) (3-34)

via these resolvents. As already mentioned, & = || ||d/q for 1 < q <
0o, see Remark 3.19. We further define P(-) as sum of R, from (3.32)
and a convex functional 1}, that ensures that the reconstructed con-
trast respects a-priori known pointwise bounds: 1},(q*¢) = 0 if —1 <
Req*(x) < 3 and 0 < Imq*(x) < 3 in [0.4,0.4)%; and 1,,(q*) = oo
otherwise. For both functionals, the subgradients can be computed
using basic rules of convex analysis, see, e.g., [Rocg7], and both resol-
vents can be computed explicitly.

For the remaining example, we invert q* (2) for scattering data
for k = 100, such that 2t/k ~ 0.063. The artificial noise level & is
set to 0.01, the regularization parameter o in (3.34) equals 0.01 and
the remaining parameters n and o to (5/4|F’ (qf}C)H)]/ 2. We stop the
primal-dual algorithm applied to the linearized functional in (3.34)
when the relative residuum of the linear equation is less than 0.05
(which typically yields less than ten steps and is finished in less than
a minute). The largest part of the computation time of the primal-
dual algorithm is due to the computation of the entire (factorized)
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Figure 3.4: Reconstructions of q* (?) rotated by 25° by shrinked Landweber
method, plotted in [—0.4,0.4)? (real parts in top row, imaginary
parts in bottom row). (a/d) & = 0.01, 300iter., rel. error is 0.668
(b/e) & = 0.05, 445 iter., rel. error is 0.669 (c/f) 6 = 0.1, 99iter.,
rel. error is 0.734.

matrix representing the derivative of the forward operator at the cur-
rent iterate q°. (This typically takes less than two minutes for the
examples below.) The numerical computation of the (matrix) norm of
F'(q5°) takes about one minute and executing the algorithm for one
linearized problem typically less than three minutes. Figure 3.5 shows
the effect of changing the parameter q € (1,00) of the discrepancy
term || - ||d/q by plotting reconstructions for q = 1.6, 2, and 3. (We
simply plot the iterate with the smallest error.) Let us first note that
for all reconstructions, the computation times are much smaller than
for the shrinked Landweber iteration. Generally, choosing q larger/s-
maller results in smaller/larger iteration numbers to reach to optimal
reconstruction in the entire range in between ¢ = 1 and q = 5. On
the other hand, the reconstruction quality is best for q = 2, where the
accuracy roughly matches that of the shrinked Landweber iteration.
(Arguably, this might be due to the Gaussian distribution of the ad-
ditive noise.) Choosing q larger or smaller than 2 yields increasingly
worse reconstructions; in particular, the contrasts do not reach the
true values anymore. Thus, the choice of the discrepancy norm has
obviously a significant influence on the inversion result.
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Figure 3.5: Real part of reconstructions of q* (?) by primal-dual algorithm
for different discrepancy norms || - [|d/q (see Remark 3.19) and
fixed artificial noise level 5 = 0.01, plotted on [—0.4, 0.4)2. (a)
q = 2, 5iter., 12min., rel. error is 0.658 (b) q = 3, 2iter., 4 min.,
rel. error is 0.738 (c) q = 1.6, 41 iter., 82 min., rel. error is 0.763.

38 ADJOINT OF THE FORWARD OPERATOR’S LINEARIZATION

The adjoint operator of the linearization F’ is a crucial ingredient
for most gradient-based schemes tackling the inverse scattering prob-
lem to stably solve the non-linear equation F(Q) = Fpyeas for some
given Fpeas € 8q. This is our main motivation to give an explicit
and computable representation of this adjoint. We fix Q € Q, con-
sider F/(Q): LP(Bg)4*4 — 84 and aim to determine F'(Q)*: 84+ —
LP'(Br)4*4 such that for all P € LP(B,g)4*¢, K € 84/ it holds

(F'(Q)[P,K)s, = (P,F'(Q)* K)2(p, axa- (3.35)

Here, p’ and q’ are the conjugate Lebesgue indices to p and q, respec-
tively, such that 1/p+1/p’ =1and 1/q+1/q’ =1,and (-,-)12(p)axa
is the usual scalar product in L?(Bg)4*4,

d
A:BdX:J ZKijBijdX/

(A,B)LZ(BR)dxd :J B

Br R ij=1

extended to the anti-linear dual product between LP(Br)4*¢ and
LP'(Bg)4*4. Further, (-, -)s, is the scalar product in the Hilbert space
of Hilbert-Schmidt operators,

oo

(F,K)s, = > sj(F)sj(K) = ) (Fgj, Kgj)r2(sa1)
jEN j=1

for an arbitrary orthonormal basis (g;);jen of [2(sd-1). Consequently,

(3.35) becomes

oo

> (F(Q)IPlg;, K gj)2(sa-1) = (P, F/(Q)" K) 2 axa
j=1

for all P € LP(B2g)4*? and K € 84/. Thus, we consider at first a
single [?-scalar product for fixed Q € Q and g € 1%(S%~') and seek
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for A : L2(S891) — LP'(B,r)4*? such that for all P € LP(B,g)4*d
and h € 1L2(S977) it holds, that

(F'(Q)[PIg, M) 2(a 1) = (P, AR) 2y axa.

Recall from (3.21) that L'(Q,vg)[P] =V’ € H'(B,g), a function whose
radiating extension satisfies

v/ =Sq [div V(PVIL(Q,vg) +vg])] in H' (B2r),

where Sg = [Id —div V(QV/(-))] ]71. Since the derivative F’/, see (3.26),
involves the far field of L/, we note that

F'(Q)[Plg =Zo [QVV' +PVSq(vy)]
=Z0[QVSq [divV(PVSq(vg))] +PVSq(vg)].
Consequently, we compute that
(F'(Q)[Plg, h)r2(sa1)
(QVSQ [leV(PVSQ(vg))] +PVSq(vg), Z*h)LZ(BR)d
= (PVSq(vg), [QVSgq o (divV)]* o Z*h)
+ (PVSQ(vg), Z*h’)LZ(BR)d

= (P, ([1QVSq o (div V)" +1d] 0 Zh) © Vg vy

L2(Bg)d

LZ(BR)dxd

where the last matrix-valued function is defined by (a ® b);; = a; b;
for 1 < 1,j < d and [QVSqdivV]* denotes the Lz—adjoint of the
bounded operator w — QVSq o (div V(w)) on L2(Bg). (If Q is a twice
continuously differentiable function, then the latter adjoint can be
represented by f — V*(VS*Q(diV(QTf))) for all f € H%(Bgr).)

LEMMA 3.27. For Q € Qand g € L?(S47"), the adjoint of the mapping
P F'(Q)I[P](g) with respect to the L*-inner product maps 1*(S91) into
LP/(P=1)(B,r)4%4 for p > 2Ty (T — 2) and is represented by

~ ([[QVSq o (divV))* +1d] 0 Z*g) & VSqvg).

For all orthonormal bases {g;}jen of L*(S4™") and all K € S+, the bounded
operator F'(Q)* : 8qr — LP/(P—1)(B,g)94%d js represented by

=3 ([[QVSq o (divV)I* +1d] 0 Z* (K g;) ) & VSqlv,]

j=1
(3-36)
Note. If Q = g°¢ Idg is represented by a scalar function q*¢ and h —
F’(q)[h] maps LP(Bg) into 84, then F'(Q)*(K) = F'(q*)*(K) in (3.36)
becomes scalar, i.e.,

F'(g*)"(K) =

i

Il
-

([l VS qwo (div V)] +1d] 0 Z*(Kg;) ) - VSqulvg,]
)

is a function in LP/(P—1)(Bg).



INVERSE ELECTROMAGNETIC SCATTERING FROM
ANISOTROPIC NON-MAGNETIC MEDIA

Whereas both the works of Section 2.3 and Chapter 3 deal with acous-
tic waves, we now explore non-linear Tikhonov regularization and
sparsity-promoting techniques for inverse electromagnetic scattering
from penetrable linear inhomogeneous non-magnetic anisotropic me-
dia, like aluminum-copper alloys.

Thus, we expose the scattering problem in more details in Sec-
tion 4.2. For that purpose, as in the previous chapter, we work with
material parameters of an admissible set, equipped with the L*°-topo-
logy. In Section 4.3 we then construct the associated solution operator,
which maps material parameters to scattered fields. Further we estab-
lish H'-regularity estimates, provided by Saranen [Sar82], to analyze
the dependence of scattered fields and their derivatives on the ma-
terial parameter, see Section 4.4 as well. We extend these results in
Section 4.5 to a parameter-to-far field mapping, called the forward
operator. Due to that, we show in Section 4.6 convergence of a non-
linear Tikhonov regularization against a minimum-norm solution to
the inverse problem, which seems to be impossible when one works
in an H(curl)-setting. Hence, we establish sparsity-promoting Tikho-
nov regularization results in wavelet bases as well as for functions
of bounded variation. Finally, the adjoint of the forward operator’s
linearization is calculated in Section 4.7.

Note that in contrast to Section 3.7 numerical results are not pro-
vided, since even computational implementation of Maxwell’s equa-
tions with material parameter in the first order term into the used
framework of [BKL17] is still an open task.

NOTATION By 82 — {x € R3, |x| = 1} we denote the unit sphere in
R3 and Bg(x) is the ball of radius R about x € IR3. For any bounded
Lipschitz domain B C R3 we denote the Sobolev space wh2(B,C3)
by H'(B,C3). Hence, we define the Hilbert space H(curl, B) = {u €
[%(B,C3), curlu € L?(B,C3)}, with inner product (W, W) H (cur,B) =
(w, W) 2(g) + (curly, curlw)2(g). The closure of C(O)O(B,C3) in the
norm of H(curl, B) is called Ho(curl,B) = {u € H(curl,B), vxu =
0 on 0B}. Further,

Hioc (curl, R3) == {u: R3 — C3, ulg € H(curl, B) for all balls B C ]R3}
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and H; '/%(dB) := {u € H"1/2(dB,C3), u-v = 0 a.e. on dB} in which

v denotes the unit outward normal to B. By that one defines the trace
space of H(curl, B) with respect to the trace u — v x u,

H~/2(Div, 9B) = {u e H.'/%(8B), Vop - u € H—‘/Z(aB)},

where Vg - denotes the surface divergence. Its dual space is given by
H~1/2(Curl, dB) == {u € H, '/*(3B), Vop x u € H~1/2(dB)}, within
use of the surface scalar curl Vg x (for details see, e.g, Monk [Mono3s,
Section 3.4]). By abuse of notation, a duality pairing between the trace
space of H(curl, B) and its dual (see, e.g., [Mono3, Section 3.5.3], or
[BCSoz2], [BHo3]) will for simplicity always be written as a boundary
integral over 0B. Analogously we define the Hilbert space H(div, B) ==
{u e L%(B,C3), divu € L?(B, C3)} with inner product (W, W) (div,B) =
(W, w)2(g) + (divu, divw);2(g). To improve readability, we use a ge-
neric constant C in our estimates, maybe changing its value from one
occurrence to the other.

4.1 MAXWELL'S EQUATIONS

Recall that in general the propagation of time-harmonic electromag-
netic waves in three dimensions is governed by Maxwell’s equations
for the electric and magnetic fields E and H. Given a circular fre-
quency w > 0 and a medium with electric permittivity &, magnetic
permeability p, and conductivity o, linear and time-harmonic electro-
magnetic waves are governed by the differential equations

curl E—iwpH =0,

in R3. 1
curl H +iweE = oE (4-1)

We assume the tangential components of E and H to be continuous on
interfaces, where o, ¢ and p are discontinuous. (Instead, the normal
components might jump across the material boundary.) Denoting the
constant background permittivity and permeability by €o and po, we
introduce the anisotropic relative permittivity ¢, and relative perme-
ability p,
o) = S T gy - 1N,
€0 weo Ko

In the following we assume that ¢ = ¢p, 1 = po, and o = 0 outside
some bounded domain. Further the scattered fields satisfy the Silver-
Miiller radiation condition

JEOHS (x) x x — IXES(x) = O <1> as x| — oo,
€0 x|

uniformly with respect to x/|x| € S2. As mentioned above, we in-
tend to handle the important case of non-magnetic media, that is the
magnetic permeability p is constant and equal to the permeability po
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of vacuum such that pu, = 1. An example for that case can be seen
during the solidification of an aluminum-copper alloy with a non-
magnetic Al,CU phase. Herein strong magnetic fields are used to
control the crystal growth and the solid-liquid interface morphology
to align the phase and, therefore, avoiding the embrittlement of the
material. Hence, we will work from now on with the magnetic field
H only, which is divergence free in case of non-magnetic media. Thus,
the system (4.1) can be reduced to the second-order Maxwell system

curl (&, ' curl H) —k*H =0 in R? (4.2)

for the positive wave number k := w,/egpp € C\ {0}, such that Rek >
0 and Imk > 0. Accordingly, the electric field is determined by E =
icurl H/(weper).

4.2 SCATTERING FROM NON-MAGNETIC MEDIA

We consider the time-harmonic Maxwell’s equations to model scat-
tering of an incident electromagnetic wave from a non-magnetic me-
dium modeled by space-dependent relative electric permittivity e;.
As the material parameter ¢, € L*(D,Sym(3)) takes values in the
complex-valued symmetric 3 x 3 matrices Sym(3) C C3*3, its real
part correlates physically to the electric permittivity, whereas its imag-
inary part is proportional to the electric conductivity 0. We assume
that there exists a positive constant A > 0 such that MEI2 < Re(zT & &)
for all £ € C3 and for almost all x on the bounded Lipschitz domain
D C R?® with connected complement R3 \ D. Since in particular we
have that also &, ! € L*(D,Sym(3)), we suppose that the closure
of D equals the support of I; —¢&, ! and, moreover, that the imagi-
nary part of ¢, ! is bounded from above, that is, Im(ETsf1 £) <0
for § € C3. To generalize notation we thus abbreviate the mate-
rial parameter as an element p = ¢, ! of the bounded subset P of
L*°(D, Sym(3)), which is equipped with the L*°-topology and defined
foraA >0as

Pi={p € L¥(D,Sym(3)), NP <Re(Zp '),

Im(ETp £) <0, ae.inD and for all & € CS} )

THE SCATTERED FIELD Remember that we have already derived
in the introduction that the total magnetic field solves

curl (pcurlH) —k*H =0 in R3. (4-3)
On interfaces where p~! is discontinuous, the tangential components
of the magnetic field H and of p curl H are continuous across the in-
terface. In particular, if p~! is discontinuous across 0D, then

vx[Hljp =0 and vx[pcurlH];p =0, (4-4)
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where [-]ap denotes the jump of a function across 9D. Assume that a
time-harmonic incident plane wave

HY(x, d;p) = peikx'd, x € R®, where d € &%, pE C3, and p-d=0,

with direction d and polarization p propagates through the inhomo-
geneity D. Due to the different material parameters inside D there
arises a scattered wave H¥, solving

curl (pcurl H®) — k*H* = curl ((I; —p) curl H')  in R3. (4.5)

Since H' solves curl? H' — k2H! = 0 in R3, the total field H = H 4+ HS
is still a solution to (4.3). Furthermore H® is radiating, i.e., it satisfies
the Silver-Miiller radiation condition

curl H(x) x & —ikH®(x) = O (]x|72) as |x| — oo, (4.6)

uniformly with respect to % :== x/|x| € S2.

THE FAR FIELD Since H® is a radiating solution to 4.5, it has the
asymptotic behavior

_exp (ik|x|)

H*(x) 47|

H®(%,d;p) +0 (XI72), aslx| — oo,

uniformly in all directions % = x/[x| € S2. Here H™ is called the
far field pattern of H®, which (see, e.g., [CK13, Theorem 6.9]) is an
analytic and tangential vector field on the unit sphere, i.e.,

H®(%,d;p) -8 =0 forallk € $? and all d € $?,p € C3 withp-d = 0.

In particular, H* belongs to the space of square-integrable tangential
vector fields

L$(S?) = {g € L*(S%,C>), g(&) - & =0 for a.e. ® € §?} C L*(S?,C?).

The far field patterns H* define the far field operator F: L%(Sz) —
L{(S?) by

(Fg) (&) = L,z H®(%,d;g(d)) dS(d) forke€S?,  (47)

which is linear since H* depends linearly on p, i.e., H®(%,d;p) =
A (%,d)p for all p € C3 with p-d = 0 and H*®(%,d) € C3*3. Due to
reciprocity relations, H* is moreover a smooth function in both vari-
ables % and d which implies that F is a compact operator on L(S?).
Note that Fg with g € L#(S?) is the far field pattern of the magnetic
field corresponding to an incident Herglotz wave function,

vg(x) = LZ H(x, d;g(d)) dS(d) = LZ eikx'dg(d) ds(d), xeR3,
(4.8)
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in H(curl, Br).

Regarding general source terms f € C*°(D,C3) on the right-hand
side of (4.5), we seek for weak radiating solutions v € Hj,(curl, R3)
to

curl (p curlv) — k?v = curl ((13 —p) f) in R3, (4-9)
VX V_=vxv,
on 0D. (4.10)
vxpcurl v —vxcurlv[, =vx (I;—p)f

Note that we always implicitly use natural, homogeneous transmis-
sion conditions (4.10) on 0D in the rest of this chapter and that setting
f = curl H' yields the original problem (4.5). The weak radiating so-
lution v € Hy,.(curl, R3) thus needs to satisfy

J [p curlv - curl P — k?v- T dx = J (I —p)f- curlp dx  (4.11)
R3 R3

for all P € H(curl, R3) with compact support.

Remark 4.1.  A. Choosing 1 = V¢ to be a gradient field, the equa-
tion curl Vo = 0 implies that [;v-V@dx = 0 for all ¢ €
H'(R3) with compact support, i.e., divv = 0 in R3. Thus, the
solution v is divergence free.

B. The Silver-Miiller radiation condition is well-defined for any
weak solution v to (4.11):
Outside D the solution v solves curl? v — k?v = 0 together with
divv = 0; thus, the identity A = V div — curl? implies that
Av +k?v = 0 and elliptic regularity results imply that v is a
smooth function in R3\ D.

4.3 THE SOLUTION OPERATOR

Now we transform the weak formulation (4.11) into a variational
equation on a bounded domain. Therefore, we denote by Br a ball,
containing the support D of I; —p in its interior and the tangential
trace mapping y.: H(curl, Br) — H~'/2(Div, dBR) by v¢(u) = v x
ulaBR for the outward unit normal vector v = v(x) at x € 0Bg. Fur-
ther the “dual” tangential trace yt: H(curl, Bg) — H~1/2(Curl, 0BR)
is given by yr(u) = (v X u)lyp, x v, see [Mono3, Theorem 3.31] or
[BCSoz2] for a generalization to Lipschitz domains. If v € Hjo(curl, R3)
solves (4.11), then v solves also

J [p curlv - curlﬁ—kzv-ﬁ dx+J Yi(curlv) -yt () dS
Bx dBg (4.12)

= J (I, —p) f - curlp dx,
D

for all test functions 1\ € H(curl, Bg) with compact support included
in Bg, because p = 1 on 0Bg. Regarding both the transmission condi-
tions (4.10) and the relation between the magnetic and electric fields
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(see below (4.2)), we denote the exterior magnetic-to-electric Calderon
operator by
A: H/2(Div, dBg) — H~'/?(Div, 9Bg),

i
wEp

mapping ¢ € H~'/2(Div, dBg) into (v x curlu) B where u

R
satisfies

curlu—k?u=0in R3\ Bg, 7vi(u)=vxu=—iweoe on dBg

and the Silver-Miiller radiation condition (4.6). Exploiting that, we
can rewrite (4.12) as

J [pcurlv - curlp — k?v -] dx+J Alyi(v)) -yr(W) dS
B oPr (4.13)

— J (I, —p) f - curlp dx
D

for all P € H(curl, Bg). (We omit the trace operators vy and yt from
now on if a tangential restriction to the boundary is obvious.)
Remark 4.2. If v € H(curl, Bg) solves (4.13) then v can be extended
into the exterior of Bg: For the spherical Hankel functions hg ) and
the spherical harmonics Y]}* there exist unique &1, B+ € C, such that
the extension is given by

V(x) = i Z {oc}’f curl curl <xhg](klx) Yo <|§|>>

n=1m=-—n
— Bt curl (xhg)(klxD Yo <x>) }, [x| > R.

Ix

For details on the coefficients, see Section 9.3.3 of [Mono3], especially
Theorem 9.17 and Remark 9.18, as well as Section 2.7 of [KH15], Corol-
lary 2.47 and Theorem 2.50 in particular. Such defined extended func-
tions w = {vin By, ¥ in R3 \ By} solve (4.11) and for simplicity are
denoted by v again.

We now define a sesquilinear form for p € P and for all @, } €
H(curl, Br) by

ap(@, V) = JB [pcurl @ - curlp — k2@ - ] dx—i—LB Al) - dS,

and the solution operator L: P x H(curl, Br) — H(curl, Bg), which
maps material parameters p and incident fields u! to the solution of
the variational problem

a,(L(p,ut), ) = J (I; —p) curlu' - curlyp dx for all P € H(curl, Bg).
D

(4.14)
Thus, L(p, ut) = v is still the weak solution to the variational formula-

tion (4.13) for f = curlu® and the radiating extension of v to IR3 (see
Remark 4.2) weakly solves

2

curl(p curlv) — k?v = curl ((I; —p) curlu') in R3.
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SOLUTION THEORY VIA RIESZ-FREDHOLM  Using either this vari-
ational formulation involving the exterior Calderon operator, as done
by Monk [Mono3] or a volume integral approach seen by Kirsch
[Kiro7], it is possible to show that the underlying problem (4.11) can
be reduced to a Fredholm problem of index zero (see, e.g., [Kiroy,
Lemma 2.4]). Therefore, uniqueness implies existence of solution (see,
e.g., [Kiroy, Theorem 2.5], [Mono3, Theorem 10.2]):

LEMMA 4.3. The scattering problem (4.9) and (4.10) with radiation condi-
tion (4.6) satisfies the Fredholm alternative, i.e., there exists a unique radiat-
ing solution v € Hoc(curl, R3) of (4.11) for every f € L2(D, C3), provided
uniqueness holds for all p € P. If uniqueness holds, then there exists a con-
stant C > 0 (depending on By, k, p only) such that

VI (cun,Br) < Cll(I —p)flli2(p,c3) (4.15)

for the right-hand side of (4.11). Further, the restriction v|y is the unique
solution of the integro-differential representation (4.24) in H(curl, Br).

ASSUMPTION 4.4. We assume in the following that for the connected,
convex set P any solution to (4.11) for f € L2(D,C?) is unique, such
that existence and continuous dependence of this solution follow
from uniqueness. For example, in the case of dielectric media (i.e., 0 =
0), this assumption is always satisfied if p € P is globally Holder con-
tinuous and differentiable, except at one point of Coulomb-type sin-
gularity, since, under this smoothness assumption, unique continua-
tion results for Maxwell’s equations are applicable, see [Oo2],[Vogg1].

Thus, the solution operator L(p, -) exists for all p € P, together with
a constant C = C(T) such that H L(p, ul)”H(curl,BR) < C HuIHH(curl,D)~

REGULARITY ESTIMATE To handle derivatives of L in LP-spaces,
we use an H'-regularity estimate stated by Saranen [Sar82]. Since
we will work with a couple of solutions to equations with slightly
different right-hand sides, we state the following result for a broader
range of parameters on the right-hand side.

THEOREM 4.5. Let p € P, f € L2(D,C3) and the support D of A €
L>(Bg,Sym(3)) be a subset of the ball Bg. If v in H(curl, Br) is a weak
solution of

curl (pcurlv) —k?v = curl (A f) in R3, (4.16)

then v € H'(Bg, C3) and there holds that
VIt (Be,c3) < CIAT|lL2(Bg,c3)/ (4.17)
for some constant C depending on By, k, and p only.

Proof. To apply results of Saranen [Sar82], we have to ensure that
the solution is part of an appropriate function space. Therefore, we
choose a cut-off function x € C®(R3), such that x = 1 in Bg D
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D = supp A and vanishes outside of the convex domain B,g 2 Bg.
Then the function w = xv satisfies v x w = 0 on 0By, such that
w € Ho(curl, B;r). We further have divw € L?(B,g, C3)—as we will
see in the next lines—and, thus, w € Hg(curl, Bogr) NH(div, Bog). Due
to Theorem 4.2 of [Sar82], the field w then satisfies

Wl 8.y < C (Il eurlwl s e + [l divwllia e ) -

Considering that w = xv, we can rewrite the norms on the right-hand
side by applying the product rules of the rotation, respectively of the
divergence, as

| curlw(l 2(p,, c3) = X curlv + Vx X V|1 2(p,, c3) < 00,
” divw||L2(B2R,C3) = HXle\)‘i‘VX 'V”LZ(BZchﬂ < 0.
Further, for two vectors a and b, the identities
la x b| = |a|[b|sin<(a,b) and a-b =|a|/blcos<i(a,b),

where the absolute values of sin and cos are bounded by one, provide
estimates for the cross product and dot product respectively. By that,
after applying the triangle-inequality, we gain that

”XCUI‘]V"‘VX X VHLZ(BZR,C3)
< ||X||L°°(sz) | Curl\)”LZ(BZR,C3) + [l (BzR)HvHLZ(BZR’C3)

and, respecting that divv = 0, further

[x divv+ VX - Vll12(B,p,c3) < IXllcr(Bop) VIIL2(B,p 03

So far, we have shown that [w||}1(g,..c3) < COOlVIIH(cur,B,)- Using
Lemma 4.3 and bearing in mind that supp A is strictly contained in
Br only, we have that

Wl (Byg,C3) S C(x, p)HAfHLZ(BR,C3)'

Finally, regarding that the H'-norm of w = xv over B, is bounded
from below by the H'-norm of v over By, finishes the proof. ]

COROLLARY 4.6. Let p € P and supp(l;—p) = D C Bg C R3. Ifvin
H(curl, BR) is a weak solution of (4.9), then v € H'(Bg,C3) and there
holds that

VI (Br,c3) < ClII5—p) flliz(Bec3y (4.18)
for some constant C depending on By, k, and p only.

Note. Due to Remark 4.1 A, solutions u € H(curl, Bg) of (4.11) are di-
vergence free. Since the tangential trace of u is in H~'/2(Div, dBg),
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v x u is also an element of H='/2(dBg, C3), which can be character-
ized as the completion of L2(0Bg, C3) [McLoo, p-98], and further sat-
isfies v - (v x u) = 0 a.e. on dBgr. We thus have that v x u € L?(dBg),
such that u is a function of

Wy = {u € H(curl, Bg) N H(div, Bg),
divu=0in Bg, v xu € L{(dBr)},
which is compactly embedded in L?(Bg, C3) [Mono3, Corollary 3.49].

Thus, one can show Theorem 4.5 alternatively via Riesz-Fredholm
theory.

SOLUTION OPERATOR’S CONTINUITY We now show that L is Lip-
schitz continuous:

THEOREM 4.7. Let Assumption 4.4 hold and p’ € L*°(Bg,Sym(3)) be a
perturbation of p € P, such that p + p’ € P, then

IL(p+p",ut) — Lo, wh)|l1 (Brc3) < CllO o0 (Br,sym(3)) 1 11 (curl, B )
where C > 0 depends on Bg, k and p, but is independent of p’ and u'.

Proof. For a fixed incident field u' we set v, ,» = L(p+ p’,u') and
v = L(p,u!) and denote the radiating extensions (see Remark 4.2)
of these functions to R* again by Vo+p’, vV and the corresponding
total fields by up4 o = u' + v, and u = u' + v. The difference
Vpip/ —V =1y, —uis the weak, radiating solution in R? to

curl (peurl(uppr —u)) —k*(wpppr — 1) = —curl (p’ curluy o) .
Now applying Theorem 4.5, yields

worpr — Ul (Becz) < Clp) [l  curlupyprlli2(p, 03

~
< Cllp/|ILo(Bg,Sym(3)) Wt o7l H (curl, By ) -

By triangle-inequality g o/ < [lu']| 4 [vp o]l in Hlcurl)-norms,
we get rid of the total field, where due to Assumption 4.4

vaer/HH(curl,BR) < C(BR/ p)”uiHH(Curl,BR)'

Note that the underlying inequality originally gives an upper bound
in D, but we simply increased the norm by enlarging the domain.
This will be done implicitly during further estimates. O

4.4 DIFFERENTIABILITY OF THE SOLUTION OPERATOR

To have a glance at the differentiability of the solution operator, we
fix the incident field and the parameter p € P in this section, such
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that the solution operator L(p,-) is bounded on H(curl, Bg). Further
we introduce the function v/ € H(curl, Bg) by

ap(v, ) = —J 0 curl (L(p,u') +u') - curl P dx, (4.19)
D

for all Y € H(curl, Bg). In Theorem 4.10 we will show that v’ is indeed
the derivative L(p,u')[0] of L with respect to p € P in direction
0 € L*(Bg,Sym(3)).
CONTINUITY PROPERTIES
LEMMA 4.8. For every p € P the linear mapping 0 — L’ (p,u")[0] from
L>(Bg,Sym(3)) to H(curl, Bg) has the following continuity property:

1L (o, w0111 (B2 < ClION o0 (B symi(3)) 1 1 (curt B

where C > 0 depends on Bg, k and p only.

Proof. In the following we denote by u = L(p, ut) +u'l the total field,
such that due to (4.19) applying the H'-estimate of Theorem 4.5 gains
IL (o, uM) 0] 11 (.37 < Clp) |0 curlulli2 (g, c3)
< C 6] oo (Br,sym(3)) (W 1curt,Bg) + 1L, W I (curt,Br)) -
where for the last step we estimated the L2-norm by H(curl)-norm

and separated the total field by triangle inequality. Herein Lemma 4.3
states that

< Cllutllmeurt,Bg)- (4.20)
due to the boundedness of the L*°-term. O

THEOREM 4.9. Under the assumptions of Theorem 4.7, the mapping p
L/(p,u') is locally Lipschitz continuous: There is a C > 0 independent of
p’ and u' such that for all © € L®(Bg,Sym(3)) there holds

IL"(p + 0, u)[8] = L (p, uh) 10|11 (B c3)
< Cllp" [t (Brsym(3)) 1011 (B sym(3)) I |1 (curl By ) -
where C > 0 depends on Bg, k and p only.

Proof. For 6 € L*®(Bg,Sym(3)), the functions L’(p + p’,u')[0] and
L'(p,ub)[0] satisfy by (4.19) the variational formulations

apsp (L' (p+ 0/, ut)0],) = —J 0 curlu, o - curlp dx,
D

ap (L' (p,uh)[0], ) = —JD 0 curlu - curl dx,
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where the perturbed total field u,,/ consists of the perturbed scat-
tered field L(p + p’,u') and the incident field u!, analogous u =
L(p,u!) +ut. Thus, w:=L'(p+ p’,u')[0] — L’(p, ul)[0] satisfies

ap(w, ) =— JD 0 curl(L(p + p’,u') —L(p,u')) - curl P dx

—J p’curlL/(p + p’,u')[0] - curl ¥ dx.
D
Therefore, Theorem 4.5 states

Wl 5cs) < C(110 curl(Lip+p”,uh) — Lip,uh)) | 2p, 03
+lp" curl L'(p + o', ub) (0] g c0))
< C(HGHL‘”(BR,Sym(.’))) IL(p+piu) —L(p, W) |1 (curl By)
1P 1 B sym(3n | L (0 4+ 0/, ) O 1 gcurt ) )

Here, each H(curl)-norm occurring in the last estimate is bounded by
a constantly scaled H(curl)-norm of u' times a factor; this is for the
first one [p’[|L= (B sym(3)) due to Theorem 4.7 and ||0]| e (B sym(3))
for the second one due to Lemma 4.8. O

GATEAUX DERIVATIVE

THEOREM 4.10. Let Assumption 4.4 hold, then the solution operator L is
differentiable in the sense that for every perturbation p’ € L*°(Bg,Sym(3))
of p € P such that p+ p’ € P, it holds that

IL(p+p’,u') —L(p,u') =L’ (p, u") 0"l 141 (B .c3)
<C ”p/H%O"(BR,SymB))Hul”H(curl,BR)/
where C > 0 depends on Bg, k and p only.

Thus, if {p/nen C L*®(Bg,Sym(3)) such that p+ p), € P foralln € N
as well as ||pf, || L (Bg,sym(3)) — 045 1 — 00, then

IL(p+ pp,ut) —L(p,ul) = L' (0, uM) L]l 11 (B .c3)

; —0 asn — oo.
[Pn Lo (Br,Sym(3))

Proof. Forw :=L(p+p’,ut) —L(p,ut) —L'(p,u')[p’] we first consider
the variational formulations defining all three terms,

apip(Lp+p,ub),P) = J (I; —p — p’) curlu’ - curl P dx,
D
ap(L(p,ut),¥) = J (I; —p) curl u' - curl dx,
D

ap(L' (o, b)) = = | " curl(Lip,u) + i) -curl P,

65



66 ANISOTROPIC NON-MAGNETIC MEDIA

for all P € H(curl, Bg). Thus, for all € H(curl, Bg) there holds

ap+p’(wzll)) (4.21)
= apipr(Lp+ 0", ul), b) — ap(L(p, ut)h) — ap (L (p,ul)[p], )

—J p’ curl L(p, ut) ‘curhl)dx—J p’ curl L (p, u')[p’] - curlp dx
BR BR

= J (I; —p—p/) curlu’ - curl P dx—J p’ curl L(p,ul) - curlp dx
D D
—| (I;—p) curlu' - curl dx —i—J p’ curl(L(p, ut) +ub) - curlp dx
Jp D

—| p’curlL/(p,ut)[p’] - curl P dx
Jp

=—| p’curll/(p,u")[p’] - curlp dx. (4.22)
Jp

Now the H'-estimate of Theorem 4.5 implies that

HW||H‘(BR,C3) < C(p) HP,CUTlLl(prui)[p/]”LZ(BR,@)
< Cllp" [l (Brsym) 1L (0, W) 0 M1 (curl B ) -

Due to the equation (4.22), we gain by Lemma 4.3 that

IL (o, M) [0 H(curBr) < Cllp” curlul| 2 (g, c3)
< Cllp"|[Loe(Bg,sym(3)) Wl H(curl, By )

for the total field u = L(p, u') + ut. After separation into incident and
scattered fields, again applying Lemma 4.3 like in (4.20) finally results
in the stated estimate. O

4.5 THE FORWARD OPERATOR

In this section we define the so called forward operator which maps
material parameters to their corresponding far field operators, such
that the forward operator corresponds to the inverse scattering prob-
lem we are actually interested in.

POTENTIAL REPRESENTATION Therefore, we follow the volume
integral approach mentioned in Section 4.3, by which one can show,
see Kirsch [Kiroy, Theorem 2.3], that the scattering problem (4.9),
(4.10), and (4.6) is equivalent to an integro-differential equation de-
fined via the radiating fundamental solution to the Helmholtz equa-
tion:

1 .
cbk(x):me*‘”, x #0. (4.23)

More precisely, v € Hy,c(curl, R3) is a radiating solution to (4.11) if
and only if v solves in Hj,(curl, R3):

v=curl | @y —y)l—py)curl [oy) +ily)] du. (429
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Analogously the radiating extension of the function v/ = L’(p, u')[6]
to R satisfies

v = CurIJ Oy (- —y) [(I; —p) curlv' — 0 curl(L(p, u') +ui)] (y) dy
Br

(4-25)

in H(curl, Br), because v’ solves, by definition, the variational formu-

lation (4.19). Now for a direction & € S?, the far field pattern of v*°(%)
hence equals (see, e.g., [LR15, Proposition 3])

VO (R) = (curl JB Dy (- —y)(I; —p) (y) curl [v(y) +u'(y)] dy) (%)
= L [curl e*ik’A"E’](I3 —p)(y) curl [v(y) + ui(y)] dy (4.26)

=ik& x J e ¥V (I, —p)(y) curl [v(y) +ut(y)] dy, %S
Br

This shows that the far field v*° is an analytic function, since the latter
integral expression is analytic in X.

CONSTRUCTING THE FORWARD OPERATOR To keep notation sim-
ple, we introduce the integral operator

V:L%(Bg,C?) — H?*(Bg,C?), Vf= JB Dy (- —y)f(y) dy.
R
(See [CK13, Theorem 8.2] for the mapping properties of V.) The scat-
tered field restricted to By satisfies
V= {13 —curl vV ((13 —p) curl(~)) }71 [cuer((I3 —p) curl ui)] ,
such that the total field v+ u' equals Spu', in particular
Sp(u) = [I;—curl V ((I; —p) curl(+))] Tuh) =vrub

Thus, we represent the far field pattern v> = L(p, ut)®, computed for
direction % € S? in (4.26), as

vO(R) = ikJ % x (I;—p)(y) curl(Spui)(y) e KXY qy.
Br
If we further introduce the integral operator
Z:L"(Bg,C3) = L2(S%), fw— ikJ R x fly)e Y dy,  (4.27)
Br

then there holds that
L(p,u')® = Zo[(I;—p) curl S (u')].

Using smoothing properties of Z, which again as in Chapter 3, is
a trace class operator such that by analogy with Lemma 3.18 the
composition on the right is well-defined and bounded, since I; —p €
L*®(Bg,Sym(3)) and curl S,ut € L2(Bg, C3).
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LEMMA 4.11. Choose m € N, 1 < 1 < oo, and f € L"(Bg, C3).
(i) Thereis C = C(m,1) such that || Zf||cm(s2)y < C(m, T)[[f||Lr (B, c3)-
(ii) The operator Z is of trace class from LT (Bg,C3) into L?(S?).

Now we are able to introduce the forward operator, which maps
material parameters to associated far field operators. As mentioned
in Section 4.2, from now on we assume to have Herglotz wave func-
tions vq for g € Lf(S%), see (3.24), as incident fields. Thus, note
that g — vglg, is a bounded mapping from L2(S?) into H'(Bg),
see Colton and Kress [CK13, Section 3.3]. For the incident field vq
a far field operator F,: L2(S?) — L2(S?) defines by Fog = (L(p,vg))™
for g € L?(S%). We mention that F, is compact, since the integral
kernel u® = ug’: 52 xS2 — C of F(p) = Fo is analytic in both vari-
ables. Because of the summability of its singular values s;(F,), i.e.,
[Follsy = 2_jensj(Fp)l < oo, it even belongs to the set 8; of trace
class operators on L#(S?). The embedding ¢P C €9 for 1 <p < q < o0
of the sequence spaces (P further implies that trace class operators
belong to the qth Schatten class 84 for all q € [1, c0), a Banach space
of all compact operators on L#(S%) with g-summable singular values
sj(Fp), equipped with the norm defined by

q _ : q
”Fp”sq = Z Isj(Fp)l, forq>1.
jeEN
Because of that, the contrast-to-far field mapping defines as an oper-
ator from P into the qth Schatten class 84 for g € L7(S?), q > 1:

EF()g: P = 84, FE(p)g=Zol[(l3—p)curl S,(vy)]. (4-28)

PROPERTIES OF THE FORWARD OPERATOR We emphasize that
the properties mentioned in Remark 3.19 hold analogously for F. Fur-
ther, be aware that the far field of the radiating extension of L(p,vg)
depends boundedly and linearly on L(p,vg). Thus, since L(p,vg) =
Sp(vg) — Vg, the derivative 6 — F'(p)[6] € L(L®(Bg, Sym(3)),84) of F
with respect to p € P in direction 0 € L*°(Bg,Sym(3)) equals, by the
product rule in Banach spaces, see [Zei86],

F'(p)[0lg = Z o [(I; —p) curl(L'(p, vg)[0]) + O curl(Sy(vg))].  (4.29)

Since the non-linear forward operator F is linked to the solution op-
erator L, we are able to transfer the results of Theorem 4.7, 4.9, and
4.10 from L to F.

COROLLARY 4.12. Let Assumption 4.4 hold and p’ € L*°(Bg,Sym(3)) be
a small perturbation of p € P, such that p+p’ € Pand let q > 1.

(i) There is a constant C = C(p, Bg, k) such that

[E(p+p") —F(p)llsy < Cllp"[lLeo(Br,sym(3))- (4-30)
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(ii) The operator F'(p) is locally Lipschitz continuous, i.e., there is a con-
stant C = C(p, Bg, k) such that

IF'(p+p") —=F'(0)ll o (L= (Bgsym(3)),84) < Cllo [l (Brsym(3))-
(iii) The far field operator F(p) is differentiable in the sense that

IF(p+0") —F(p) =F'(p)[plls, < ClI0'[[fw By sym(3))

for a constant C depending on By, k and p.

If {p/ Inen C L>®(Bg,Sym(3)) such that p+p}, € P foralln € N
as well as ||px |[L=(B,sym(3)) — O 5 1 — oo, then |[F(p + py,) —
F(p) —F'(p)lon]lls,/llon L= (Br,sym(3)) — O-

Proof. The basic ingredient of the proof is the smoothing property
of the far field mapping Z defined in (4.27), which is a trace class
operator from L?(Bg,C3) into L?(S?). Since the incident field u' is
chosen to be a Herglotz wave function v4 for some g € 12(S2%), we
have

[E(p+p") —F(p)lls,
=|g—Z [(13 —(p+p")) curl Sy o/ (vg) — (I3 —p) curlSp(vg)] ng
< Cllg— Z[(I;—(p+p")) curl Spy o (vg) — (I; —p) curl Sy (vg)] |Is,

*)
< Clgw [(13 —(p+ p/))curlsp—o—p’(\)g)

— (L —p) curl Sp (vg)]ll ¢ (12(s2),12(Bg,c3))

< C sup [0 curl Sy p(ve)lizpyer
gl 2=1

/(1 —p) curl(S 4 (vg) — Sp(vo iz (Bec |

where inequality (x) follows from Lemma 4.11. Now we obtain the
bound

lp" curl Sy 4o (vg)ll12(By,c3)
<0l (Bgsym3))llcurl Sp o1 (vg)lli2(py c3)
<0’ (Br,sym(3)ISo+o’ (Vo) I (curl,Br)/
where for the total field [|Sp1p/(Vg)|lH(cur,Br) < ClVgllH(cur,Br) <
CllgllL2(s2) = C with a constant C = C(p) independent of p’, due to
Assumption 4.4. The same technique yields
1(I3 —p) curl(Sp 4 o1 (vg) = Sp(vgllllL2 (B c3)
<[5 =Pl (Brsym(3)) [ISp+p7(Ve) = Sp(Vg)llH(curl,Br)-
As Sy pr(vg) —Sp(vg) =L(p+p’,vg) —L(p,vg), Theorem 4.7 further

shows that

Hsp+p’(v9) - Sp("g)”H(curl,BR) < C Hp/”Lw(BR,SymB))HVQHH(curl,BR)/
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such that by plugging the last estimates together we deduce the state-
ment. The bounds in (ii) and (iii) are shown analogously, using Theo-
rems 4.9 and 4.10 instead of Theorem 4.7. O

46 NON-LINEAR TIKHONOV AND SPARSITY REGULARIZATION

We observe the stable approximation of pexa from perturbed measure-
ments of its far field operator F(pexa). This will be referred to as our
inverse problem. In detail, we seek to approximate p by non-linear
Tikhonov regularization, for noisy measurements F3.,, with noise
level & > 0 such that ||F(pexa) — FSeaslls o < 0. Thus, for a convex
regularization functional R we consider to minimize the Tikhonov
functional

Jo5(0) = 3[[F(p) — Freaslls, + xR(p), (4.31)

over some appropriate admissible parameter set included in P. Note
that under Assumption 4.4 the operator F(p) is well-defined.

THEOREM 4.13 (Tikhonov regularization). If D(F) is a closed subset of
a Banach space, equipped with the weak*-topology such that additionally
D(F) is weak*-closed, and if the imagespace of F is also a Banach space for
which any (norm-)bounded subset is weakly precompact, and if F is a (norm-
norm)-continuous map, whose graph is (weak*weak)-closed, then for any
weak*-lower semicontinuous R with weak*-precompact level sets, such that
R(D(F)) NIR # 0, there exists a minimizer for the Tikhonov functional J« s,
defined in (4.31).

If further 6, — 0 as n — oo and if one chooses &n = &n (dn) such that
0< an — 0and 0 < 82 /oy — 0, then every sequence of minimizers of
J o5, COntains a subsequence that weak*-converges to a solution p' such
that F(p") = F(pexa) holds in the imagespace of F and p' minimizes R.

Proof. Definition 5.2.1 and Theorems 5.2.2 to 5.2.4 of [Res12] provide
a more general version of this theorem for a broader range of topolo-
gies. But due to [Fol84, Chapter 5, Ex. 51], the weak*-topology is suit-
able. O

We thus apply this result to our setting by following the techniques
of Ressel [Res12]. Therefore, be aware that the domain of definition
P of F, equipped with the weak*-topology, is a closed and bounded
subset of the Banach space L*°(Bg,Sym(3)). Alaoglu’s theorem then
states that closed balls are weak*-compact, in particular P is weak*-
closed. Recalling (4.28), the forward operator F can be written as

F(-)g: P — 84, F(p)g=Zo [(I;—p)curl(L(p,vg) +vg4)] € LZ(S?),

for all g € L?(S?) and for the Banach space 84 of qth Schatten-
class operators, g > 1. Additionally, we like to quote the following
statement from [Res12, Corollary 8.3.7], combining results for weak*-
convergent sequences:
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LEMMA 4.14. Let {fn} € L9(X) a weak*-convergent sequence, where (X,\)
is a finite measure space and q € (1, 00]. Then we find a subsequence {fy, },
converging in the L™-norm forall 1 <r < q.

We now show the (weak* weak)-closedness of the graph of F, i.e.,
F is sequentially closed from (P,weak*) to §4 with its weak topology.
Therefore, one assumes to have a sequence of parameters {pnnenN
from P, such that p, —* po and F(pn) — Fp, in 84 for n — oo.
Then one has to show that this implies that F(pg) = F, (since pp € P
due to the weak*-closedness). Hence, we define v,, := L(pn,Vg), i€,
F(pn)g = Z((I; —pn) curl(vy +vg)) for all g € L2(S2).

LEMMA 4.15. F is sequentially closed from (P,weak*) to 8 equipped with
its weak topology.

Proof. As in Banach spaces weak*-convergent sequences are bounded
(see e.g., [Alt12]), the sequence {pn JnenN is norm-bounded and due to
Theorem 4.7 L is Lipschitz continuous. Hence, the sequence {vn Jnen
is bounded in H'-norm. (Alternatively, Theorem 4.5 states the same.)
Thus, there exists a subsequence {vn, }men, Weakly converging to
av € H'(Bg,C3) by Alaoglu’s theorem. Because of that, curlvy,, —
curlv in L?(Bg,C3) and due to the compact embedding of H'(Bg,C3)
in L9(Bg,C3) for 1 < q < 6, we have also that v, — v in L?(Bg,C3)
for m — oco. (Note that throughout this proof we always mean con-
vergence as m — oo, although it is not mentioned for improved read-
ability.)

Further, by assumption, pn, —* pp in L*(Bg, Sym(3)), for the finite
measure space (Bg,A) with A denoting the Lebesgue-measure, such
that Lemma 4.14 implies the existence of a subsequence {pn, }meN
which converges in L"(Bg,Sym(3)) for all 1 < r < oo; hence, pn,, —
po in L2(Bg, Sym(3)).

We first reformulate

Zo (I3 —pn,, ) curl(vy,, +vg)] = Zo[(I; —po) curl(v+vg)] in L%(Sz),
as
ikJ R x e k%Y [Curl(vnm— v) —curlvg(po — pPn,,.)
Br
— Pn,, curlvy + po curlv] (y) dy — 0.
Note that the absolute value of the integral is bounded by
| curle ™Y | [V, =Vl 1 (B .c3)
+| curle ™Y | || curl vgloo [P0 — Prup ILT (B Sym(3))
+|] curle Y ool curl(vi,,— V)||L2(BR,C3] lpo — panLZ(BR,Sym(?)))'

The terms vanish due to the boundedness of the maximum norms
and to the above discussion. Since we have by assumption that

Z((1y —pn) curl(vn +vg)) =F(pn)g = Fpog in LF(S?)
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forall g € L2(S?), we deduce that
Fpo9 = Z((I3 —po) curl(v +vg)).

Now we show that v = L(po,vg), because this implies F, g =

Z((I3 —po) curl(v +vg)) = Z((I3 —po) curl(L(po, vg) +vg)) = F(po)g.
Therefore remember that, according to (4.14), vn,, solves

ap, (i, P) —J (I; —pn,, ) curlvg - curlp dx  for all P € C'(Bg)
D

for

Ao, V., P) = J [pn,, curl vy - curlp — k?vy, ] dx
Br

[ A,y ds.
0Br

Note that the equation was originally stated for test functions in
H(curl, Bgr), but since C'(Bg, C3)-functions are dense in H(curl, Bg),
we switch to those test functions to profit from their boundedness in
the maximum norm.

Now, instead of showing that a,, (vn,,, b)) — ap,(v,b) — 0 we
rewrite the difference into a,, (v, V) —ap, (v, V) +ap,  (Vi,—V, ).

To show convergence of the difference of the first terms, note that
both the boundary integrals and the integrals which do not contain
any parameter p cancel themselves out, such that we only have to
have a glance at

J (pn,,— Po) curlv - curlp dx
Br
< llenm=Polli2 (B sym3) | curlv - curl Y|l 2, c3)-

As discussed above, we know that p,,,, — po in L2(Bg, Sym(3)). Since
the other term is bounded, the integral tends to zero.
To show that

ap,, V=V, ) = J [on,, curl(vn,_—v) - curl P — k? (v, — V)] dx

Br

] A )y )
dBg

converges to zero, we first have a glance at the integral over Bg with-
out material parameter. Recall that v,,,, — v in L2(Bg, C3) and, thus,

2
<Kk vn,—VllLz2gec3) WLz c3) — O

% J (Vin,,— V)b dx
Br

To show convergence of the integral containing the material param-
eter, recall that curlv,,,, — curlv in L%(Bg,C3) and by the same ar-
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guments as above we deduce again that py,, — po in L?(Bg, Sym(3)).
Respecting the a.e. boundedness of 1 and curl, this implies

J Pn,, curl(vy, —v) - curly dx
Br

<

J (pn,,— Po) curl(vyy,, — V) - curly dx
Br

+ J po curl(vy, —v) - curl P dx
Br

< lonn— Polli2(Bgsym(3) | curl (v, —v) - curl ¥l 2 (g, c3)

+ J po curl(vy, —v) - curlp dx|.
Br

As in Banach spaces also weakly convergent sequences are bounded
(see e.g., [Alt12]), curl(vn,,—V) is a bounded term and while ||pr, —
PollL2(Bgsym(3)) —* O, the first term vanishes. The last one converges
since curl(vn,,—v) — 0in L%(Bg, C3).

At least, to see the convergence of the boundary integral, we have
to be aware, that the solution is a smooth function on a neighborhood
S of 9B, not containing D, such that SN D = §. To see this, we choose
a cut-off function x € C8°(JR3) with supp(x) C S, such that x = 1 in
a neighborhood of dBg but vanishes elsewhere. Therefore, v|g = xv
is a smooth function outside D, see Remark 4.1 B, and, thus, for j > 1
one derives, using the integro-differential form (4.24) of the solution,
the estimate

[ VIs lcis) < C(S,3)[[(I; —p) [eurlv + 1] 25 c3)
<C

(ST =pllim(pees) (M e + Ifllc2@een )

where in fact f = curlvgy. That shows v, |5, vlg € C®(S) for all
m € N, implying v, — v in H(curl, S) due to the density of C*(S)
in H(curl,S), from where the tangential trace mapping v+ and the
exterior Calderon operator A maps vy, —Vvinto H~'/2(Div, dBg), the
dual space of the range H~'/2(Curl, 0BR) of the trace yt. Thus,

J A (nn—v)) Y1) dS - 0.
9BR
Hence, we have shown that

J [on,, curlvy, - curlp —k?v, ] dx +J A(v x v, ) - yr() dS
Bx By

- J [po curlv - curl P — k?vip] dx +J A(v xv)-y1() dS,

By 9By
ie, ap, (Vn,, P) — ap,(v,) for all Y € C'(Bg). Since due to
Assumption 4.4 the problem is uniquely solvable, this implies that
V= L(po,vg). O
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SPARSITY REGULARIZATION To gain sparse reconstruction tech-
niques, we follow an approach with respect to basis functions of
D(F). Note that, since By is of finite measure, it holds that P C
L*(Bg,Sym(3)) < LZ(BR,Sym(S)) with continuous embedding. We
thus fix a biorthogonal wavelet Riesz basis {1 }i, {@i}i, assuming that
each ; is also a function in L*(Bg, Sym(3)). Further, due to Holder
interpolation it holds that (LP(Bg,Sym(3)) NP) C LZ(BR,Sym(S)) for
p € (1,2], such that we define our penalty term as some weighted
{P-norm, i.e.,

1 ~
Rp(p) ==Y willp, b)), peP pe(1,2, (432
p ielN

with non-negative weights (w; )i, satisfying ||p|/~ < Rp(p). Note that
such weights exist, since one can achieve a norm equivalence for an
appropriate Besov space (see, e.g., [Coho3, Theorem 3.7.7]), such that
Sobolev/Besov embedding theorems yield an L*°-embedding.

THEOREM 4.16 (Sparsity regularization I). For p € (1, 2], the Tikhonov
functional J 5, defined in (3.29), with R = Ry, defined in (3.32), possesses
a minimizer in P N LP(Bg, Sym(3)).

If 8¢ — 0 as n — oo and if one chooses &y, = &n(dn) such that
0< on — 0and 0 < 82 /oen — 0, then every sequence of minimizers of
Jon,5 COntains a subsequence that converges P-weakly to a Rp-minimizing
solution pT € P NLP(Bg,Sym(3)) of the equation F(p) = F(pexa) in Sq.

Recall that p' is a Rp-minimizing solution to F(p") = F(pexa) if
Ry (p") = min{R, (p), p € PNLP(Bg,Sym(3)), F(p) = Fexal-

Proof. As carried out above, the choices of P and §4 satisfy the con-
ditions for the Tikhonov regularization of Theorem 4.13, as well as
the sequentially closedness of F, shown in Lemma 4.15. Further note
that |(- ,ﬁ)ﬁlp is LZ—Weakly lower semicontinuous and any P-weak*
convergent sequence is also [?-weakly convergent due to continuous
embedding of P into L?(Bg, Sym(3)). Since scalar multiplication does
not impact lower semicontinuity properties as well as summation of
lower semicontinuous functions (see, e.g., [BL11, Lemma 6.14]), the
penalty term R, is weak*-lower semicontinuous, for p € (1, 2]. Finally,
it has weak*-precompact sublevel sets, since P itself is weak*-compact
by Alaoglu’s theorem. O

To avoid Holder continuous spaces we now give a second approach
by adapting techniques of image processing, where the gradient is
used to highlight edges of objects, whereas homogeneous regions stay
as more connected areas. Traditionally this leads to Sobolev penalty
terms ||[D™w||1p(q) for all w € W™P(Q) with p € (1,00) and m > 1
in a bounded Lipschitz domain Q C IR3. It can be shown that p — 1
yields better reconstructions. Since the W'!-seminorm is not lower
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semicontinuous [BL11, Satz 6.101], the boundedness of a sequence
does not imply the existence of a weak-convergent subsequence, such
that the Sobolev penalty term for p = 1 can not be used directly.

In fact, this holds in general for p = 1, since L'(Q) without a o-
finite measure is not a reflexive dual space of L*(Q). Thus, one gen-
eralizes the integral [, [Dw|dx by regarding L' (Q) as a subset of the
space M (Q, R3) of vector valued, finite Radon measures t: B(Q) —
R3, which is equipped with the norm llon(o,r3) = I1I(Q), called
the total variation measure. Therefore, M(Q,R3) is a Banach space
and isometrically isomorphic to the dual space Co(Q,R3)* by Riesz-
Markow’s representation theorem. Note that the characterization as
a dual space implies a weak*-convergence.

Due to that, one then defines the distributional gradient by the
representation of such a vector-valued finite Radon measure:

DEFINITION 4.17. For a domain Q C R3, u € 9MM(Q,R3) is the dis-
tributional gradient of w € L{o (Q), if for every P € CF(Q, R3) it
holds, that

JQWdiVlI) dx = —Lllb d.

The norm of such a measure p is called total variation of w and we
write

Dw if the measure p = Dw exists,
TV, (w) = | ||9;rt(Q,]R3) [

00 else.

If the distributional derivative of w can be written as a finite Radon
measure, we say the function w has bounded total variation. There-
fore, one often also writes

TVa(w) =sup {Jawdivw dx, ¥ € CF(Q), [[W|lx(a) < ]}

(4-33)
The space of all functions with bounded total variation is thus defined
by

BV(Q) = {wel'(Q), TVa(w) < co}.

Roughly speaking, BV(Q) contains functions in L' (Q), whose distri-
butional gradients are finite Radon measures, and is a Banach space
equipped with the norm [[w[[gv(q) = [w(L1(q) + TVa(w), whereas
TVq(w) is the BV-seminorm (obviously [[w[[y11(q) = [WlBv(q) for
w € W''(Q)). Note that compared to Sobolev spaces, the BV-space
also contains piecewise smooth functions, such that by total variation
as penalty, one can handle functions with discontinuities.

Since BV is the dual space of the separable space L' on which
bounded sets are pre-compact (see, e.g., [AFPoo, Theorem 3.23] and
[AVCMo4, Remark B.7]) a weak*-convergence can be defined which
yields the general weak*-topology, i.e.,
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DerINITION 4.18. Let w,wy, € BV(Q), then {wn}nen is said to be

weakly*-convergent to w in BV(Q), if w, — win L'(Q) and Dwy, iy

Dwin Q, i.e.,

lim J P dDw,, :J P dDw forall P € Co(Q).
Q Q

n—oo

We now restrict our set P and further operate on the set of material
parameters, called

Prv = {p €P, TV(Bgsym(3))(P) < OO}-

Although Schuster et al. [Sch+12] suggest to use the BV-seminorm
(4.33) as penalty, i.e., R = TV, Bachmayr and Burger [BBog] remark
that using only the BV-seminorm as penalty, does not guarantee the
possibility to make the to-be-solved variational problem locally con-
vex, such that the global minimum can be computed by local de-
scent methods. Because of that, they add a multiple of the squared
[2-norm to gain sufficient compactness properties of the functional.
Even though the full BV-norm as penalty would provide the same
compactness properties, they state that numerical minimization can
be handled easier by adding L?-norm instead of L'-norm. However,
since Biirgel, Kazimierski, and Lechleiter [BKL17] provide promising
reconstructions for the full BV-norm (taking into account an addi-
tional term respecting some physical constraints), we suppose to use
for p € P the penalty

Rev(p) = [ellBv(Brsym3)) = [Pl (Brsym3)) + TViBgsym(3))(P)-
(4-34)

THEOREM 4.19 (Sparsity regularization II). The Tikhonov functional J s,
defined in (4.31), with R = Ry, defined in (4.34), possesses a minimizer
in Ptv N BV(Bg, Sym(3))

If 84 — 0 as n — oo and if one chooses xn = &tn(dn) such that 0 <
on — 0and 0 < 82 /oy — O, then every sequence of minimizers of o, s,
contains a subsequence that converges Pv-weakly to an Rgy-minimizing
solution pT € Pty NBV(Bg,Sym(3)) of the equation F(p) = F(pexa) in
8q-

Proof. As in Theorem 4.16, 84 and especially Pty satisfy the condi-
tions for the Tikhonov regularization of Theorem 4.13, since Pty C P.
Further, Lemma 4.15, i.e., the sequentially closedness of F, also holds
for Ptv. Since the total variation TV is weak*-lower semicontinu-
ous (see, e.g., [BO13, Proposition 3.7]) as well as the L'-norm, the
penalty Rpy is weak*-lower semicontinuous as well. Again, R has
weak*-precompact sublevel sets, since Pty is again weak*-compact
by Alaoglu’s theorem. O
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4.7 ADJOINT OF THE FORWARD OPERATOR’S LINEARIZATION

Most gradient-based schemes, which are used to solve the inverse
scattering problem, i.e., stably solving the non-linear equation F(p) =
Fmeas for some given data Fpeas € 8, like iterated shrinkage algo-
rithm, rely on the adjoint operator of the linearization F’. This is why
we give an explicit and computable representation, following Sec-
tion 3.8. Therefore, we fix p € P, consider F'(p): L*°(Bg,Sym(3)) —
84 and aim to determine F'(p)*: Sqr — L! (Bgr,Sym(3)) such that

(F'(0)[6), K)s, = (6,F'(p)*K)p> forall 0 € L*(Bg,Sym(3)), K € 8.
(4-35)

Here, q’ denotes the conjugate Lebesgue index to g, such that 1/q +

1/q’ =1, and (-, -);2 is the usual scalar product in LZ(BR,SymB)J,

d
A:de:J A;;Bi; dx.
B Z 1Dy

(A,B)r2 = J

Br Rij—1

extended to the anti-linear dual product between L*(Bg, Sym(3)) and
L' (Bg,Sym(3)). Further, (-,-)s, is the scalar product in the Hilbert
space of Hilbert-Schmidt operators,

o0

(F,K)s, = ) _sj(F)s;(K) =Y (Fgj, Kgj)12(s2)
jEN j=1

for an arbitrary orthonormal basis (gj)jen of L#(S?). Consequently,
(4.35) becomes

(F'(0)[0195, K ;)12 (s2) = (6,F'(p)*K) 2
1

)

o0

for all © € L*(Bg,Sym(3)), K € 84:. Thus, we consider at first a
single [?-scalar product and for fixed p € P and g € L?(S?) we seek
for A: L2(S?) — LT (Bgr,Sym(3)), such that for all 8 € L*°(Bg, Sym(3))
and f € L(S?) it holds that

(F/(p)[e]g/ f)L%(SZ) ; (G, Af)Lz.

Recall from (4.25) that L'(p,vg)[0] = v/ € H(curl, Bg), a function
whose radiating extension satisfies

v/ = =S, [eurl V(6 curl[L(p,vg) + vg])] in H(curl, Bg),

where S, = [I; —curl V((I5 —p) curl)]~'. Since F’ involves the far field
of L/, see (4.29), we note that

F'(p)[6lg = Z o [(I; —p) curlv’ + 0 curl S, (vg)]
=Zo [9 curl S, (vg) — (I; —p) curl S, [curl V(0 curlSp(vg))]] .
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Consequently, we compute that

(F/(p)[ lg, )1_2 52)
= (8curl Sy (vg) — (I; —p) curl Syleurl V(0 curl Sy (vg))], Z* f)Lz B )
(ScurIS ), Z*f )I_2 Be,C3)

—(chrlsp( vg), leurl VI* o [(I; —p) curl Sp]* o Z*f) |, 2(Bg,C3)
= (0, [(I; —[(I; —p) curl Spo curl VI*) o Z*f]® curl Sy (vg)) ;-

where the last matrix-valued function is defined by (a ® b);; = aib;
for 1 <1,j <3.

LEMMA 4.20. For p € P and g € 1#(S?), the adjoint of @ — F'(p)[0](g)
with respect to the L?-inner product maps 1Z(S?) into L' (Bg, Sym(3)) and
is represented by

g ([13—[(13 —p) curl S, o curl VI*] oZ*g) @ curl Sy (vg).

For all orthonormal bases {g;}jen of L%(Sz) and all K € 84, the bounded
operator F'(p)* : Sqr — L (Bgr,Sym(3)) is represented by

:Z { p)curl Syo curl VI*) o Z*(K gj)} ® curl m'

(4.36)
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In Chapter 4 we derived some non-linear Tikhonov regularization
and sparsity-promoting schemes for inverse electromagnetic scatter-
ing from anisotropic inhomogeneities which are non-magnetic. Com-
plementarily, we now set aside this limitation and take also magnetic
media into account, see Section 5.1. As pointed out in Section 5.2,
this results into significant complexity regarding the techniques we
use for our analysis. Hence, Sections 5.3 and 5.4 provide an analysis
related to the one given in the chapter before, pointing out the main
differences and where additional assumptions are required. Due to a
short discussion in Section 5.5, we finally rely on the regularization
techniques derived for the non-magnetic case and, again, close with
the calculation of the adjoint of the forward operator’s linearization,
see Section 5.6.

Consider Maxwell’s equations governing the propagation of time-
harmonic electric and magnetic fields E and H in R3. Remember that
the anisotropic relative permittivity ¢, and relative permeability p,
are defined as

) (x
enx) = £ 00 = )
€0 WwEep Ho

and assumed to equal the constant background permittivity o and
permeability pp outside some bounded domain, i.e., ¢ = gp and p =
1o. Working with the magnetic field only, the problem can be reduced
to a second-order Maxwell system once more. For the positive wave
number k := w,/eoo this reads

curl (e, ' curlH) —k*p,H=0  inR>. (5.1)

Accordingly, the electric field is determined by E =icurl H/(weoe,).

Remark 5.1. Alternatively, one could also represent the magnetic field
H by curl E/(iwpopr) and derive

curl (u;] curl E) — k?e,E =0 in R3.

Interchanging the roles of & and p, in the following, hence, yields
analogous results for the electric instead of the magnetic field.

5.1 MEDIUM SCATTERING

In contrast to Chapter 4 we now assume that the irradiated medium
is modeled by relative electric permittivity ¢, € L*(D,Sym(3)) as
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well as relative magnetic permeability p, € WIL’C3+‘S(]I{3,Sym(3)) for
some & > 0. The material parameters are supposed to take values in
the complex-valued symmetric 3 x 3 matrices Sym(3) C C3*3 with
uniformly positive definite real parts and symmetric imaginary parts,

i.e., there exist a positive constant A > 0 such that
=T =T _
INEP? <E Re(er)e, 2MEP<E Re(w)g,  and [pl+led <A™, (5.2)

for almost all x € D and & € C3. Thus, the real part of ¢, is the phys-
ical electric permittivity, whereas its imaginary part is proportional
to the electric conductivity o. Further the imaginary part of the com-
plex magnetic permeability u,, modeling, e.g., magnetic dissipation
or lag time, shall be bounded from below, i.e., ETIm(ue)é > 0 for
£ e C3In particular we have that also ¢, LS L*(D, Sym(3)), such
that the imaginary part of ¢; ! is bounded from above, that is to say
£ Im(e; 1)E < 0 for & € C3. Moreover, we suppose that the support
of I; —¢; ! and pr —1; is the closure of a bounded and connected open
set D C R3 with C'! -boundary and connected complement R3\D.
Suppose also that supp(p, — po) C Br, where D C Bg.

To keep notation simple and related to the one of Chapter 4, we
assume the parameters p := (&, ) tobein P = Pe, x Py, for

Pe. ={er € 1(D,Sym(3)), NP < Re(Z e &),
Im(ETs;1 £) <0, ae.inD and forall § € Cs} .

and

Pu = {1 € WP (R, Sym(3), 6 > 0, AlE® < Re(Z ),

loc

Im(zT ur &) >0, a.e.in D and for all £ € C3} .

Both parameter sets could be equipped with the topology induced
by L9-norms, 2 < q < oco. But note that the sets will not contain any
interior point if q < co. However, as we need q = oo for regularization
results, we follow the approach of Chapter 4 and directly assume
that the parameter sets are equipped with the topology induced by
the L*-norm. P is endowed with the product norm, ie., |||l =

I llpe, + 1 Nl -

SCATTERING PROBLEM Remember that the scattering problem in
Chapter 4 was given by (4.9) and (4.10), where its solution satisfies
the Silver-Miiller radiation condition

curl v(x) x * —ikv(x) = O (xI7%), as |x| — oo, (53)

uniformly with respect to & € $2. In the following, we are going to
evolve an analogous analysis for the problem, which is to seek for
f,g € C®(D,C3) a weak radiating solution v € Hjo(curl, IR3) to

curl (e " curlv) —k*pv = k2 (y —I;) g+ curl (I; —¢; ') f)  inR3,
(5.4)



5.2 THE SOLUTION OPERATOR

VX V_=vxvl,
O o on 0D. (5.5)
vxe curlv_ —vx v, =vx(;—e )f

Thus, the weak solution v € Hj.(curl, R3) needs to satisfy

JIR3 [e, " curlv - curl g — kK pv - ] dx

(5.6)

= J [kz(ur—13) g P+ (I —s;])f-curlﬂ dx
R3

for all P € H(curl,IR3) with compact support and, additionally, the
Silver-Miiller radiation condition (5.3).

Remark 5.2. Note that choosing \p = V¢ as a gradient field, the equa-
tion curl Vo = 0 implies that [; wv- Vo dx = — [s Ph- Vo dx for
all ¢ € H'(R3) with compact support, i.e., div(pu,v) = —div(Ph) in
R3. In contrast to the non-magnetic case, the solution v is not neces-
sarily divergence free anymore.

5.2 THE SOLUTION OPERATOR

Following Section 4.3 we transform the weak formulation (5.6) into
a variational equation on a bounded domain. Therefore, we integrate
over a ball Bg, containing the supports of I, —¢; ' and p, —1I; in its
interior, against test functions 1 € H(curl, R3) with compact support,
and integrating by parts the rotation term. Since ¢; ' = 1 on 9By, it
holds that

J [5;1 curlv-curl$—k2urv-7 dx+J Yt (curlv) -yt () dS
Br OBg

= J [kz(ur —L)g- ¥+ (I —er_] ) f~curlﬂ dx,
D
(5.7)

where v and yT denote the tangential trace and the “dual” tangential
trace mapping defined in Section 4.3. Again, bringing the exterior
Calderon operator A into play, motivates to define for p € P and for
all ¢, € H(curl, Bg) the sesquilinear form

ap(@,P) = JB [5;1 curl ¢ - curl P — k2@ ] dx—i—LB/\((p) - dS.

Due to that, we define the solution operator
L: P x H(curl, Bg) — H(curl, Bg),

mapping the parameters p = (&; ', 1;) and the incident field u' to the
weak solution of the scattering problem (5.7). Choosing f = curlul
and g = u' in (5.7), L(p, u') becomes hence the weak solution to

ap(L(p,ut),¥) = JD (1, —¢; ") curlu® - curl ¥ + k2 (e — I;) ut -] dx
(5.8)
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for all \p € H(curl, Br), such that the radiating extension v of L(p, ul)
to R® weakly solves

curl(e;1 curlv) — k? v = curl ((13 —5;1) curlui) + K2 (e — I;) ut.

Remark 5.3. Note that for non-magnetic media we have u = py and,
therefore, the material parameter p solely equals ¢; !, such that the
sesquilinear form was defined as

ap(@, ) = JB [e; ' curl @ - curlp — k2 - ] dx+LB/\((p) b dS.

Thus, the solution operator was for all \p € H(curl, Bg) the solution
of

a,(L(p,ul), ) = JD(I3 —e; 1) curlut - curl P dx.

Again, existence of solution can be provided by uniqueness such
that Lemma 4.3 holds analogously according to the right-hand side
of (5.6).

ASSUMPTION 5.4. We assume in the following that for the set P any
solution to (5.6) for f,g € L?(D,C3) is unique, such that existence and
continuous dependence of this solution follow from uniqueness. For
example, conductors (i.e., complex-valued ¢,) satisfy this assumption
if &, € C'*(D) and p, € C*%(D), see [Kiroy, Theorem 2.5]. Further
uniqueness for Maxwell’s equations also holds, if ¢, p; € [®(R3)3%3
satisfy the ellipticity conditions (5.2) and if [k| is sufficiently small, or
if for a fixed k the domain is of small measure and bounded diameter,
see [BCTX12].

Therefore, the solution operator L(p,-) exists for all p € P, with a
constant C = C(P) >0 such that || L(p, u") |1 (curl,Br) < ClW" |1 (curl,Bg)-

NOTATION To improve readability, we abbreviate from now on no-
tation of norms. Due to its frequent occurrence, we simply denote
the norm of L*(Bg,Sym(3)) by || - ||. Further we indicate the norm of
H(div, Bgr) by H(div), if the domain does not differ from Bg. Anal-
ogously, H(curl) abbreviates H(curl, Bg). Finally, we rely on nota-
tion used in [Mono3] and write L?(Bg)? instead of L?(Bg,C3) and
H'(Bgr)3 for H'(Bg, C3) respectively. Otherwise, deviations of this
notation is indicated.

ELLIPTIC REGULARITY Like in Chapter 4 we are going to han-
dle derivatives of scattered fields in LP-spaces and, hence, use H'-
estimates stated for Maxwell’s equations by Alberti and Capdeboscq
[AC14, Theorem 2].

THEOREM 5.5. For p € P let v € H(curl, Br) be a weak solution of

curl (5;1 curlv) — X2 =curl (Af;)+k*Bf, inR3, (5.9)
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where A, B € L®(Bg,Sym(3)) denote arbitrary coefficients and f1,f, are
functions in 12(Bg)® x H(div, Bg).
Then v € H' (Bg)?> and there holds that

VIl (B )3 [T+ UBI+ AN IV eurty + IBIIE20l 2 B3

+[HAH +llecA NI llc2(Bg)s + KB F2llraiv) }

for a constant C depending on D C By, A, K, and || i|[w13+5 (B sym(3))
only.

(5.10)

Proof. Due to Kirsch [Kiro7, Theorem 2.3] v can be written in the form
of an integro-differential equation

v(x) = (k2 + V div) L B v(y) + f2(y)] Oy (x,y) dy

—|—cur1J A [curlv(y) + f1(y)] Ok (x,y) dy,
Br

with densities in L?(Bgr)? and kernel in C®(Bg)3 for x € S. Here
S denotes a neighborhood of 0By such that S does not contain D.
Therefore, v is a smooth function outside D, see Remark 4.1 B, and
one derives for j > 1 the estimate

[ VIs i) < C(S/i)[||]3 v+ falll2ge st A [CUT1V+f1]||L2(BR)3}
< CS )| IBIUV It eur) + 21l 5,)2)

HIAT ety + 1111232 -

Thus, v|g € C*(Bg) yields a boundary condition which is bounded
from above in the H' (Bg)-norm.

Now we rewrite the second-order form (5.9) as curlw + ikp,v =
—ikB f,, where ikw = ¢ Tcurlv— A fy. Consequently, (5.9) turns into
the first-order system

curlv —ike,w = ¢, A fq,

in Bg, 11
curl w + ikpv = —ikB f5, R (5.11)

VXV=v[gxVv on0Bg.

Note that the right-hand side of its first equation is in L2(Bg)3, since
f1 € L?(Bg)® and A € L*°(Bg,Sym(3)). Likewise we have the same
for the right-hand side of the second equation as f, € H(div, Bg) and
B € L*°(Bg,Sym(3)).

Thus, the first-order system is equivalent to the Maxwell’s equa-
tions (2) of [AC14] with interchanged roles of the electric and mag-
netic fields. Since the ball B ¢ R3 is a bounded and connected
domain with C''-boundary, Theorem 1 of Alberti and Capdeboscq
[AC14] for the case p = 2 therefore provides the estimate

VIt By < C (IVIheary + | Vis it (B o) + lerA F1ll2 (B )3
+KIB 2|11 (div) ) -
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Using the estimate of the boundary term as above, one derives the
statement (5.10). O

COROLLARY 5.6. For p € P let v € H(curl, Br) be a weak solution of (5.4),
then v € H'(Bg)3 and there holds that

Wl gy < CL L1+ 10t =)+ 10 =& DI IV ey
L=+ e =B Iz (5:32)
(e = 1) 19l 28,02 + K1 e = 1) gllsacain)

where C is a constant depending on D, A, k, and [|ue[lw13+5 By Sym(3))
only.

Proof. Remember that v solves equation (4.9), means v is a solution to
curl (e; ' curlv) — k* v = k2 (1 — I;) g+ curl ((I; —¢; 1) f)  inR?

and, thus, is of the form (5.9) for A = I3 —sr_‘ and B = u; —1I; and
(f1,f2) = (f, g). Thus, Theorem 5.5 yields (5.12). O

Remark 5.7. In comparison to the non-magnetic scattering problem
handled in Chapter 4, the regularity estimate of Theorem 4.5 and
its resulting Corollary 4.6 respectively, provides a similar although
less complex statement. Having a glance at the magnetic case, first
of all we observe that the constant C, scaling the upper bound of the
solution, depends on the norm of the relative magnetic permeabil-
ity u,, but which in this case can be compactly embedded into ap-
propriate differentiability classes C* by general Sobolev inequalities,
see, e.g., [Evao2, Theorem 6]. Further, the arising extra terms cost us
slightly more effort in the ongoing analysis of the solution operator’s
properties. Most problematic is the H(div, Bg)-norm containing the
part of the right-hand side of (5.4), linked to the relative magnetic
permeability .. To provide analogous properties to the ones derived
in Sections 4.3 and 4.4 this term has somehow to be bounded by the
H(curl, Bgr)-norm of the incident field. At this point we are not aware
how to get naturally such a bound without stating massive smooth-
ness assumptions for p,. However, during the analysis of the solu-
tion operator we drag this term along, such that it becomes apparent
where such a bound would be necessary.

SOLUTION OPERATOR’S CONTINUITY For the ongoing part we
assume to have a perturbation p’ = (p7, p5) of the parameter p € P,
small enough such that p’ is bounded in the L*°(Bg,Sym(3))-norm
and p+p’ € P.
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THEOREM 5.8. Let p,p+ p’ € P satisfying Assumption 5.4. Then there
holds that

IL(p+p",ul) —Lip, w1 (g3 < C { [le1ll+ o2 1)°
2+ leslloo) (o7 11+ 102D ] 111 curn
+Ikllp3 ILlp+ ', 1) + ullai
where C > 0 depends on Bg, k, p, || 15 —¢; || and || — 15 || only.

Proof. For the same incident field u' we set Votp' =L(p+p/, ut) and
v = L(p,ut) and denote the radiating extensions of these functions to
R3 again by v, ,/, v and the corresponding total fields by w,, =
ul + vy and u = u' +v. The difference v, o/ —V = Up;p — U is
the weak, radiating solution to

curl (5;1 curl(ug o/ —u)) — kzur(up+p/ —u)
=k?pjupy o —curl (pf curluy o) in R

Now applying Theorem 5.5, yields

g sor =Wl (s> < € { [T+ 021+ 107 ] futpspr = Wbt (eun
+ [lof 11+ et 1] | curl g ooz g,
105 tp-+prllL28505 + K119 oo ey

where, in fact, ¢; is bounded to its maximum norm, such that for a
large enough constant the second line simplifies to

[1+ Cullpq Il curl gy orll12(p )3

Due to analogous version of Lemma 4.3 we further have the bound

wotpr —WlH(eurt) < C |:||p£”L°°(D,Sym(3))Hup-O-p’HLZ(DP
+le7 L= (D,sym3) | Curluerp/HLz(DP} ,

note that here we dropped down in the domain; we therefore increase
the norm by enlarging the domain again. We will do this implicitly
during further estimates without mentioning. Estimating norms in L?
by norms in H(curl), we thus yield—not regarding the H(div)-term—
inside the curly brackets

2 2
[le1ll* + 2+ Collerll+ 2ller el +2lleall + 10211*] ool curt) -

Afterwards we use triangle-inequality [[up o/ < |[ut]| + [[Vpoio| in
H(curl)-norm to get rid of the total field, where the analogous of
Lemma 4.3 again implies

Voo < C {11 =& " = pilll curl w2,

e+ 05 = Ly 2 b -
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Herein triangle-inequality again yields
—1 —1
1=, " —p1ll < I =& [+ o1 ll,
where the first term is bounded by a constant C. Do the same proce-
dure for ||, —I5 +p5 || to get another constant C. Thus, we have that
HVerp HH curl) Hp1 H + HpZH ”ulHH curl)+

Putting this altogether ylelds the inequality

wpspr — Wt (Bgys < C {T(0") [ i(curt) + [KlP2 U+ o7 Iicdiv) } -

such that T(p’) denotes a term, depending on the L*°(Bg, Sym(3))-
norm of the perturbation p’, defined by

(le7ll+1leal)® + (24 Cllei1* + @+ Clletlllleall +2[le5]I%)
<71+ 1510° + (2+Clle7 7+ (4+Callet ezl + 2+ C.) 03 ]1%)
=(lle7ll+lIe5 1>+ 2+CAlle1l +Ilp2ID?. (5.13)

Thus, we have T bounded by the last two terms and, therefore, yield
the statement. 0

Note. As mentioned in Remark 5.7 the just derived estimate is slightly
more complex compared to the one of Theorem 4.7. In particular,
therein, the term concerning the L*-norm of the perturbation p’ ex-
tends to (5.13). Further note that the H(div)-term has to be bounded
by the H(curl)-norm of the incident field to provide Lipschitz conti-
nuity for the solution operator L.

5.3 DIFFERENTIABILITY OF THE SOLUTION OPERATOR

To have a glance at the differentiability of the solution operator, we
fix the incident field in this section and the parameters p € P, such
that the solution operator L(p,-) is bounded on H(curl, Bg). Then
we denote the derivative of L with respect to p in direction p’ €
L*°(Bg,Sym(3)) by v/ := L'(p,ut)[p’], defined by

ap(v, ) = —JD [p} curl (L(p,ui) +u') - curlp
—k%p5 (L(p, ut) +u') - p]dx.

(5.14)

CONTINUITY PROPERTIES

LEMMA 5.9. For every p € P the linear mapping p’ — L'(p,ulllp’] from
LOO(BR,Sym(S)) to H(curl, Br)) has the following continuity property:

1L (0, w0 Ny e < Cf [(lloF 1+ 1212
+ 2+ lleclloo) 1011+ 21102 1] 1t cun
+[Kllp3 [L(p,w) + w1 (aiv) |

where C > 0 depends on Bg, k, p, ||1; —&; V|| and || — 15 || only.
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Proof. In the following we denote by u = L(p, u') + u' the total field
and, thus, apply the H'-estimate of Theorem 5.5 to gain

1L/ (e )0 g0 < C{ (14 lof 1+ 021 1 (0, )0 e
01+ Cllof | curl w2 s,
+ Al wl2 s )2 + K12 Wi aiv)

using again that the maximum norm ||&; || is bounded by C.. Herein
Lemma 4.3 states that

1L ()0 ) < C [I05 Wl La(sys + I0F curlulliags, )]
C o elliaey e + ot I curlwllc gy |

(In the last line we could also have used Holders inequality for some
indices p, t such that 1/p + 1/t = 1/2 if there would be an equivalent
to Meyers gradient estimate for the curl-operator.) Now estimating
both | curlu|| 2 and [[u||;2 by |[u||+i(cur1) We have

1L (o, w0 s (g2 < € { [I0511% + 2+ C.) 101+ 21lo} 105
+2)1p311 + 11p212] Iellvaceurty + K] 12 Whtcaiv)

Again triangle-inequality estimates the total field u by the incident
field u' and the scattered field L(p,u!). Further, the analogous of
Lemma 4.3 yields

1o ) ety < €T~ Il curlut a0
ke = T e e e

where the L*-terms are bounded by constants as beforehand, such
that
IL(0, uh) [ geurt) < CV2IW [ (eur).

where we used that ||u|;2 (g3 + || curlully 25 )3 < V2[[ul 11 (curt)- Sum-
ming everything up, one finally yields

1L (o, w0 Ny (s> < Cf [(lpd 1l + 021D + 2+ C)lod |
+2||p£||}zﬁCHuiHHﬁmrl) + [Klllp [L(p, ut) +U~i”|H(div)}-
O

THEOREM 5.10. The map p +— L’(p,u') is locally Lipschitz continuous:
There is a C > 0 independent of p’ and ', such that it holds for all © €
LM(BR,SymB))Z that

IL (p+p/,ut)[0] —L’(p,ui)[e]Hw (Bg)3 < C{ZT(p/,e) [t curt)

1k 102 (L(o+ 9", )~ Lo, u ) e + lI05 L' (p+ 0, uH) 8 11 (aivy ] }-
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where T(p’, 0) is given by (5.15) and C > 0 depends on Bg, k, p, || L—e |
and ||u, — L5 || only.

Proof. For 6 € L“(BR,SymB))z, Wotp = L'(p+ p/,ut)[0] and w, =
L'(p,ub)[0] satisfy by (5.14) the variational formulations

Qoo (Wpipr, ) = —JD [91 curlugy o -Curlﬁ—kzezuﬁp/ m dx,

ap(wp,P) = —JD [61 curlu-curlﬁ—kzﬁzu-ﬂ dx,

where the perturbed total field u,,/ consists of the perturbed scat-
tered field v, = L(p+p’ ,u') and the incident field u'. Thus,
W =Wy o — W, satisfies

ap(w, ) =— JD (071 curl(vpypr — V) - curl P — k202 (Vo4 pr —v) - ] dx

— JD [p] curlwg o -curl P — k2 phwy o -] dx.
Therefore, Theorem 5.5 states
Wit 8> < Cf [T+ 18111+ 18211+ 1011+ 1021 Il curty
10111+ 12281 11| curl (v o7 — V) 2(g,):

10711+ et ]l curlwo o112,
H02[[[[Voror = Vili2(sg)z T 1021 Wotpll12(Bg)3

+K|[[02(Votpr — V) |l H(div) + |k|HP§Wp+p'||H(div)}-

Further, use that the maximum norm ||&;||« is bounded by a generic
C. and that the analogous of Lemma 4.3 states that

Wl ewr) < C{ 110111l curlvp s o =V)llia sy + 021 1Wo iz 5,2
+1621l[[Votor — ViiL2(Be)s + 011 Curlwp—l—p’HLZ(BR)3}-

We thus gain that
Wl (s, < C{[ @+ 0111+ 1101112 + ey [1of | + 011110z
101 llo3 ] I curl(vo or = V)2, )2 + 20821 + 102112 + 1821105
101118211+ 182111011 Ivp- o7 = VliL2(By2 + |2+ CloF I+ lI0F 12
101 o7 11+ lloi 101+ 1021llpf 1]l curl w25
+ 2010311+ 12112 + 10: 1121+ llof 10311+ 181 051 | 1w o2 ey )2

HKI02(Votor — V) 1 (div) + KIP2Wot o |1 (div) }
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Now we can estimate |[wyyo/|12(y)3 and | curlwyorfl12(g,)3 by
[Wo+p/llH(curt); analogously for the norms of v, o —v. Therefore,
again in analogy to Lemma 4.3 it holds that

1Wor o7l cur) < C{1101 Il curl g prlla g + 1020 o125y |
< CI81 ][+ [[021D[[tp-+ oI+ (cun)-

Since [[Vp-+prllitccurty < CCI0F I+ 041D curt for a constant de-
pending also on the L*-norms of u, —I; and I; —¢,, triangle inequality
implies that

[WotorllH(curl) < C{(H91 - 11021l 4 curt)

(1611 + 1821 (llo3 | + o5 I 11 cury }-

By the same way we also gain that

Ivosor = Viineur < C{ U011+ o2 DI 11 cun)

(It 1+ o5 D1 s cury }-

Plugging these in and sorting the terms, we finally gain

Wllver(ms < €{27(0,0) 1t cum)

1k {102V o7 = V) Ingaiv) + l02Wosprllhacaivy |

where T(p’,0), depending on the L*®(Bg, Sym(3))-norms of 6 and p’,
is defined by

T(0",0) = (el + Il D> (1011l + 1621
+(lle 1+ ez (18111 + 11821 + (o7 | + o2l (181 ]| + [182[1)?

+[B+1leclloo) N7 I +1102 1N+ (24 [lexllso)] (o7 1402 1D (110111 +11821])
(5-15)

O

GATEAUX DERIVATIVE

THEOREM 5.11. The solution operator L is differentiable in the sense that
for every p,p+ p’ € P, satisfying Assumption 5.4, it holds that

I Lo+ 0", 1) — Lo, u) — L' (0, w0 yus mype < C {[Clod 11+ 1051)?

+(2+ [leclloo) (101 4 021D | 1wt (eurty + Kl 03 L/(p/ui)[p/]HH(div)}/

where C > 0 depends on Bg, k, p, ||I; —&; 1| and ||pue — 15 || only.
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Proof. Forw = L(p+p’,u') —L(p,u') —L'(p,u')[p’] we first consider
the variational formulations defining all three terms,
apip(Llp+p/,ut), ) = _(13 —e; ' —pf)curlut - curlp
JD *+

13y — T, 405 )ut -,

a,(L(p,ul),P) = _(13 —e; V) curlut - curlp

+k2(ur _13)U~i 6} dx,

ap (L (o, ) =~ | [of curl(L(p, u!) +u?) - curl
— 1204 (Lip,u) +ul) - |,

for all 1 € H(curl, Br). A short calculation analogously to the one
seen for example in the proof of Theorem 4.10, shows that for all
VP € H(curl, Bg) there holds

g b) =| K23 L (o, e
D
—J pj curl L/ (p,u')[p’] - curl P dx.
D
Now the H'-estimate of Theorem 5.5 implies that

Wik (Bgys < C{U 1 ITwllieurt) + [T+ Culllpt [l curl v/ 12 (g )

HieallWlieuny + o211V llez + |k|Hp£\”HH(div)}

using again that ||e;|| is bounded to its maximum norm by C.. Due
to the above shown equation, the analogous of Lemma 4.3 implies
that

Wl e < C 192V ll2 B2 + 195 curl V[l c2 9]
< C o3IV llamys + 107 Il curlv/llca s o]

Further estimating |[v’|| 2(p,)3 and || curlv/|| 2 (g )3 bY [[V/ ||} (curl) and,
again, the analogous of Lemma 4.3 states

Wit (ys < C {T(") I curt) + Ikl P2 0o 1 (div) } -

where T is bounded as in (5.13). O

5.4 THE FORWARD OPERATOR

In this section, we define the forward operator corresponding to the
inverse scattering problem we are ultimately interested in. This oper-
ator maps a contrast function to the corresponding far field operator.
We recall that, to shorten notation, a parameter p € P was set to be

p = (phPZ) = (eflzur)-
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POTENTIAL REPRESENTATION As in Section 4.5, we rely on a vol-
ume integral approach, see [Kiro7, Theorem 2.3]. Thus, the scattering
problem (5.4), (5.5), and (5.3) is equivalent to an integro-differential
equation defined via the radiating fundamental solution @y (x) to the
Helmholtz equation in IR3, see (4.23). In detail, v € Hy,c(curl, R3) is a
radiating solution to (5.6) if and only if v satisfies

v= (2 + Vdiv) JBoDk(- —y)(p2 — L) (y) [Wly) + ui(y)] dy

+ curl JB Oy (- —y)(I; —p1)(y) curl [v(y) +ul(y)]dy  in R

In analogy, the radiating extension of v/ = L'(p,u')[p’] to R3 satisfies

v'=(k* + VdiV)L O (- —y)[(p2 — L)V (y) + p5 (L(p, u') +ub)(y)]dy

+curlJ Dy (- —y)[(I; —p1) curl v’ (y) — pj curl(L(p, u') +ut)(y)]dy,

Br
(5.16)
because v’ solves, by definition, the variational formulation (5.14).

FAR FIELD PATTERN Technically, the potential representation of a
radiating solution consists of the two potentials

Uy =cur1JB Oy (-—y)fi(y) dy, (5-17)

uy = (k* + Vdiv) JB Dy (- —y)fa(y) dy, (5.18)
R

for appropriate densities 1. Note that in both cases the tangential
components are continuous on the boundary and u;, satisfy the
Silver-Miiller radiation condition uniformly with respect to directions
% €82

As seen in the non-magnetic case, see also, e.g., [LR15, Proposition
3], the corresponding far field pattern to radiated waves described by

(5.17) is given by
ik

wRR) =

R) = X J e % Vf (y)dy, eS8

Br
Further, the far field pattern for radiated waves of the form (5.18) is
given by

kZ
4mt

u®(R) =

(1—>2)J e ¥V (y)dy, &eS?,
Br

where the matrix X is defined as in (5.19). This can be seen as follows:
the first part of the sum simply deduces from [CK13, eq. (5.94)] where
(O (- —y))*®(%) is claimed to be exp(—ikX - y), while the other part
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can be seen as the adjoint of the operator H: [%(S%)® — L%(Bg)?
defined by

(Hp)(y) = Vi divy, | p(R)e™ dS(5), y € B

For its calculation we first remind the following identities for scalar
valued functions A\: R3 — C and vector valued functions F, G: R3 —
C3 [KHz15, (6.6)]

div(AF) =F- VA +AdivF,

so that div, (e**VUp(%)) =p(R) - Vyeik’z'y. Now [KH15, (6.8)] states
Vy(F-G)=(F)"G+(G)'F,

where F'(y), G'(y) € C3*3 are the Jacobian matrices of F and G at
y, i.e. F{,j = 0F;/0dy;. Thus, we have Vy (p(&) - Vyel**V) = (E') Tp(R),
where E’ denotes the Jacobian matrix of Vye!**'V and is given by

X
’. 2 ikky 2 ik%y | o o o
E' = k™ YX = —k“e™Y | % % 2%z | - (5.19)
R

Note. Since X is symmetric, we have that XT = X and, therefore,
(EHT =E".
Hence, we obtain
(Hp, F)i2(py 2 = (vy divy | p(R)ey dS(ﬁ)) fly) dy
JBr 52
= J Vy divy (p(%)e** ) dS(%) f(y) dy
JBR JS2

_ J E/p(%) dS(x) F(y) dy
By JS2

=[] emsriy) dy %pis) dsix)
Jg2 Br

= (H* f,‘p)LZ(SZ)f,.

Combined with the first part yields the stated far field pattern.
Consequently, for a direction % € S2, the far field pattern of v*°(R)
hence equals,

V(&) = ((kz + Vdiv) JB O (- —y)(p2 = L) (y) v(y) +u'(y)] dy) (%)

+ (Curl JB O (- —y)(I; —p1) (y) curl [v(y) + u'(y)] dy> (%)

R

- JB [0 + V div)e ™) (p; — 1) (y) [v(y) + u'(y)] dy

+ JB fcurl e FVY(L, —p1) (y) curl [v(y) +ut(y)] dy

(5.20)
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~12(1-X) L e Y (0, 1) (y) [ly) + u'(y)] dy

+ik& x JB e XYL, —py)(y) curl [v(y) +u'(y)] dy,

where the matrix X is given in (5.19). As the latter integral expression
is an analytic function in %, the far field v*° is analytic as well.

CONSTRUCTING THE FORWARD OPERATOR  Let us now introduce,
for brevity, the integral operator

V: L?(Bgr)® — H%(Bgr)3, Vf:JB O (- —y)f(y) dy.

(See [CK13] for the mapping properties of V.) Now abbreviate
Sp = {13 —[(k% + VvV div)V((p2 — L;)-) + curl V((I; —p1) curl -)]}7]

as (bounded) linear inverse. Thereby, the scattered field restricted to
Br satisfies

v=>_, [(k2 +Vdiv)V((p2 — I3)ui) +curl V((I; —p1) curlui)] .

Consequently, the total field v+ u' equals Spu'. According to that we
represent the far field v = L(p, u')®, computed into direction % € 52
in (5.20), as

VR =R [ (o2 L)) Sy e Y dy
+ikJB R X (13—p1)(y)curl(Spui)(y)e_ik’AMJ dy.
R
If we further introduce the integral operators
Z,,: 1%(BRr)® = 12(8%), fw— ikJB g x fy)e ¥V dy, (5.21)
R

Z,,: 12(Br)® — L{(S?), fszu—foJ fly)e ™Y dy, (5.22)
Br

then there holds that
L(p/ui)oo =71y, 0 [(13 —p1) Curlsp(ui)] +Zp, ol(p2 _13)Sp(uiﬂ-

As p € P C LOO(BR,Sym(3))2 and Spu"L € 1?(Bg)3, the smooth-
ing properties of Lemma 4.11 hold for Z,, ,, as well. Consequently,
the forward operator defines analogous to Section 4.5, that is, the
contrast-to-far field mapping F(-)g: P — 84, defined by

F(p)g = sz ° [(pZ _13)Sp(vg)] + Zp] o [(13 —P1 ) Curlsp(vg)] (523)

for g € L#(S%), q > 1, is an operator from P into the qth Schatten
class 8.
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PROPERTIES OF THE FORWARD OPERATOR Again, we refer to
Remark 3.19, which still holds for this case. Further, the link be-
tween the solution operator L and the non-linear forward operator
F enables us to show various properties of F via those of L, too.
To this end, note first that the far field of the radiating extension
of L(p,vg) depends boundedly and linearly on L(p,vg). Thus, since
L(p,vg) = Sp(vg) —vg, the derivative p’ — F’(p)[p’] with respect to
p € P of F equals, by the product rule in Banach spaces, see [Z¢i86],

F'(p)lp'lg = Zp, o [(I; —p1) curl(L'(p,vg)[p']) + p7 curl(S, (vg))]
+Zy,0 [(92_13)11/(9/\’9)[9/]+pésp(\’g” (5-24)

This allows to transfer the results of Theorem 5.8, 5.10, and 5.11 from
LtoF.

COROLLARY 5.12. Choose p,p + p’ € P such that Assumption 5.4 holds
and q > 1.

(i) There is C = C(p) such that

[F(p+p") —F(p)lls, < C{(||91 I+ (101D + (o7 | + llp21D)

+(2+ [[eclloo) (o7 | + 02102 + Kll[05 [Llp + p’,vg) +VglllH(div) }
(5-25)

(ii) If one bounds T of (5.15) by ||p’||||6||, scaled by a term depending on
the L>®(Bg,Sym(3))-norms of p’ and ©, then the operator F'(p) is
locally Lipschitz continuous with respect to L (Bg,Sym(3))?: There
is C = C(p) such that

IE (p+p") =F'(p)lI < Cllp" [l + |102(vo+pr — V)l 1i(div)

+1p3Wp+prllhacaivy |
(iii) The far field operator F(p) is differentiable in the sense that

[B(o+p") —F(o) — F'(p)lo"l]| < C{ [(llo} | + IoI1)*
2+ lleclloo) 1911+ 1051D2 Il geun

K105 L' (0, u8) (0" 11(aiv) |

for C = C(p). By abuse of notation denote the right-hand side by a
scaling factor, depending on the L (Bg, Sym(3))-norm of p’, of ||p||%.
Hence, if {p/ IneNn C LOO(BR,SymB))Z, such that p + pl, € P satis-
fies Assumption 5.4 for all n € IN as well as ||p},|| — 0 as n — oo,
then ||[F(p + py,) —F(p) —F'(p)lpn][ls, /llen | — O.

Proof. The basic ingredient of the proof is the smoothing property of
the far field mappings Z,,, and Z,, definied in (5.21),(5.22), which are
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trace class operators from L?(Bg)? into L#(S?). Choosing the incident
field u' as a Herglotz wave function Vg4 for some g € 12(S?),

[E(p+p") —F(p)lls,
= ”9 = sz [(92 + pé _13)Sp+p’(vg) —(p2 _13)Sp(vg)]
+Zo, [(I;—(p1 +p1)) curl Sp o1 (vg) — (I; —p1) curl Sy (vg)] |Is,

()
< Cllg— [(13 —(p1 + p€ ) Curlsp+p’("g) - (13 —p1) Curlsp(vg)
+(p2 + pé - 13)Sp+p’(vg) —(p2 — 13)Sp(vg)] HL(L%(SZ)’LZ(BR}.%)

<C sup [[05Sp+pr(ve) — 0 curl Sy pr(vg) |25y
llgll;2=1

+||(I3_p1)Curl[Serp/(Vg)_Sp(\)g)]+(92_13)[Sp+p’(vg)_sp(vg)]||L2(BR)3 ’

where inequality () follows from Lemma 3.18. Now we use triangle
inequality to obtain the bound

||pésp+p’(\"g) - p{ Curlspﬂ)’(‘"g)HLZ(BR)3
< HPEHH5p+p'("g)\|L2(BR)3 + HP€ Il Curlsp+p’(vg)HI_2(BR)3

< (el + 2D IS p+pr (Vg I cun)

together with the estimate

1Sp-+0' (Vo) (cunt) < ClVgllrcurt) < Cllglli2(s2) =C

for the total wave field, with a constant C = C(p) independent of p’.
The same technique yields

1(I;—p1) curl[Spi o/ (Vg)=Sp (vg)l + (p2—15) [Sprpr (Vg) =Sp (Vg )l 128 )3
<L —prl[lfcurllSpipr (vg) — Sp (Vg )lll L2 )3

+lp2 =I5 [[[Spror (vg) = Sp (Vo) llL2B )3

< CIT5 —prll, llp2 =I5 INV2[ISprp (vg) = Sp (Vo) I (cun) -

As Sy p/(v—g) —Sp(vg) = L(p+p’,vg) —L(p,vg), Theorem 5.8 fur-
ther shows that

1So+p(vg) = Sp (o)l ety < C { |05 Llp + 0", vg) +vgl i)
+(lpt 1+ o210 + 2+ leclloo) (ot 11+ 0210 Ivgllraceunty }

such that by plugging the last estimates together we deduce the state-
ment. The bounds in (ii) and (iii) are shown analogously, using Theo-
rems 5.10 and 5.11 instead of Theorem 5.8. O

Remark 5.13. Note that, as mentioned in Remark 5.7, the properties of
F, stated in the last corollary, just hold, in fact, if the H(div)-terms are
bounded appropriately, that is, the H(curl)-norm of the incident field
scaled by the L*°(Bg, Sym(3))-norm of the contained perturbations.
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5.5 NON-LINEAR TIKHONOV REGULARIZATION

In analogy to the non-magnetic case of Chapter 4, we want to stably
approximate pexa from perturbed measurements of its far field oper-
ator F(pexa). As we seek approximations p by non-linear Tikhonov
regularization, where the given data FJ, is again perturbed with
noise level & > 0 such that |F(pexa) — Feasl| 8, < 8, we consider to
minimize the Tikhonov functional

J,5(0) = FIIF(P) — Frreas |5, + xR(p).

Note that from viewpoint of notation this equals the functional (4.31)
of the non-magnetic case, but now the admissible set of parameters—
over which the minimization is assumed—includes in P = P, x
P, Further, the Tikhonov regularization results of Theorem 4.13 still
holds for a convex functional R.

To apply these regularization results we again rely on the tech-
niques of Ressel [Res12]. Note that therefore we already fixed the
topologies of the admissible parameter sets to be induced by the
L*-norm. Thus, we gain closed, bounded subsets of Banach spaces,
which we equip with the weak*-topology. Due to Alaoglu’s theorem
closed balls are weak*-compact, such that the sets are closed with
respect to their topology. Thus, the tuple of sets P is itself a closed
and bounded subset of a Banach space and weak*-closed. We further
assume, that for all the beforehand mentioned H(div)-norms there
exists a bound, depending on the H(curl)-norm of the incident field,
such that Corollary 5.12 holds as mentioned in Remark 5.13 (as well
as all related Theorems). Consequently, the forward operator F be-
comes for fixed g € 12(S?) a mapping from P to Sq(L%(SZ),L%(Sz)).
One then shows analogously to the proof of Lemma 4.15, that F is
sequentially closed from (P,weak*) to 8§ with its weak topology.

56 ADJOINT OF THE FORWARD OPERATOR’S LINEARIZATION

Again, as in Sections 3.8 and 4.7, we are going to calculate the adjoint
operator of the linearization F’. Recall that p = (p1,p2) = (& T,
then we fix p € P, consider F'(p): LOO(BR,Sym(?)))Z — 84 and aim to
determine F'(p)*: 84 — L'(Bg,Sym(3))? such that

(F'(p)[6],K)s, = (6,F'(p)*K)p2 forall @ € L®(Bg,Sym(3)), K€ 8.

(5.26)
Here, q' is the conjugate Lebesgue index to q, such that 1/p+1/p’ =
Tand 1/q+1/q’ = 1. Further (-,-); 2 denotes the usual scalar product
in L?(Bg,Sym(3)),

d
AIBdX:J ZKUBUdX

Br =1

(A,B)r2 = J

Br
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extended to the anti-linear dual product between L*(Bg, Sym(3)) and
L! (Bg,Sym(3)). Further, (-,-)s, is the scalar product in the Hilbert
space of Hilbert-Schmidt operators,

Z sj(F Z Fg;, Kgj) 12(52)
j=1

jeN

for an arbitrary orthonormal basis (gj)jen of L%(Sz). Consequently,
(5.26) becomes

[e'e) ! .
Z Q)IKQ))LZ 52) = (6,F'(p)* K)p2
j=1

for all © ¢ L“(BR,Sym(_’)))Z, K € 84/. Thus, we consider at first a
single [2-scalar product for fixed p € P and g € L2(S%) we seek for
A:12(8%) - ! (BR,Sym(S))Z, such that

(F'(p)[6]g, )2 (s2) = (6, Af)p2

for all © € I_"O(BR,Sym(S))2 and f € L%(Sz). Recall from (5.16) that
L'(p,vg)[0] =V’ € H(curl, Bg), a function whose radiating extension
satisfies

v/ =8, [(K2+V div)V(02[L(p,vg) +vg]) —curl V(05 curl[L(p,vg) +vg])]
in H(curl, Bg), for the bounded linear inverse

Sp = [, —((k* + Vdiv)V((p2 —L;)-) 4 curl V((I; —p1) curl -))] "
Since F’ involves the far field of L/, see (5.24), we note that

F'(p)[0]lg = Zp, o [(p2 —L5)v' +025,(vg)]
+Zo, o [(I; —p1) curl v/ + 67 curl S, (vg)]
=Z,,0 [(p2 —1;)S, [(k* + V div)V(025,(vg))
—curl V(07 curl S, (vg))] + 025, (vg)]
+Zp, 0 [(I;—p1) curl Sy, [(k* + V div)V(025,(vg))
—curl V(07 curl Sy (vg))] + 67 curl Sy (vg)].

Consequently, one computes that

(F'(p)[0lg, f)r2(s2) = (61, (I —[(I; —p1) curl Sy o curl VI*] o Z3 £
—[(p2 —15)Sp ocurl VI* o Z3 | f) ® curl Sy (vg) )2

+(02, (13 —p1) curl Sy o (k + Vdiv)V]* 0 Z;, f

+l(p2 —1;)Sp o (K* + Vdiv)V]* + ;] 0 Z% f) ® Sp(vg)) 2,

where the last matrix-valued function is defined by (a ® b);; = aib;
for 1 <1,j <3.
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LEMMA 5.14. For p € P and g € 12(S?), the adjoint of @ — F'(p)[0](g)
with respect to the L?-inner product maps 12(S?) into L' (Bg, Sym(3)) and
is represented by

grs <[I3 —[(I; —p1) curl Sy o curl VI*] 0 Z¥ g

—[(p2 =L3)Spocurl VI* o Z’gzg) ® curl Sp(vg)

+ ([(13 —p1)curl S, 0 (K2 + Vdiv)VI* 0 Z5 g

+[l(p2 —13)Sp o (K2 +VdiV)V]*+IB]oZ’gzg>®Sp(vg).

For all orthonormal bases {g;}jen of L#(S?) and all K € 8/, the bounded
operator F'(p)* : Sqr — L! (Br,Sym(3)) is represented by

9]

F(p) (K =) ([ -1, —p1) curl Spo curl V|0 25, (K g)
j=1

—[(p2 —1;)Spocurl VI*o Z7 (K gj))® curl Sy [vg;]

+Y (I,-p1) curl S,0 (24 div)VI*o Z;, (K gy)
i=1
+[llp2—13)Spo (K+Vdiv)VI*+L,] 0 Z;, (K g5) ) @ S, v |
(5.27)



INVERSE ACOUSTIC BACKSCATTERING

In this chapter we want to recover informations of an object by send-
ing in acoustic plane waves of a certain direction and measuring the
far field of the corresponding scattered field in the opposite direc-
tion, see Figure 6.1. This concept is known as inverse backscattering
problem and differs from the settings of the previous chapters, where
measurements from different angles, perhaps distinct from the inci-
dent ones, were considered.

In contrast to the scattering problems treated before, the setting of
backscattering is remarkably underrepresented in the literature. An
in-depth investigation of the mapping from a potential q(x) on R3 to
the backscattering amplitude associated with the Hamiltonian —A +
q(x) is given by Eskin and Ralston [ER89], as well as an addendum
for two dimensions, see [ER91].

In 1990, Stefanov [Stego] derived partial results on uniqueness of
the backscattering problem in three dimensions under certain condi-
tions on potentials, considering both wave equation and Schrodinger
equation. Some time later Rakesh and Uhlmann [RU14] stated some
further uniqueness results for the three dimensional backscattering
problem, yet also limited to potentials with certain conditions (see
also [RU15]). Consequently, global uniqueness of the backscattering
problem remains unsolved.

Additionally, uniqueness of reconstruction from the inverse prob-
lem is not necessarily guaranteed, as we only have, e.g., for the two di-
mensional problem, scalar valued measurements. Therefore, it is not
clear, how to uniquely reconstruct a multi dimensional object from
lower dimensional data.

However, we provide some regularization techniques in analogy to
the concepts seen before, although uniqueness of solution is not guar-
anteed. To begin with we introduce the acoustic scattering problem in
Section 6.1 to provide an appropriate setting. We emphasize, that in
contrast to previous techniques, we rely directly on a volume poten-
tial approach to gain from regularity results of [LKK13]. In line with
the course of action established in the chapters before, we thereby
show properties of the solutions of the problem, see Section 6.2, and
define a forward operator corresponding to our model in Section 6.3.
Finally, Section 6.4 contains results on regularized solutions of the
inverse problem.
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Figure 6.1: [llumination of a medium D from direction 6 (solid arrow) and
measurement of the corresponding far field pattern u® in direc-
tion —0 (dashed arrow). Directions 8 of incident field u! vary
over 841 (dashdotted arrow).

6.1 THE SCATTERING PROBLEM

For our scattering problem in R4, d = 2,3, we illuminate an inhomo-
geneous medium D in direction 0 by an incident plane wave ui(-,0),
which solves the homogeneous Helmholtz equation. Assuming D to
be the support of a contrast function q € L*®(D) with Im(q) > 0 (such
that uniqueness holds) the therefore present total field u then solves

Au+KkK*(1+qu=0 inR% d=2,3. (6.1)

The herein covered scattered field u® = u— u! satisfies Sommerfeld’s
radiation condition,

L (a-1)/2 (0w o (S (4

lim v —(r%,0) —iku®(r%,0) ) =0 (6.2)
T—00 or
uniformly in all directions & € $4~'. We call such solutions radiating
in the sequel. The radiation condition implies an asymptotic behavior

of the scattered field at infinity:
eikr

Wuw(ﬁfe)‘i'o(f_]) asT — oo,

u’ (T)A(, e) =7Yd
for v> = exp(in/4)/v8mk, y3 = 1/(4n). Note that the so-called far
field pattern u®: S4-1 x $4=1 — C is an analytic function in both
variables and is uniquely determined by the scattered field.

SOLUTION THEORY VIA RIESZ-FREDHOLM Integrating the Helm-
holtz equation (6.1) against test functions 1\ € Cgo(]Rd) over the ball
Bor C R4, which contains D C Bg, and using Green’s theorem yields

J [Vu- VP — k(14 q)ud] dx = J a—uﬂ) ds. (6.3)
Bar

9Bor ov

Since smooth functions are dense in H'(B2g), the latter equation
holds for all P € H'(Bag). As the trace operator y(u) = ulaBZR
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has a unique continuation to a linear operator from H'(Bsgr) into
H'/2(8B,g), see [McLoo, Lemma 3.35], ulyp,, belongs to H'/2(3B2R).
Further, Vu belongs to H'(B,g) and in particular to H(div, B,r) since
u solves (6.1) in L?(RY), such that the trace theorem in H(div, B,g)
shows that du/dv = v - Vu belongs to H~1/2(3B,R), see [Mono3, The-
orem 3.24]. Thus, the boundary integral in (6.3) is well-defined as a
duality pairing between H¥1/2(3B ).

Denote by Ajg: H'/2(0B,r) — H'/2(0B,R) the exterior Dirich-let-
to-Neumann operator, see [Nédo1], which maps Dirichlet boundary
values ¢ on 0B, to the normal derivative 0v/9v of the unique radiat-
ing solution v to the exterior Dirichlet scattering boundary problem.
More precisely, v € H] (R4 \ Byg) is the unique radiating solution
to Av+k?v = 0 in R4\ Byg, and can be written down explicitly in
series form using Hankel functions. As u is a radiating solution to
the Helmholtz equation, Azr(y(u)) equals 0u/dv, such that (6.3) be-
comes

|, eevhoi0 s anud) de- | Aseviwvbyds = v

0B2r
(6.4)
for all \p € H'(B,g), with right-hand side

out i -

V() = —Azr(y(uh)) | v()dS.
dBg ov

(We omit the trace operator y from now on if a restriction to the

boundary is obvious.)

To prove the existence of a solution of (6.4), we follow the ideas
of Kirsch [Kirg3], also presented in the book of Colton and Kress
[CK13, Proof of Theorem 5.7], and rely on an additional Dirichlet-to-
Neumann map Aa 2r that maps Dirichlet data on 0B, to Neumann
data of the solution to an exterior Dirichlet boundary problem for the
Laplace equation. Note that —A r is coercive, that is

—JaB Aa2R(W)DAS = cl[Wlf1/2(ap,,) forall b € H'/?(dB2g).
2R

The sesquilinear forms

s(e, W) = JB (Ve -V + ] dXLB Aar(@)dS,
$1(@, ) = L [k2(1+q)+ﬂ<pﬂ»dx+LB (A2 — A 2x)(@)BdS,

allow to reformulate the variational form (6.4) for all\p € H' (B,R) as
i

ov

s(u,w)—smu,w)zLB[ —Aza(v(ui))hds. 6.5)
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Both A,k and Ax 2r are bounded from H'/2(9B,g) into H~1/2(9B5R),
such that s and s are bounded sesquilinear forms. The coercivity of
Aa2r implies that s is coercive,

s(9, @) = ol s, —LB Aa2r(©)@dS = Cllolfr (g,
2R
for all ¢ € H'(B2r). Moreover, compactness of Ayr —Aa 2R, See, e.g.,
[CK13, p. 131] and the compact embedding of H'(B,g) in L?(B2g)
imply that s7 is a compact sesquilinear form.
By the representation theorem of Riesz there exists a bounded op-
erator S: H' (B,r) — H'(Bsgr) and a compact operator Sy such that

S((pll’l)) = (S(Prq))HWBZR) and S]((prll)) = (81 (pr.dr))H](BZR) for all
@, € H'(Bag). By Lax-Milgram’s lemma, S is further boundedly

invertible. Further introducing v € H'(B2gr) such that faBR[%—LS —

Azr(Y(u)y(P)dS = (r,0)1(p,,) for all p € H'(B,r), the varia-
tional formulation (6.5) can be equivalently rewrittenasSu—Syu=r
in H'(B2g). Multiplying with the inverse S™' yields u —Ku =S""r
with a compact operator K := S~'S;. Thus, Riesz-Fredholm theory
implies that uniqueness of solution to the latter equation implies ex-

istence of solution for all right-hand sides.

LEmMMA 6.1. If the only solution to the homogeneous problem correspond-
ing to (6.4) is the trivial solution, then that variational problem possesses a
unique solution for all bounded anti-linear functionals ¥ € H'(B,g)* and
there is Cq independent of ¥ such that

[l (By) < Cqll¥lr e+ (6.6)

COROLLARY 6.2 (See [Kir11, Theorem 6.5]). For q € L*°(Br) such that
Im(q) > 0, the scattering problem (6.1) and (6.2) has at most one solution,
that is, if w is a solution corresponding to an incident wave u* = 0 then
u=20.

Proof. Using Sommerfeld’s radiation condition and Green’s first the-
orem, one can exploit the non-negativity of the contrast’s imaginary
part. Owing to that, one shows that the integral of the solution u to
the Helmholtz equation vanishes, such that u itself vanishes outside
Br. Finally u equals zero in the whole space due to a unique contin-
uation principle, see, e.g., [Kir11, Theorem 6.4]. O

INTEGRAL EQUATIONS We now use an integral equation approach
to profit from regularity results presented in the work of Lechleiter,
Kazimierski, and Karamehmedovi¢ [LKK13], already discussed in
Section 2.3. Therefore, we reformulate the scattering problem (6.1)
and (6.2) into the equivalent problem of solving the integral equation

u(x) = ut + k? JW O(x—y)qy)uly) dy, xeRY, d=2,3, (6.7)
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where @ denotes the radiating fundamental solution of the Helm-
holtz equation, given by

ipg(1) .
iH D (X)), ifd =2,
Dy (x {4 o (kx]), i X # 0.

exp (ik|x[) . o
“Anx] if d= 3,
Note that (6.7) is known as Lippmann-Schwinger equation (for its
derivation see, e.g., [CK13, Section 8.2]). Due to [LKK13, Lemma 1]
the radiating volume potential

(Vf)(x) = JB O(x—y)f(y)dy, xeRY, d=2,3,

extends to a bounded operator from L*(Bg) into W23 (Bg) for all
s e (1,00).

ASSUMPTION 6.3. From now on we fix the contrast q to be a function
in LP(Bg) for p > d/(d —1) > d/2. Additionally, we choose

t > max P Zid
p—1d+2

large enough, such that
tp d
. E— 2 —.
t+p = 2
Note that the assumptions on p and t ensure that, first, the Lipp-
mann-Schwinger integral equation is well-defined in L*(Bg) and, sec-
ond, that a unique continuation principle holds to its solutions for
q € LP(Bgr). To abbreviate Assumption 6.3, we define a set of con-
trasts, which also satisfy appropriate properties emphasized before-
hand, as

Q:={qeLP(Br), p>d/2,Im(q) >0} CLLo(Br).  (68)

Therefore, compactness of v — V(qv) on L*(Bg) as well as unique-
ness of solution holds:

LEMMA 6.4 (See [LKK13, Theorem 6]). Let q € Q and choose t > 1
according to Assumption 6.3. Then the Lippmann-Schwinger equation

v— kZV(qv) =T,

has a unique solution v € L*(Br) such that ||v||1+(g,) < ClIf]lLt(By)-

If f = k?V(qu') for some incident field ut € L'(Bg), then (6.7) de-
fines a radiating solution u® € Wli’ctp/ (“P)(RY) to the Helmholtz equation
AU + K% (1 4+ q)u’ = —k?quiin Lt (RY).

loc

We now collect a couple of techniques, which will be used fre-
quently in the ongoing analysis. Thus, assume to have a scattered
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field u® satisfying (6.7). By Lemma 6.4, the radiating solution is in
W?2T(Bg) for r:= tp/(t +p), such that

[uS[lwar By = K2IV(q(us +ub)) lwarg,)-

As mentioned above, the volume potential V is a bounded operator
from L"(Bg) into W27 (Bg) and, hence,

K2 IV(q(u® +u'))|lwer gy < CK) lq(u + 1) ||pr(g)-

Applying the generalized Holder inequality for r = tp/(t + p), see,
e.g., [LKK13, Appendix (A.1)], and triangle inequality, the right-hand
side is further bounded by

lq(u® +u) e ey < lallieBe) (Ui By + It Le(By)) -

Now exploit that the scattered field is bounded due to Lemma 6.4,
that is
[u® ey < CK)[[VIquY) Lt (Bg)-

Therefore, compactness results for V(see, e.g., [LKK13, Proposition 2]),
basing, in fact, on Sobolev embedding theorems, imply that

IV(quillie sy < CIVIqQUY)llwar ey < Clk, @) [[ulllie(se),  (6.9)

with C(k, q) = C(k, ||q|/rr(B,)) depending continuously on ||q||rr(By)-
Plugging all estimates together finally yields, that

uSlwzr gy < CO @) [1a]lie (B I Lt (B )-

6.2 PROPERTIES OF THE TOTAL FIELD

As in the case of anisotropic acoustic and electromagnetic scattering,
we collect necessary properties of the solutions. Therefore, in the fol-
lowing we indicate the dependency of the total field on the contrast
q by writing uq = u(-,0), corresponding to an incident plane wave
u'(-,0) from direction 0. Note that we still abbreviate r = tp/(t +p).
At first show Lipschitz continuity of the total field.

THEOREM 6.5. Let q+ q’ € Q be a perturbed contrast, such that Assump-
tion 6.3 holds. Then

||uq+q/ —Uq ||wz,tp/(t+p1(BR) <C HqIHLP(BR) ||ui||Lt(BR)r

where the constant C depends on k and the LP-norms of q and q + q’ but
not on q’ itself.

Proof. Regarding that uq solves (6.1), g4 for the perturbed contrast
q + q’ consequently solves

AUq+q/ +k2(1 + q + q/)uq+q/ - O.
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Because of that, the difference of the total fields is a solution to

As mentioned beforehand, this is equivalent to solving a Lippmann-
Schwinger equation in the form of (6.7), such that Lemma 6.4 states
for r:==tp/(t+p) that

2
Huq+q’ —Ugq |’W2/r(BR) =k \\V(q(uz+q/ —ua) + q/uq+q’)HW2rT(BR)'

(Note that |ugiq —uqll = [[ug, 4 —ugll for fixed incident fields.)
Exploiting boundedness of V and triangle inequality, we have that

IV(q(ugsq —ug) +auqrq ) lwar sy <Crllg(ug g —ug)lir sy

+ Cr lq"wgrq/llLr(Bg)-

Now apply generalized Holder inequality to each term. Then the sec-
ond norm is bounded by ||q’||(r(By)/[Wq+q’|lLt(Bg) times some con-
stant, which is fine as we incorporate that later just as it is. However,
for the first term we obtain the following inequality:

CllallLe By ||U3+q/ —ugllLe(sg)

lq(ugsq —ug)lliir sy <
< Cllqller o) IV(dugiq) Lt (BR),

where we made use of the boundedness of solution by its right-hand
side, see Lemma 6.4. Now, an analogous sleight of hand as in (6.9),
that is, relying on compactness results of V, and subsequently ex-
ploiting boundedness of the operator V as well as generalized Holder
inequality, consequently yields in order of appearance:

lallee Byl V(dwqr gt Bo)<Ilallir Br) Carar V(A Ugrq ) lwar By
<Cq,q+q’ Hq/uq+q/HLT(BR)

<Cq,q+q’ Hq/HLP(BR) Huq+q’HLt(BR)r

where Cg indicates a constant depending only on the LP-norm of
q € Q. At long last, we have shown that

uqtq —UgllwzrBe) < ClA Il Bo) gl By

for a constant C = C(k, ||q||Lr(Bg), 19 + q'l|Lr(Bg)), Which does not
depend on q’ itself.

In a final step one shows that the L*-norm of 1wy 4/ is bounded
by the L'-norm of the incident field. Separating the total field into its
scattered and incident parts, this can be achieved using the same tech-
niques as before. In detail, that is, triangle inequality, boundedness of
solution by Lemma 6.4, compactness of V as in (6.9), boundedness of
V, and generalized Holder inequality. Putting all estimates together
finally yields the claimed statement. O
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DERIVATIVE OF TOTAL FIELDS For convenience we now define
the sequilinear form

agl)i= | [Vo-ViH—IE(1+ q)od] dx

—J Azr(y(@))y() dS
0B2r

for all @, € H'(B2g). Note that this equals the difference s(@, ) —
s1(@, ) of sesquilinear forms in (6.5), such that (6.4) can be written
as aq(uq,P) = ¥Y(P). Due to that, we define a function u’ that is for
allp € H'(B2r) a solution to

aq(u,P) = k? JB huq dx. (6.10)
R
We foreclose that u/ = u; [h] is somewhat the derivative of ugq with

respect to g in direction h € LP (Bg) as we show in Theorem 6.7.

THEOREM 6.6. For h € LP(BR) and a perturbed contrast q + q’ € Q, such
that Assumption6.3 holds, the map q — g is Lipschitz continuous:

g g [0 =g e iem 8 SC A I By IR Le (B o) I I Lt (B )

where C depends on k and the LP-norms of q and q + q’ but not on q’ itself.

Proof. Relying on (6.10), the functions u, ..[h] and ug[h] satisfy for

h € LP(Bg) and all test functions \p € H'(Bg), the formulations
aq+q’(ua+q/[h],1b) - kz JB huq+q’1T) dX
R

and

aq(ughl,p) = k? JB hugp dx.

Consequently, w = u , .,[h] —ug[h] satisfies
aq(w, ) =k? JD (h(ugsq —uq) — q/uéﬁq/[h]) P dx.

For the proof we rely on the techniques used beforehand in the
proof of Theorem 6.5, which is somewhat technical, but does not con-
tain new ideas. That's why we just present the overall picture but
not every detailed step. To start with, for r :== tp/(t +p), Lemma 6.4
implies that

[Wllwar(Be) = K2 [V(qw + h(uqq —tq) — q"uq g/ MDlwar (By)-

Again, benefit from the boundedness of V and triangle inequality,
such that

[Wllw2r (B < Ck ([[aWllLr (Bg) + [h(tg4qr —wg) e (Bg)

+||q’ua+q/[h])||LT(BR))'
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Initially, note that the first term |qw||r(g,)—due to generalized
Holder inequality, Lemma 6.4, compactness as well as boundedness
of V—is bounded by

Ck, q) (IM(ugsq —ug)lliree + 1a"wg g M Br)) 5

where the constant C only depends on the LP-norms of q and q+ q’
but not on q’ itself. We emphasize that this equals the other terms
from the last inequality, such that it is sufficient to estimate these
terms appropriately. To make a long story short, utilizing the promi-
nently used techniques one derives the claimed estimate. O

THEOREM 6.7. For q' € LP(Byg) such that q+ q’ € Q, it holds that

Iug+ar —uq —uglalwaem e e < CIA' 1T B It (Be)-
for a constant C depending on k and LP-norms of q and q + q’ but not on
q’ itself.

Proof. Be aware that

out ) -
Agrqr(Uqiq ) = LB { = —/\ZR(Y(ul))} Y(P)dS,

oul

aglugb) = | |5 = A vep)as,

aq(ullq’)b) = K2 JB §'uqihdx,
R
holds for all test functions { € H'(Bg). Thus, w = Uqyq —Ug —

uglq'l is a solution to

aq(w,p) = kzj q'(Ugrqr —ug)P dx.

Br
In a nutshell, exploiting the overall set of techniques, one can show
that for C = C(k, p) it holds that

||W||w2,tp/(t+pJ(BR) <C (HWHU(BR) + Hq/HLP(BR) [Ugtqr —Uq ||Lt(BR))-

Note that, as seen in the proof of Theorem 6.6, the first term |[[w|| ()
is bounded by the second addend, such that only ||q’(|ir (B ) [[\Utq+q’ —
Uql/rt(B,) Temains. During the proof of Theorem 6.5 we have seen,
that the L*-term is bounded by a constant times ||q’||Lp (54 [[U]| Lt (B )-
Consequently, the statement holds. O

Remark 6.8. Note that the solution theory exposed in Section 6.1 also
holds for the scattered field uf] =uq— ul. Therefore, the statement
of Theorem 6.5 is also true for ug, because |[uqq' —uqll = (1§, 4 —
ug |l assuming a fixed incident field u*. Thus, defining ug [h] to be the
derivative of ug which still solves equation (6.10), a corresponding
version of Theorem 6.7 can be shown analogously for the scattered
tield. Because of that, the properties of the derivative of the total field
shown in this section hold true in the same manner for the scattered
field.
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63 THE FORWARD OPERATOR

As in Chapters 3 and 4 concerning the anisotropic acoustic and elec-
tromagnetic scattering problem, we aim to gain information of the
contrast q from measurements of the far field pattern. Consequently,
therein all regularization results solving arising inverse problems rely
on the far field operator. However, the actual setting of backscattering
limits the angle of measurement to the direction —0 for the corre-
sponding scattered field u®(-,0), arising from incident plane waves
ul(-,0) from direction 0. Obviously the superposition of far fields
that forms the far field operator g — [ga—1 u™(-,0)g(68) dS(6), then
simplifies to the far field u*(—6,0).

To transfer the properties of the total field, shown in Theorems 6.5
to 6.7, to the far field pattern, we define the total-to-far field mapping
from L7(Bg) into L?(S4~1):

Zo : de e*ike'yf(y) dy. (6.11)
Br

Due to [CK13, eq. (8.28)], the function 6 — u*°(—0, 0) is then repre-

sented by

u®(—0,0) =Z_goqu(,0)] =vqa JB e Vq(yluly,0) dy. (6.12)
R
The composition is well-defined due to the smoothing properties of
the total-to-far field mapping Zg, which is a trace class operator, see
Lemma 3.18.
To make notation clear and provide a consistent concept, we define
a forward operator modeling our problem, by

F: Q- L%(S%"), F(q)0 =u(—6,0) =Z golquq(-,0)], 6S% .

(6.13)
Regarding (6.12), we thus find the derivative of h — F'(q)[h] in
L(LP(Bg),L%(S4 1)) with respect to q of F(q) by the product rule,
as

F'(q)[h]0 = ug' (—6,0)[h] = Z_g o [quj (-, 0)[h] + huq(-,0)] . (6.14)

PROPERTIES OF THE FORWARD OPERATOR Again, since the for-
ward operator F is linked to the total-to-far field map, we can show
various properties of F via Theorems 6.5, 6.6, and 6.7.

COROLLARY 6.9. Let Assumption 6.3 hold and assume to have an incident

plane wave such that ||[u*|| ¢ (p,,) < C for C > 0.

(i) Let q’ be a perturbation such that q+ q’' € Q, then there is C =
C(k, q) such that

IE(q) —F(q+q')l12sa-1) < Cllq[[Lr (Bg)-
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(ii) The operator F'(q) is Lipschitz continuous with respect to LP (Bg), i.e.,
there is a constant C = C(k, q) such that

IF'(q+9q") = F' (@2 rBe)r2se-1)<Clla’llr Be)-
(iii) The forward operator is differentiable in the sense that

IF(q+q") —F(q) —F'(q)[a"lr2(sa-1) < Clla’ITo (B,

for C = C(k,q) and q+q’ € Q. If there is {q}, }nen such that q +
qp € Q for every n € N and ||q},||Lr(Bg) — 0 as N — oo, then
IF(q+qn) —F(a) —=F'(@)lanllli2sa1)/lanlie gy = O

Proof. Due to the smoothing properties of Z, see Lemma 3.18, we have
that

IF(q) —F(q )HLZ(SCH) =|Zo [quq —(q+ q/)uq+q’] HLZ(SCHJ

+q’
s¢ [”q (wq —tqiqr) lLrsany + ||q/uq+q/”LT(Sd*‘)} ,

for r = tp/(t+ p). As shown in the proof of Theorem 6.5, both
terms are bounded by a constant C, depending on the LP-norm of
q and q+ q’ only, times ||q’||1» ()| ||1t(B,g)- Thus, for an incident
wave satisfying the given assumption we have the stated inequality.
Statements (ii) and (iii) can be shown analogously by exploiting The-
orems 6.6 and 6.7. O

64 NON-LINEAR TIKHONOV AND SPARSITY REGULARIZATION

As said before, the inverse problem is to stably approximate a con-
trast gexa from perturbed measurements of its far field pattern F(qexa)-
Once more, for noisy measurements F3,.,, with noise level § > 0 such
that ||F(qexa) — FoeasllL2(sa-1) < 8, we seek approximations of ¢ from
non-linear Tikhonov regularization. Thus, we consider to minimize
the Tikhonov functional

Ja5(q) = 3F(q) = Fheasl|P2(sa 1) + xR(q), (6.15)

over some appropriate admissible set of contrasts included in Q, a
subset of the closed and convex set Lfm> o(Br), and for some penalty
term R. Hence, we emphasize that the graph of F is weak-to-strong
closed, due to [LKK13, Lemma 7], that is, for a weakly convergent se-
quence qn € Q to q implies q € Q and uq, — uq in L*(Bg) pointwise,
as n — oo.

In analogy to Section 3.6, recall that p > d/(d —1) > d/2 due to
Assumption 6.3 and set p, = dp/(p + d), such that 1 < p, < d. Again,
Sobolev’s embedding states that W'P+(Bg) embeds compactly into
LP(Bgr), such that

lalle (Be) < Clldlwir: gy forall g € WP+ (Bg).
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Note that an embedding into Holder spaces would require p, > d.
As in the case of anisotropic contrasts, we are going to consider an
extension by zero to all of R4 of functions of W(])’p* (Br), the space of
functions that vanish on 0Bg that is, without denoting it explicitly.
Therefore, we derive standard Tikhonov regularization statements,
analogous to Theorem 3.24:

TreEOREM 6.10 (Tikhonov regularization). Let the penalty of the Tikhonov
functional 5 be R(q) = ||q] Bg)’ then Ju,5 possesses a minimizer

P
WP (
in QN W1P+(Bg). If 6 — 0 as n — oo and if one chooses oty = 0t (On)
such that 0 < oy — 0 and 0 < 8% /an — O, then every sequence of
minimizers of Jq, s, contains a subsequence that weakly converges to a
solution qf € W1P+(Bg) N Q such that F(q") = F(qexs) holds in 12(S41)
and qt minimizes the WP+ (Bg)-norm amongst all solution to the latter
equation.

SPARSITY REGULARIZATION A sparsity-promoting alternative yet
again bases on a wavelet basis of W'P+ as seen in Section 3.6. There-
fore, we assume that Py, € C™(R), n € N, is a compactly supported
mother wavelet with scaling function \g,, the so-called father wavelet.
Consequently, an associated multi-resolution analysis provides one-
dimensional wavelets

Pga(-—m) ifj=0,meZ,
20-1/ 2o (7T -—m) ifje N, m e Z.

V() =

As shown in Section 3.6, those define d-dimensional n-wavelets \P%G.
Then for all numbers 1 < v < p. choose weights {wj}jen, such that
w; > 21=4/p-+d/2)r "which is a normalizing factor coming from
Theorem 3.25. Thus, the functional

1 o
Re(q) =~ > wjildil[, (6.16)

j,Gm

defines an appropriate penalty term as described by (3.32). One more
time, this yields a result for non-linear Tikhonov regularization which
provides sparsity, analogous to Theorem 3.26.

THEOREM 6.11 (Sparsity regularization). For 1 <r < p, =dp/(p+d),
the functional g« s with R = R, from (6.16) possesses a minimizer in QN
W1 P«(Bg). If . — 0 as n — oo and if one chooses xn = &n(dn) such
that 0 < oy — 0and 0 < 82 /oy, — O, then every sequence of minimizers of
J a5, contains a subsequence that weakly converges to an R -minimizing
solution qT € WP+ (Bg) N Q of the equation F(q) = F(qexs) in L2(S471).
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