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Zusammenfassung

Die Rekonstruktion des menschlichen Hirnstroms aus Messungen der magnetischen Flussdichte
(MEG) und des elektrischen Potentials (EEG) ist ein wichtiges Mittel, um die Arbeitsweise des
Gehirns zu verstehen und um Krankheiten wie Epilepsie zu diagnostizieren. Die Frage nach
der Nichteindeutigkeit des zugehorigen inversen Problems ist nicht vollstdndig beantwortet,
obwohl sie ausgiebig diskutiert wird.

Diese Frage wird im Rahmen des Mehrschalenmodells untersucht, welches aus konzentrisch
angeordneten sphirischen Schalen besteht. Wir leiten neue Integralgleichungen fiir das Modell
her, die weniger A-priori-Voraussetzungen bendtigen als bisherige Ansétze. Anstatt nur
gewisser skalarer Anteile, bilden diese den kompletten vektoriellen Hirnstrom auf die Daten
ab. Wir stellen eine neue Entwicklung des Hirnstroms basierend auf einem orthonormalen
Basissystem vor, die zu einer Singularwertzerlegung mit exponentiell schnell abfallenden
Singularwerten fiihrt. Damit kann die Frage der Nichteindeutigkeit wie auch die Frage nach
dem messbaren Anteil der Radialkomponente des Stroms vollstdndig beantwortet werden.
Nur der solenoidale und harmonische Anteil des Hirnstroms kann aus MEG- und EEG-Daten
rekonstruiert werden.

Um beide exponentiell schlecht gestellten Probleme numerisch zu 16sen, sind Regularisier-
ungsverfahren notwendig. Neben dem regularisierten Ritz-Verfahren, einer skalaren Spline
Methode und einem speziell fiir das EEG-Problem auf Basis von reproduzierenden Kernen
entwickelten vektoriellen Spline-Verfahren testen wir den in den letzten Jahren von der
Arbeitsgruppe Geomathematik der Universitit Siegen entwickelten regularized functional
matching pursuit (RFMP) und seine Weiterentwicklung, den regularized orthgonal functional
matching pursuit (ROFMP). Wir verbessern die Konvergenzresultate des REMP und fiihren
neue Sobolevnormen als Strafterm ein. Mittels vektorieller Splines kénnen gute und stabile
numerische Ergebnisse erzielt werden, die vom ROFMP sowohl bei unverrauschten als auch
bei verrauschten synthetischen Tests iibertroffen werden. Abschliefend wird der ROFMP fiir
die Inversion realer Datensétze verwendet.



Abstract

The reconstruction of the neuronal current inside the human brain from magnetic flux density
(MEG) and electric potential (EEG) measurements is an important tool for understanding
the functioning of the brain and for diagnosing brain diseases, such as epilepsy. One
partly unanswered question, which is extensively discussed in the literature, is about the
non-uniqueness of the related inverse problems.

We investigate this question in the context of the multiple-shell model, which assumes
nested spherical geometries. We derive novel integral equations describing the inverse
problems, which require less a-priori assumptions on the current than former approaches
and map the entire vector-valued current onto the data instead of certain scalar functions.
A novel decomposition of the current based on an orthonormal basis system is presented,
which yields singular value decompositions of the integral operators with exponentially fast
decreasing singular values.

Therewith, we complete the existing non-uniqueness considerations, which includes a
characterization of the measurable radial part of the neuronal current: only the harmonic
solenoidal part of the current can be measured via the MEG and EEG devices.

For the numerical solution of these severely ill-posed problems, regularization methods
are required. We use the regularized Ritz method, scalar splines, novel vector reproducing
kernel based splines, and the regularized (orthogonal) functional matching pursuit (ROFMP)
algorithm, which was developed by the Geomathematics Group Siegen within the last years.
We improve convergence results of the REFMP and introduce novel Sobolev norms as penalty
terms. The good and stable numerical results of the vector spline method are outperformed
by the ROFMP in non-noisy and noisy synthetic test cases. Finally, we apply the ROFMP
to real measurement data.
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Chapter 1.

Introduction

The human brain is one of the most complex organized structures known to exist. Even
though it is extensively studied in former and recent research, see, for example, [117,133,211],
there are still open questions concerning aspects of neuroscience, such as cartography of the
brain structures, diagnosis and cause of mental and physical brain diseases, and medical
imaging. Different fields of research are concerned with the signal processing and interplay of
neuronal cells in the brain. This interplay is responsible for human behaviour and cognition.
On the other hand, defects in this interplay or the signal processing cause diseases, such as
epilepsy or schizophrenia, see [133].

Today, there are mainly two types of neuroimaging methods available to study the
interaction of brain cells, which are either based on measuring blood flow or electrical activity,
see [122]. The first type exploits that the cerebral blood flow in a region increases if it
is in use. The second type is based on the electrochemical processes that neurons use for
signalling. Whereas blood flow only indirectly relates to cerebral activity, bioelectric activity
is a direct consequence of this activity. From interactions between neurons and the signal
processing occurring therein, an electric current emerges that induces macroscopic electric
potentials and magnetic fields, which are transmitted through the conductive brain tissues,
see [33,36,108,117,133]. The potentials and fields can be measured outside the head if the
number of simultaneously active neurons is large enough.

In former and recent research, magnetoencephalography and electroencephalography
devices, which measure physical quantities related to the currents caused by brain activity,
have been used for the non-invasive study of (real time) brain processes. These two measuring
methods are of particular interest in neuropsychology since they feature high temporal
resolution on the millisecond scale, which is essential for studying responses on external
stimuli, see [117,122]. In contrast, methods based on blood flow only achieve temporal
resolutions in the order of seconds, but feature a comparably higher spatial resolution.

For the analysis of the measured data, a relation between the bioelectrical activity and the
measured quantity needs to be known. D.B. Geselowitz and J. Sarvas laid out the foundation
for such relations in [94,200]. However, the reconstruction of neuronal currents poses certain
challenges. For example, the magnetic field generated by human brain activity is more than
hundred million times smaller than the Earth’s magnetic field. Thus, the signals are faint
and the signal-to-noise ratio may be low. In addition, magnetoencephalographs as well as
electroencephalographs only provide few (about 70 to 300) data points per time step on an
irregularly distributed sensor grid.

Recent magnetoencephalographs measure components of the magnetic flux density outside
the head, which are related to the magnetic potential. Certain devices measure the normal
component of the magnetic field with respect to the sensor surface and two tangential
directional derivatives of the magnetic flux density. Besides, electroencephalographs detect
voltage differences on the scalp, which are differences of two electric potentials. Both
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measurement methods can be performed simultaneously. For this purpose, a human subject
is wearing an electroencephalograph sensor cap inside a magnetoencephalograph. An extensive
survey of magnetoencephalography (MEG) with an insight to electroencephalography (EEG)
and further references can be found in the survey of M.S. Hamaéldinen et al. [108].

In order to achieve a reconstruction of the brain activity, a model that relates the vector-
valued neuronal current to the scalar-valued measurements needs to be known. The quasi-
static variant of Maxwell’s equations is commonly used in medical electromagnetism to
model bioelectric activity. In this context, the changes of the current and the electric and
magnetic fields are assumed to be so slow such that they appear to be static. R. Plonsey and
D.B. Heppner prove that the errors made by the quasi-static approach, that is the omission
of propagation, capacitative and inductive effects, and boundary considerations, are clearly
negligible, see [191].

Several approaches, such as LORETA, VARETA, LAURA, FOCUSS, BESA, and MUSIC,
see [99,117], that are used for solving the quasi-static variants of Maxwell’s equations are
based on a discretize-then-optimize approach. Hence, the neuronal current is discretized
by a finite sum of dipoles and, subsequently, the discretized problem is solved. Thus, the
problem is cast as a finite-dimensional Tikhonov-regularized normal equation. An advantage
of these methods is that they can be combined with real-shaped brain geometries and
structures. Although all of these methods include a minimum-norm approach in order to
achieve uniqueness, these models cannot characterize the parts of the neuronal current that
cannot be detected by magneto-electroencephalographs. Due to the complex geometry,
theoretical studies of the inverse problems, such as a singular value decomposition (SVD), are
impossible. In the case of an anatomically correctly shaped conductor model, the magnetic
field and the electric potential can only be calculated numerically, see [108]. Hence, an
approximation of the brain structure is necessary for analytic non-uniqueness considerations.

In contrast to discretize-then-optimize approaches for solving Maxwell’s equations, there
exist several optimize-then-discretize approaches. In this context, based on modelling the
neuronal currents as continuously distributed currents, the partial differential equations
are solved analytically, see the seminal papers by G. Dassios, A.S. Fokas, and co-authors
[39,47,49, 50,52, 71-75]. For these models, additional knowledge of the structure of the head
and properties of its tissues is required. Besides homogeneous head models (i.e. constant
conductivity in the entire conductor), more realistic models exist, such as the three-shell
model, see [45,73, 74], the multiple-shell model, see [108, 174], or the ellipsoidal-shell model,
see [39, 46, 54]. The multiple-shell model is also used within this thesis. Within this model,
the cerebrum is represented by a solid ball B,, with radius g9 and constant conductivity.
Around this ball, there is a finite number of spherical shells modelling various head tissues.
The conductivity on each shell is assumed to be constant, positive, and known.

These continuous methods have in common that integral equations are derived from Max-
well’s equations. For this purpose, the vector-valued neuronal current is decomposed. For
example, the Hodge decomposition is used in [47,52, 71-75] and the Helmholtz decomposition
is used in [47,49, 50, 71, 73, 74]. Both decompositions require additional smoothness or bound-
ary conditions on the neuronal current, which is questionable since the actual smoothness
and boundary behaviour of the neuronal current are unknown. These decompositions lead
to integral equations containing a scalar-valued density (somehow related to the neuronal
current) and a scalar-valued integral kernel, which reduces the numerical effort. However,
they only allow an incomplete characterization of the null space of the integral operator
in the sense that a representation of the measurable (radial part of the) neuronal current
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via an appropriate orthonormal basis on the ball is missing. In addition, in the case of the
EEG problem, it is only known that the orthogonal complement of the operator null space
is contained in a (too large) particular Hilbert space. This also requires further analysis in
order to determine the precise measurable directions. In addition, these decompositions have
mostly advantages for either the MEG or the EEG problem such that a joint inversion of the
data sets and a joint representation of the neuronal current is difficult to handle.

Even though these integral equations and especially the non-uniqueness of their solutions
are discussed extensively in the literature, see the references above, there are still some
open questions concerning the ill-posedness of the inverse MEG and EEG problems for the
spherical multiple-shell model: which direction, especially in the case of the EEG problem, of
the neuronal current is visible for the measurement devices? Can we characterize the radial
part of the neuronal current that affects the measurement via orthonormal basis functions in
an appropriate (weighted) Lebesgue space? When does a solution of the inverse problem
exist?

In order to answer these questions, we derive from the quasi-static Maxwell’s equations two
novel Fredholm integral equations of the first kind relating the vector-valued neuronal current
to the magnetic flux density as well as the electric potential in the case of a continuously
distributed neuronal current in the spherical multiple-shell model. The novelty of these
integral equations consists of two parts. First, we obtain integral equations that map the
entire vector-valued neuronal current to the data instead of mapping only scalar-valued parts
of it. Second, we only require that the neuronal current is an Lo (BQO,R?’)—function and, thus,
reduce the a-priori assumptions on the neuronal current. We no more require smoothness or
boundary assumptions on the current, which are needed, for instance, for the Helmholtz and
the Hodge decomposition. Both integral equations consist of a vector-valued integral kernel
that is represented by a series of vector Legendre polynomials. Especially in the case of the
inverse EEG problem, we are able to add more insight to occurring quantities related to the
multiple-shell model.

In order to solve the inverse MEG and EEG problem simultaneously, we define a class
of vector-valued integral kernels that covers the MEG as well as the EEG integral kernel.
However, this class of integral kernels is not restricted to applications in medical imaging, since
it includes, for example, the integral kernel occurring in the inverse Earth’s magnetization
problem, in which the magnetization inside the Earth’s crust is determined from measurements
of the Earth’s magnetic field, see [15,93]. Besides the well-definedness of these particular
integral kernels, we analyze the well-definedness of the corresponding integral operator 7
in the sense that the potential, that is the function 7 f for all f € La(B,,, R3), exists. The
relation between the neuronal current and the gradient field of the potential can also be
described by a linear operator Bf = —V(Tf) for all f € La(B,,,R3), where B is also
well-defined.

Based on an appropriate orthonormal basis for Lo (EQO,RB), which consists of orthogonal
polynomials in the radial part and Edmonds vector spherical harmonics in the angular
part, we can express a function f € La(B,,, R3) by a (generalized) Fourier expansion. This
novel orthonormal basis is developed based on existing scalar-valued orthonormal basis
systems going back to L. Ballani, H.M. Dufour, J. Engels, and E.W. Grafarend, see [13, 59].
The methods used for the constructive approximation on the sphere are mainly based on
the extensive survey of W. Freeden, T. Gervens, and M. Schreiner in [81]. Therewith, we
compute 7 f and Bf and achieve series representations for the potential and its field, which
solve the direct problem related to the operators 7 and B. This representation allows a

11
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precise characterization of the infinite-dimensional spaces (ker 7)* and (ker B)* by means
of an orthonormal basis. According to Hadamard, see [106, 107], the corresponding inverse
problems are ill-posed since the solution cannot be unique, which is consistent to earlier
considerations in the particular application of the inverse MEG and EEG problem.

In the context of ill-posed problems, the SVD of an operator is a major tool, which provides
us with a classification of the stability of the problem, Picard’s criterion for the existence of
a solution, the generalized Moore-Penrose inverse operator, and a best-approximate solution
of the problem. This is discussed in detail in the literature, see, for instance, the monographs
of H'W. Engl, M. Hanke, and A. Neubauer [63] or A. Rieder [194]. Unfortunately, we are not
able to find the SVDs of 7 and B in the general setting, although they exist since 7 and B
are compact operators. For this purpose, we further restrict the class of integral kernels and
proceed by defining Hilbert spaces with orthonormal basis systems containing either ran 7
or ran B. Eventually, this allows us to derive the SVDs of 7 and B in the restricted case.
For both operators, the singular values decrease exponentially fast to zero, which makes the
corresponding inverse problem severely ill-posed.

After having analyzed the general problem in detail, we come back to the inverse MEG
and EEG problem. Since the MEG kernel is covered by the restricted class of integral kernels,
the results stated above provide us with an SVD of the operator mapping the neuronal
current onto the magnetic field. In contrast, the EEG kernel is not covered by the restricted
class. For this reason, another tailor-made Hilbert space containing the closure of the EEG
operator range with an appropriate orthonormal basis is constructed. Eventually, this leads
to an SVD of the EEG integral operator with exponentially fast decaying singular values.
Concluding, we obtain that the inverse MEG and EEG problems are severely ill-posed with
an infinite-dimensional null space of the corresponding operators, where we now have a
precise characterization of the null spaces by means of an orthonormal basis at hand. The
instability of these problems was conjectured earlier in the literature, see [33,108,117], and
is now verified mathematically. In addition, the information of the neuronal current that can
be recovered by MEG and EEG measurements is complementary to each other (in the sense
of Lo (B,,, R?)-orthogonality), see also [47,71]. Using the structure of the MEG and EEG
operator null spaces and properties of the unique minimizer of the Tikhonov-regularized
normal equation, we prove that a simultaneous inversion of the MEG and EEG data sets
cannot yield more information on the neuronal current than a combination of the single
inversions.

We extend and complement existing results concerning the non-uniqueness of this problem,
see [47,50, 71], by using a tailor-made orthonormal basis that leads to an SVD of the operators.
We prove that from the simultaneous MEG and EEG inversion only the harmonic solenoidal
part of the neuronal current can be reconstructed. Besides this, we state additional uniqueness
constraints, for example, the minimum-norm assumption, a harmonicity constraint, and
radial uniqueness constraints on the entire vector-valued current instead of on scalar-valued
parts. These constraints are stated in the general setting as well as for the particular MEG
and EEG problem. Furthermore, we compare our ansatz with existing results in the literature
that are obtained via the Hodge and the Helmholtz decomposition and discuss the advantages
and disadvantages of each method in detail.

Due to the ill-posedness of the inverse MEG and EEG problem, regularization methods
and parameter choice methods are required in order to solve these two problems numerically,
see additionally [192] of R. Ramlau and H.-W. Engl for a broad overview of this topic. Within
the last years, a dictionary based regularization method called the Regularized Functional
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Matching Pursuit (RFMP) algorithm as well as some enhancements called the Regularized
Orthogonal Functional Matching Pursuit (ROFMP) and the Regularized Weak Functional
Matching Pursuit (RWFMP) have been developed, which yield good results in several
numerical applications in the geosciences, see the works of D. Fischer, M. Kontak, V. Michel,
and R. Telschow in [66, 68,137, 138,159,163, 166, 210]. In addition, we firstly apply these
methods to vector-valued problems in medical imaging. We improve existing convergence
results for the RFMP and add novel statements concerning the solution produced by the
algorithm. The RFMP as well as the ROFMP are used for the inversion of synthetic data
sets in the MEG and the EEG problem where we additionally assume that the neuronal
current satisfies the minimum-norm condition in order to achieve uniqueness. For their
implementation, we construct novel vector-valued Sobolev spaces on the ball for the penalty
term and novel vector-valued reproducing kernels as dictionary elements. For each particular
problem, the numerical results from the synthetic test case are compared to other established
reconstruction methods, namely the regularized Ritz method going back to W. Ritz, see
[195], and spline methods. For the MEG, we are able to use a scalar reproducing kernel
based spline method based on the work of A. Amirbekyan, V. Michel, and co-authors, see
[6,7,65,167], that is also used for the MEG inversion in [73]. In [73], based on the Helmholtz
decomposition, a scalar spline method is also employed for the inversion of EEG data. Since
this approach cannot be combined with the minimum-norm assumption on the neuronal
current, which we also prove in this thesis, we construct novel tensor-valued reproducing
kernel based splines on the ball for our numerical investigations.

The considered synthetic test case is constructed via a linear combination of vector-valued
analogues of Abel-Poisson kernels used in [73] for scalar synthetic test cases. We calculate
the corresponding data analytically and add white Gaussian noise for 1% to 10 % noise level
to it.

Based on the spline method used in [73], we construct scalar splines in order to reconstruct
a scalar-valued part of the neuronal current obtained by the Helmholtz decomposition. In
contrast to the previous approach, we adapt the radial part of these splines in order to satisfy
the minimum-norm condition on the neuronal current. The scalar reconstructions achieved
via this method are satisfying even for higher noise levels. However, we are interested in
the entire neuronal current. For this purpose, the result of the scalar solution needs to be
transferred to the vector-valued current. Due to an additional damping factor, this yields
additional blurriness of the reconstruction especially for higher noise levels. The novel vector
spline method is applied to the inverse EEG problem and yields adequate numerical results.
Only for 10 % noise the solution is fuzzy, which is acceptable since the inverse problem is
severely ill-posed. An advantage of both spline methods is a very small relative residual.
On the other hand, the Ritz method does not work satisfactorily especially for higher noise
levels. The solutions are unstable especially in the inverse MEG problem, where a severe
downward continuation comes into play.

The numerical results obtained by the spline and the Ritz method are outperformed by
the R(O)FMP reconstructions with respect to the approximation error measured via the
normalized root mean square error. More precisely, the results achieved via the ROFMP
outperform the results achieved via the RFMP with respect to the quality and smoothness of
the reconstruction. However, the relative residual obtained by these methods is higher than
for the spline methods. Besides this, we measure the required CPU time for the R(O)FMP
and test several parameter choice methods in order to determine the optimal regularization
parameter.
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This thesis is structured in several parts. In the first part, the magneto-electroencephalo-
graphy problem for the multiple-shell model is derived. For this purpose, some mathematical
foundations are stated in Chapter 2. The modelling of the MEG problem is conducted in
Chapter 3 and the modelling of the EEG problem in Chapter 4.

In the second part of the thesis, the related direct problems are considered. This part
starts with an introduction to certain orthonormal basis systems and vector-valued special
functions on the sphere and on the ball in Chapter 5. Then, the mentioned particular class
of vector Legendre-type integral kernels is analyzed in Chapter 6 and the corresponding
integral operators in Chapter 7. Limitations on the class of integral kernels and its operator
that are required for the construction of a singular system are stated in Chapter 8. This
part concludes with the analysis of the direct MEG problem in Chapter 9 and the direct
EEG problem in Chapter 10.

The third part is devoted to the inverse problems and starts with an introduction to inverse
problems in Chapter 11. Afterwards, the ill-posedness of the general problem is discussed in
detail in Chapter 12 and the ill-posedness of the magneto-electroencephalography problem is
elaborated in Chapter 13.

In the fourth part, the comparison of our approach with previous scalar approaches from
the literature is discussed in Chapter 15. This requires the analysis of a certain class of
scalar-valued integral equations in advance, which is realized in Chapter 14.

In the fifth part, regularization methods are treated. This part consists of an introduction
to the novel vector-valued Sobolev spaces on the ball as well as basics on regularization and
parameter choice methods in Chapter 16. In addition, the REFMP is presented and analyzed
in detail in Chapter 17. We also give some details on the ROFMP.

The sixth part is dedicated to the numerical investigations. For this purpose, a synthetic
test case is constructed in Chapter 18 and foundations for the implementation are given in
Chapter 19. Other reconstruction methods, such as the Ritz method, a scalar spline method,
and the novel vector spline method, are presented in Chapter 20 from the theoretical point
of view. The numerical results in the synthetic test case as well as in the real data situation
obtained by each of the reconstruction methods are presented and discussed in Chapter 21.

In the final part of this thesis, we give a conclusion and an outlook.
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Chapter 2.
Preliminaries

In this preliminary chapter, we introduce the used notations and the basic mathematical
framework. First, the notation used within this thesis is presented in Section 2.1. For the
derivation of an integral equation for the magneto-electroencephalography problem in the
context of a ball-shaped conductor, we require some vector calculus in spherical geometries.
This is summarized in Section 2.3. An important class of special functions in spherical
geometries are (scalar) spherical harmonics. Before we present these particular functions, we
briefly introduce some other special functions, namely the Jacobi and Legendre polynomials,
in Section 2.2. Via the Legendre polynomials, we are able to give a short overview of spherical
harmonics and their properties in Section 2.4. To complete this chapter, we present the basic
principles of distribution theory in Section 2.5, which is required for the derivation of the
electroencephalography integral equation.

2.1. Notation

As usual, the set of positive integers is denoted by N, where Ny := NU {0} . Moreover, Z
is the set of all integers, R represents the set of real numbers, and the set C contains all
complex numbers.

Furthermore, we use the following nomenclature if not stated otherwise:

e Blackboard letters, for example G C R?, denote subsets of the R¢ with dimension
d € N. As usual, the exponent is omitted in the case d = 1. The token RT denotes the
set of all positive real numbers and Ry := Rt U {0} .

e Capital script-like letters, such as X, denote function spaces.

e Capital calligraphic letters denote functionals and operators, for example Py denotes
the projection operator onto V.

e Bold letters, such as @, denote vectorial quantities.

In addition, the hat above a bold letter represents a unit vector (e.g. &), but sometimes,
for the sake of readability, they are denoted by a bold Greek letter (e.g. €'). We use the
corresponding non-bold letters as the absolute value of the vectors (i.e. z = 2%, with z € R{)
if not stated otherwise. The Euclidean standard R3-inner product (the so-called dot product)
is denoted by -, the cross product (also called vector product) by A, and the tensor product
by ®. They are defined by

3 T2Ys — Y223 T1Yr T1Y2 T1Y3
oy =) iy, TAY= |z —yse1 |, ®Qy:= |zay ways Ty
i=1 T1Y2 — Y122 T3Y1 T3Y2 T3Y3

17



Chapter 2. Preliminaries

with & = (z1,22,23)", ¥ = (y1,92,93)" € R?. The norm induced by the Euclidean dot
product is represented by x = |x| .= \/x -@x. The standard Cartesian basis is given by
el == (1,0,0)T, €2 := (0,1,0)T, and €% := (0,0, 1)T.

Furthermore, the d-dimensional sphere with radius R is denoted by

S% = {weRd’x:R},
the corresponding (closed) ball is denoted by
B ::{xeRd‘xSR},
and the (open) exterior of the ball is denoted by
B%‘t::{weRd‘x>R}.
For an arbitrary interval I C R, the d-dimensional spherical shell is defined by
st={zer!|zel}.

In this thesis, mostly three-dimensional spheres and balls are considered. Thus, we neglect
the dimension for the sake of readability in the case of three-dimensional objects. For the
three-dimensional unit sphere and unit ball (i.e. R = 1), we also drop the radius, that is
S :=S; :=S3, for instance.

Besides this, let G C R? with d € N be a measurable set. Then the volume integral of the
function F over G is denoted by [; F'(x)dx. If G is bounded, the surface integral over the
surface 0G is given by [5; F(x) dw(x) with the surface measure w. A line integral along
a piecewise smooth curve v is given by [ F(z)do(x). A standard integral over the real

interval [a,b] C R with a < b is denoted by f; F(z)dz.
Now, we introduce some well-known function spaces.

Definition 2.1 (Lebesgue Spaces, [198]). Let G C R? be a region and s € N. The space
L,(G,R*) with 1 < p < oo includes all measurable (vector-valued) functions f: G — R®
that have a finite Lebesgue-integral [ |f(x)P dx < co. For example, Lo(G,R®) contains the
(vector-valued) square-integrable functions f. In order to obtain a properly normed space, we

define the quotient space Ly(G,R?) = L,(G,R®) \ N,(G,R?), where

[ 1f@P de=of.

In the literature, the spaces £,(G,R?®) and L,(G,R?) are distinguished. Thus, we differ
from our nomenclature and denote L, (G, R®) with non-script-like letters. Note that L,(G,R?)
is a Banach space with the norm

N,(G,R®) = {f € £,(G,R?)

1/p
£y = e = ( [ 1F@P da)

which is independent of the representative f of the equivalence class [f], see, for example,
for more details [198].

In the case of s = 3, we use the abbreviation L,(G) := L,(G,R3), and in the case of s = 1,
we use non-bold letters according to our notation, that is L,(G) := L,(G,R). Note that the

18
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same nomenclature is used for all other function spaces. For p = 2, the space Lo(G,R?) is a
Hilbert space with the inner product

(£ 9ryomn = [ @) -g@de,  f.geLla(GR).

Definition 2.2 (Weighted Lebesgue Spaces, [158, Def. 3.1]). Let w: [a,b] — R with
a, b € R and a < b be a continuous function on [a,b] that is positive on (a,b). Then for
all measurable functions F': [a,b] — R with (F,wF),(.p) < 00, we define in analogy to
Definition 2.1 a weighted Lebesgue space with the norm

||F||ig([—1,1]) = (F, WF>L2([—1,1])-

Definition 2.3 (Space of k£ Times Continuously Differentiable Functions). Let
G C R?, where d € N, be an open set and let s € N. The set of all k € N times continuously
differentiable functions f: G — R?® is denoted by Ck(G,RS), for 0 < k < oco. In the case
k =0, we use the abbreviation C(G,R?®) for the set of all continuous functions. The set
of all arbitrarily often differentiable functions is denoted by C*°(G,R*) and they are called
smooth functions, see [123].

In analogy, we define for bounded open sets G and k € N the space CF (G,R®) as the
set containing all functions that are k times continuously differentiable in G and for which
these functions and all derivatives up to degree k can be continuously extended to the
boundary dG. According to our notation, the set C¥(S,R?®), where k € Ng U {co}, denotes
the corresponding set of k-times continuously differentiable functions on the sphere S. In
this setting, continuity and differentiability are to be understood in the context of functions
on manifolds, see [143, Def. 1.52].

If U C X is a subspace of a Banach space, we denote with U its closure. If the closure is

taken with respect to a norm ||-||« that is different to ||-||x, we use the notation AR T}
is a subset of an inner product space H, then we denote the orthogonal complement of U
by Ut == {y € H |z Ly for all x € U}, where z L y < (x,y) = 0. Note that U~ is always
closed.

2.2. Jacobi and Legendre Polynomials

We will see that spherical harmonics, which are required for the modelling of the magneto-
electroencephalography problem in a ball-shaped conductor setting, are closely connected
with Legendre polynomials. Legendre polynomials are a particular case of Jacobi polynomials,
which are also introduced in this section. For a detailed introduction to orthogonal polynomials
and their identities, see [179,209] or, more recently, [84]. The results relevant for this thesis
are recapitulated in the following.

Theorem 2.4 (Jacobi Polynomials, [84, Def. 3.3.1]). For fized o, 5 > —1, there exists
one and only one unique system of polynomials P\>® with m € Ny that satisfies the following
conditions:

i) Each P{":[—1,1] — R is a polynomial of degree m, that is deg P\*® =m,
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Chapter 2. Preliminaries

it) for all m, n € Ny with m # n, it holds true that

1
/iﬂ—xfﬂ+mWRfm@ﬂ%wkﬂdx:Q
—1

(c,8)

iii) and for each m € Ny, we require Py, (1) = ("19).

m

We call the functions P\*# Jacobi polynomials of degree m corresponding to the weight
function w(z) = (1 — 2)*(1 + x)? with x € [-1,1].

The binomial coefficient is given by (;) :=T(z +1)/(I'(y + 1)I'(z —y + 1)) for z, y € R
with z, y > —1 and > y — 1. Here, I" denotes the usual Gamma function, see [2]. Note
that this definition coincides with the classical definition via the factorial representation of
the binomial coefficient in the case of z, y € Np.

In this work, there are mainly two particular cases of the Jacobi polynomials of interest.
The polynomials corresponding to the first particular case are called the Legendre polynomials
and are obtained for « = g = 0.

Definition 2.5 (Legendre Polynomials, [84, Rem. 3.3.4]). The Legendre polynomials
of degree m € Ny are defined as Py, == P"%, where P> are the Jacobi polynomials for
a =B =0 from Theorem 2.4. The corresponding weight function reduces to w(x) = 1 with
x € [-1,1].

The second particular case is detailed in Section 5.1. Now, we sum up some properties
and identities of Jacobi and Legendre polynomials that are required for the analysis and the
numerics of the inverse magneto-electroencephalography problem later. A representation for
the derivatives of Jacobi polynomials is stated in the next theorem.

Theorem 2.6 ([179, Ch. I1.5]). For every o, 5 > —1 and m, k € Ny with k < m, the
following holds true:

ikp(a,ﬁ) (z) = Dla+B+m+1+FE) (athpth)
dak ™™ 2D(a+B+m+1) ™+
For the maximal value of the Jacobi polynomials, the following holds true.
Theorem 2.7 ([179, Ch. I1.7]). For all o, f > —1 with q == max(a, ) > —1/2 and every
m € Ny, the Jacobi polynomials fulfil

(x), x € [-1,1].

m—+q
m

max [P @) = max ([P (1), P20 (1)) = (

)eom%

as m — oo, where O is the usual Landau symbol, see [139]. In the particular case of the
Legendre polynomials, we get

P =1=PF,(1).
max |Py(x) (1)

Combining the result of Theorem 2.6 with the previous theorem, we obtain for the first
two derivatives of the Legendre polynomials for all m € Ny and all « € [—1, 1] the estimates

P = 2P )] < ”T(m”j 1) _mim 1) (21)
_ (m+2)(m+1) ’
4

(m+2)(m+ 1)m(m — 1)'

P ()] < - (2.1b)

| P ()]
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2.3. Vector Calculus in Spherical Geometries

In general, for Legendre polynomials with x € [—1,1] and k € Ny the result

dk:
< | g fm(@)
as m — oo holds true. For the construction of complete orthonormal polynomial systems, we
need an appropriate Hilbert space. Since the Jacobi polynomials are only orthogonal with
respect to the weight function, we need to include the weight function into the Hilbert space.

Note that the weighted Hilbert space LY ([—1, 1]) is defined in Definition 2.2. In addition, we
need the corresponding norm of the Jacobi polynomials for its normalization.

e O(m2*)

dk
‘d:v’“ m(@)

r=1

Theorem 2.8 ([209, Eq. (4.3.3)]). For every a, 8 > —1, the Jacobi polynomials P>",
where m € Ny, with the weight function w(z) = (1 — z)*(1 4+ z)° fulfil
2

HPT(”M)‘ LY ([—1,1])

1 2
:/_1(1—1’) (1 +2)? (Pe9()” da

_ 208+ T(m+a+ 1)I(m+B+1)
S 2m4a+pB+1 ml(m+a+pB+1)

Using this result, we are able to normalize the Jacobi polynomials from Theorem 2.4.
These normalized polynomials form an LY ([—1, 1])-orthonormal basis.

Theorem 2.9 ([209, Thm. 3.1.5]). Let w(z) = (1 — 2)%(1 + 2)? be the weight function,
then the normalized Jacobi polynomials form an LY ([—1,1])-orthonormal basis.

A series expansion by means of this basis is often called a generalized Fourier series. For
the derivation of an integral equation for the magneto-electroencephalography problem, a
closed representation of a particular Legendre series is required. It is stated in the next
corollary, which completes this section.

Corollary 2.10 ([81, Eq. (3.2.32)]). For all =, y € R? with x < y, the following identity
holds true pointwise:
1 > m

S Pul(@- ). (2.2)

z -yl Sy

2.3. Vector Calculus in Spherical Geometries

Since we consider a ball-shaped conductor in the multiple-shell model, which is introduced
in Chapter 3, we need polar coordinates as a local coordinate system. In this section, several
properties and identities belonging to the spherical geometry are summed up. They and
their Cartesian counterparts can be found in [88], for example.

Definition 2.11 ([81, Ch. 1.2]). The polar coordinate representation of x € R3 is

rv1—t?cosy
x(r,p,t) = [ rv1 —t2sing |,

rt

where r € RY is the distance to the origin, ¢ € [0,27) is the longitude, and t € [—1,1] is the
polar distance.
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Chapter 2. Preliminaries

Note that the names ‘longitude’ and ‘polar distance’ have their origin in the geosciences.
Since the mathematical formulation of the inverse magneto-electroencephalography problem
is related to the inverse gravimetric problem, we stick to these names. The relation between
these two particular problems is analyzed in more detail in Part IV.

Definition 2.12 ([81, Ch. 1.2]). Three orthonormal vectors €”, €?, and €' can be described
in local coordinates by

V1—t2cosp —sing —tcos
e(p,t) = [ VI—8sinp |, €P(p)=| cosp |, €'(pt):=|—tsing

t 0 V1 — 2

This representation immediately leads to the next corollary.

Corollary 2.13 ([158, p. 89ff.]). Let ", €%, and €' be defined as in Definition 2.12. Then

) ) 1
— " = — 2g% —e" = —— t
9,5 #ot) = VI—t2e?(p,1), o W)= = wt)

2 t — _¢e? ﬁ t - _ T
8(,06 (g&,t) - tET (30775)’ 8t€ (QO,t) - ms (vat)u

ais%”(ap, t) =te'(p,t) — V1 —t2"(p,1).

For the sake of comparability with established literature and for readability, we use the
notation & = r& with r = |z| and & = &(p,t) = €"(p,t) € S in this section and beyond.
Usually we neglect the arguments of these three vectors and keep their dependency of ¢ and
t in mind. At every point £ € S, the vector £ is the outer unit normal with respect to the
sphere. The remaining two vectors span the tangential plane in this point on the unit sphere.
This set of vectors allows a decomposition of vectors and vector-valued functions into their
radial and angular parts.

For vector fields f: S — R3, we define the corresponding projection operators as follows:

(Puorf) (§) = (§- £(£))&,  (Pranf) (§) = F(§) = (Puarf) (§) forall&eS.  (2.3)

In addition, the classical vector analysis differential operators, such as the gradient or the
Laplacian, can be decomposed into their radial and angular parts. The resulting angular
derivative operators are often used within the analysis of functions over the sphere.

Theorem 2.14 ([81, Ch. 1.2]). The classical three-dimensional gradient V can be decom-
posed into

0 1
V,=¢e — + -V,
€ 8r+7" ¢

where

L9 e’ l—tQQ

\/1—t2%+ ot

is called the surface gradient. The surface curl gradient L* is defined by

VE =¥

LeF (&) =&§NVEF(E) forall§ €S
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2.3. Vector Calculus in Spherical Geometries

and F € CY(S). Or, in local coordinates,

0 1 0
* o /1 42 t

Finally, the Laplacian has the decomposition

92 20 1

Ap=0 420 L 1Ay
or2 r8r+r2 ¢

with the (Laplace-)Beltrami operator

.0 N0 1 o2

Obviously, L* defined in the foregoing theorem is an operator. However, we do not stick
to our convention and use a non-calligraphic letter for it as it is common in the literature.
An immediate consequence for the surface gradient and surface curl operator, see also [88,
Ch. 2.6] or [81, Ch. 1.2], is

Vie=2  L;-£=0, £€S. (2.4)

In addition, & A (§F(€)) = 0 holds true for all F' € C(S) and all £ € S. The Cartesian
counterpart L, which is also denoted by a non-calligraphic letter for the same reason, to the
surface curl gradient can be defined for all F' € C!(R?) and all z € R3 by

LyF(x) =x A VzF(x).
With & = r€, we achieve that L coincides with the surface curl operator, that is
o 1_, X 1({m3
LoF(x) =€ A (5 + V") F(r) = LgF(r§)  forall F€C (R?). (2.5)

This can also be shown by using the local coordinate representation, which results in an easy
but lengthy calculation. We also need the following identities for some calculations.

Theorem 2.15 ([88, Eq. (2.151), Eq. (2.152)]). Let F € C'([-1,1]) and &, n € S.
Then

ViF(&-m)=F'(&-m)(n— (& ),
LF(E-m)=F'(€-m) (EAn) = —LyF(&- ).

Certain orthogonality results concerning the spherical differential operators are frequently
used within this thesis. For all F € C}(S) and all £ € S we get

- (ViF@©) =0, & (LiF©) =0, (2.6a)
see [88, Eq. (5.28)-(5.29)], and for all F € C%(S) the following useful identities hold true:

Ly (ViF©) =0, Vi (LgF(g) =0, (2.6b)
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Chapter 2. Preliminaries

see [88, Eq. (2.142)-(2.143)]. As a consequence of the local coordinate expressions from
Theorem 2.14 and the identities in Corollary 2.13, we obtain

VeAgE=0 for all £ € S. (2.7)
Furthermore, for all f € C!(S) and F € C!(S) the following product rule holds true
Vi (FOF(E) = F(&) (Vi- £(8) + £() - VEF (&), (2.8)

see [88, Eq. (2.145)]. The relation between the surface gradient and the Beltrami operator
on the sphere is described in the next theorem.

Theorem 2.16 ([81, Eq. (1.2.47)]). The spherical differentiation operators satisfy
V*.V*=L*"-L"=A".

For certain calculations, we need relations among the introduced spherical operators with
respect to the curl operator. They are stated in the following lemmas.

Lemma 2.17. Let F' € C?(S), then it holds true that
VNV () = LeF(§) for all € € S.

Proof. Let F € C%(S) be given. We define a function G € C?(R3\ {0}) by G(x) := F(§)
for all x = r& € R?\ {0}. According to [79, Eq. (1.88)], the identity

0=V, A (VaGla))

holds true for all z € R3. Since G has no radial dependency, we get with Theorem 2.14 the

relation
0=V, A (VL F(E)) = (Era + 1V*) A (1V*> Fle)
T ¥ N or ¢ ro ¢
1 * 1 * *
Multiplication by 72 yields the desired result. O

Lemma 2.18. Let F' € CL(S), then the next identity holds true:
VeN(EF(§) = —ENVF(&) + F(§) Ve NE=—LeF(§), £eS.
Proof. From [79, Eq. (2.41)], the product rule
VNFF)=(V'F)NF+F(V*AS)

is known for all ' € CY(S) and f € C!(S). We use this in the first step of the stated equation
and Eq. (2.7) in the second step. O

Lemma 2.19. Let F € C%(R3), then with © = r€, where £ € S, we have

Vo A LoF() = €A (2) - V; (i + ;) F(x).
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2.3. Vector Calculus in Spherical Geometries

Proof. From [79, Egs. (2.193),(2.195)], we have for all sufficiently often differentiable functions
F and all £ € S the relations

€N (Vi NEF(E)) = VEF(E),
Vi A (Vi NEF(E) = —EAFF(E) + VEF(E).

With the representation of the surface gradient in spherical coordinates, see Theorem 2.14,
Eq. (2.5), Lemma 2.18, and the previous two relations, we get

VaALyF(z)=— (5; + ivg) A (VE A (SF(w)))

1, .. A 0

Green’s identities are a well-known and powerful tool. In our setting, of course, the surface

versions, more precisely the versions on the sphere, are more useful than the classical versions.

Theorem 2.20 (Green’s Surface Identities). LetD C S be a subset of the unit sphere with
sufficiently smooth boundary 0D and corresponding outer unit normal field n. Furthermore,
let F, G € C*(D) be twice continuously differentiable functions. Then the following identities
are valid:

i) Green’s first surface identity, see [88, Eq. (2.156)],

[ Vir© Vi@ e + [ Feao ae = [ Fes

D on

G(&)do(€)

and

it) Green’s second surface identity, see [88, Eq. (2.158)],
| (P86 - c©)a7(©)) dule)
5} 0
— [ (F@)556(0 - 6(€)5-F(©)) do(e),

where dw and do are the surface and the line measure, respectively.

In particular, for the full sphere S, which has no boundary, we obtain certain other integral
identities, see [88, Eq. (2.159)-(2.164)]. Let f € CX(S), F € CX(S), and G € C?(S) be given,
then

/f ) ViF(€) /F )V - £(€) duw(E), (2.9)
[ 10 LiF© do() = - [ FOL- £(6)dule). (2.9)

[ Vec(e) - VeF© dw(©) = - [ FOMGE) dule) (2.90)
= | LiG(©) - L (€ dul©) (2.9d)
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A particular case of the previous integral equations is given by
| Ve 1) = [ Li- 1€ dwl©) =0, 210

Besides the stated R3-orthogonality relations, the spherical differentiation operators also
provide us with further orthogonality results with respect to the La(S)-inner product.

Corollary 2.21. Let F € CX(S) and G € C?(S), then
[ (ver©) - (Lic©) dw© =0, [ (LeF(©)- (Vic(©) du() =0

Proof. Inserting f = L*G or f = V*G, respectively, into Eq. (2.9) and using Eq. (2.6a), we
obtain the desired result. O

2.4. Scalar Spherical Harmonics

Scalar spherical harmonics form the foundation for the analysis of the magneto-electroence-
phalography problem in the context of a ball-shaped conductor. They are used in many
applications, such as in the geosciences or for other medical imaging problems. In addition,
we also need the related inner and outer harmonics, which are introduced briefly. For more
information on these special functions see, for example, [81, 84,88, 158,173, 184].

2.4.1. Definition of Spherical Harmonics

In this section, we define the scalar spherical harmonics and state their basic properties.
Some of these properties are going back to the Addition Theorem for spherical harmonics,
which is also stated in this section.

Definition 2.22 (Spherical Harmonics [88, Def. 3.22]). The set of all homogeneous (i.e.
H,(az) = a"H,(x)) harmonic polynomials H,, of degree n € Ny is denoted by Harm,,(R3).
For the set G C R3, we define

Harm, (G) := {Hn]G ‘ H, e Harmn(RB)} , n € Np.

The restriction Y, = Hyls onto the unit sphere is called a (scalar) spherical harmonic of
degree n and is contained in Harm,(S).

Lemma 2.23 ([81, Lem. 3.1.2]). All spherical harmonics Y, € Harm,(S), where n € Ny,
are infinitely often differentiable eigenfunctions of the Beltrami operator A* to the eigenvalues
—n(n+ 1) = (A*)(n), that is

AgYa(€) = (A7) (n)Yn(€),  €€S.
The sequence {(A*)™(n)}nen, is called the spherical symbol of the Beltrami operator.

Note that Harm,(S) L Harm,,(S) whenever n # m, see [88, Thm. 3.15]. Since for all
n € Ny the dimension of this space is given by dim Harm,,(S) = 2n + 1, see [88, Thm. 3.5],
the following definition makes sense.
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2.4. Scalar Spherical Harmonics

Definition 2.24 ([88, Rem. 3.25]). For every fited n € Ny the set {Yy, j}j=1,.. 2n+1 always
denotes an La(S)-orthonormal set in Harm, (S), where n is called the degree and j is the
order of Yy, ;.

As we have already mentioned, the (scalar) spherical harmonics are closely related to the
Legendre polynomials. The important and famous Addition Theorem for spherical harmonics
provides a link to these polynomials.

Theorem 2.25 (Addition Theorem, [81, p. 3.1.3]). If {Y, ;}j=1, . 2n+1 is an La(S)-
orthonormal set in Harm, (S), where n € Ny, then

2n+1

2 1
2 Ysl€)¥asm) = ()

holds true for all €, 1 € S, where Py, is the Legendre polynomial of degree n, see Definition 2.5.

Via the Addition Theorem, we can derive several useful properties of the spherical harmonics.
For example, an immediate consequence of the Addition Theorem is a closed representation
for the spherical harmonics of degree zero, that is

(Yoa(€ ZYOl )Yo.1( Epgu) = (2.11)

This result can, for instance, also be achieved via the normalization property of the spherical
harmonics. In addition, the function on the right-hand side of the Addition Theorem has
the reproducing property, see [88, Lem. 3.29]. For all n, k € Ny and j = 1,...,2k + 1, the
reproducing property is given by

2n—|—1

= [P Vg dom) = 0¥ 6), €S, (212

This property can be easily proved by using Theorem 2.25 and the orthogonality of the
spherical harmonics. By means of this theorem, we also get for all Y,, € Harm,(S) with
n € Ny the following useful estimate

2n+1
¥alles) < = Wallus) (2.13)

see [88, Lem. 3.31]. Combining the Addition Theorem with Lemma 2.23, we obtain an
identity of the Legendre polynomials, that is

Py(&-m) =—n(n+1)P.(&-n) (2.14)

for all n € Ny and &€, n € S, see [88, Lem. 3.29].

Via the Abel-Poisson integral formula, see [88, 158], the next corollary can be proved. This
central corollary is frequently used within this thesis and is essential for the analysis of the
ill-posedness of the inverse magneto-electroencephalography problem.

Corollary 2.26 ([81, Cor. 3.4.3]). The system {Y;, j}neNy,j=1,..2n+1 from Definition 2.24
is closed and represents a complete orthonormal system in La(S), that is

Lo (S) = span {Ynd ’ neNg, j=1,...,2n+ 1}\H|L2(S)‘

27



Chapter 2. Preliminaries

From functional analysis, it is well-known that the statement in Corollary 2.26 is equivalent
to

N 2n+1
_ZZ vJLz Y’j
n=0 j=1

=0
La2(S)

lim
N—o00

for all F' € Ly(S). This convergence, which does not necessarily hold pointwise, is also meant
by the notation

oo 2n+1

© " S S (B Y, e Yo (©),

n=0 j=1
or more shortly,

co 2n+1

F=Y Y (F, Y1) La(s) Yoos-

n=0 j=1

The series on the right-hand side is often called a Fourier series. Due to the completeness,
Parseval’s identities, see [142, Ch. 6], [198, Thm. 12.6], or [88, Thm. 3.54], hold true. In the
particular case of functions in the space La(S), Parseval’s identities are for all F'; G € La(S)
given by

co 2n+1

HFHiQ(S) = Z Z <F7 Yn,j>i2(g)7 (215&)

n=0 j=1
oo 2n+1

(F,Ghiysy = 20 2. (B Yn)1,6)(G Yoy (2.15D)
n=0 j=1

Remark 2.27. Due to the fact that {Y, j}neNy, j=1,...2n+1 is an La(S)-orthonormal basis, it
is easy to verify that, consequently, {R™'Y, ;(R™ ") }neny, j=1,...2n+1 45 an orthonormal basis
f07’ L2 (SR)

2.4.2. Inner and Outer Harmonics

In Lemma 2.23, we saw that spherical harmonics are connected with the Beltrami operator.
By means of spherical harmonics, two more systems of functions that are connected to the
Laplacian can be defined, see also [91,184]. For this purpose, let a function F': B — R be
defined by the Lo(Bpr)-convergent series

oo 2n+1
Z > Fuyl (€). (2.16)

n=0 j=1

For almost all r := || € [0, R], the radially-dependent spherical harmonics coefficients are
given by

r) :/gF(Tg)Y"’j(E) dw(€), neNyj=1,....2n+1.
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2.4. Scalar Spherical Harmonics

Now, we assume that F' is a harmonic function, that is F' satisfies AF = 0. Together with
Lemma 2.23 (i.e. A*Y, ; = —n(n+1)Y, ; foralln € Ny, j =1,...,2n + 1), we obtain the
ordinary differential equation for the radial part

r2

% 20 1
(87’2 + ;E *TL(TL + 1)) Fn,j(r) =0 (2.17)
foralln € Ng, j =1,...,2n 4+ 1. The fundamental system yields for all n € Ny the identity
Foj(r) = Cr ™) 4 D, (2.18)

In the case of the inner problem, that is searching for a harmonic solution inside a medium
Bgr, we require, at least, the continuity at the origin. Hence, in this particular case, we set
C, = 0 for all n € Ny. In contrast, in the case of the outer problem, one is interested in a
harmonic solution outside of a medium (i.e. B&*) that is regular at infinity. Hence, we set
D,, =0 for all n € Ny in this particular case.

Before we define the inner and outer harmonics, we introduce the term reqularity at infinity
in more detail. A function F: R?® — R is called regular at infinity if |F(z)| € O(z~!) and if
|V.F(z)| € O(x72) as z — 0o. See, for instance, [88, p. 442] for the definition of regularity
at infinity.

Based on the preliminary consideration, we make the following definition.

Definition 2.28 (Inner and Outer Harmonics). Let Br be a closed ball with radius R
and let x € Br. Then the inner harmonics with respect to the sphere Sg of degree n € Ny
and order j =1,...,2n+ 1, see [88, Eq. (10.32)], are defined by

in 1 z\" A
Hn;(R,:c) = = <R) Y, ().

The outer harmonics, see [88, Eq. (10.36)], of degree n and order j are defined by

ex 1 R il -
Hn,jt(R§ y) = R (y) Yn,j(y)

for ally € R?\ {0}.
Both sets of functions provides us with several properties.

Corollary 2.29 (Properties of Inner Harmonics, [88, p. 437]). The following prop-
erties hold true:

i) Hlm( \) is of class C*°(R3),
it) Hmt( \) is harmonic in R3,
iii) H3l5(Rs )l = 7Y, and

iv) <H;LI,1t( )’SR7 mk( ;')|SR>L2(SR) = 6n,m5j,k-
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Corollary 2.30 (Properties of Outer Harmonics, [88, p. 438]). The following prop-
erties hold true:
i) HXH(R;-) is of class C*(R3\ {0}),
it) H(R;-) is harmonic in R*\ {0},
ii) HyH(R;-) is regular at infinity,
iv) HyG(R;-)lsp = Y. and

v) (HS(R; )\smHm( s )Sk)Lasr) = On,mIjik-

The inner and outer harmonics are closely related to the interior and exterior Dirichlet
Problem, respectively. For more information on the Dirichlet Problem, see [79,88], for
example.

Definition 2.31 (Exterior Dirichlet Problem (EDP), [88, p. 441ff.]). Let G C R? be
a region with sufficiently smooth boundary 0G. Suppose that F € C(0G) is given. We are
searching for a function U: R%\ G — R satisfying the following conditions:

i) U is of class C*(R*\ G) N C(R4\ G),

ii) U satisfies Laplace’s equation AU = 0 in R?\ G,
i11) U 1is regular at infinity, and

w) Ulpe = F
It is well known that the solution of the (EDP) is uniquely determined. The proof is based
on the Maximum/Minimum Principle for harmonic functions and needs the regularity at

infinity. Furthermore, the solution U can be represented by an outer harmonics expansion if
d =3 and G = Bp, see [88].

Lemma 2.32 ([88, Eq. (10.54)]). Let U be the unique solution of the (EDP) for the region
G =Bpr with Uls, = F € C(Sg). Then it has the expansion

oo 2n+1
U= ;}; (R (R )lsn), o HES (R,

In addition, the series converges absolutely and uniformly on each subset E C B%‘t with
dist(E,Sg) > 0.

2.5. Theory of Distributions

In this section, we summarize central results from the theory of distributions. For a full
overview of the topic and the proofs of the results see, for instance, [123,131]. The aim of
this survey is to present an approach to solve the distributional Poisson’s equation by means
of convolution with the fundamental solution of Laplace’s equation. This equation occurs, for
instance, in the derivation of an integral equation for the electroencephalography problem.

Since distributions are continuous linear mappings from a function space into the underlying
field (i.e. the set of real numbers R), like functionals, we denote them with capital calligraphic
letters in order to stick to our notation.

We start with some basic definitions and notations in Definition 2.33.
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2.5. Theory of Distributions

Definition 2.33 (Distribution). Let G C R?, where d € N, be an arbitrary set.
i) If G is open, the set of test functions D(G) is defined by
DG)={f:G—=R| feC®G), supp f C G is compact} ,

see [123, Def. 1.2.1]. In addition, a sequence {1y }nen, C D(G) converges to ¢ € D(G)
if for all compact sets Ml C G and all k € N it holds true that

m_sup [0 (¢n(x) —P(z))| =0,

li

where o is a multi-index of order k. For arbitrary subsets G C R?, we define D(G) as
the set of elements in D(R?) with support contained in G, see [123, p. 14].

it) A distribution V: D(G) — R is a continuous linear mapping on D(G), that is Vb, —
Vi if iy, — 1) as n — oo. The set of all distributions is denoted by D'(G), see [123,
Def. 2.2.1].

iii) The space of all locally integrable functions is called Ly 1o.(G,R®), where s € N, and is
defined by

Lijoc (G,R?) = {f: G — R® measurable | flm € L1 (M,R*) VM C G compact} .
iv) Let g € L1 10c(G), then the distribution

Voo = [ gla)i(z)de
R4
is called a regular distribution, see [131, Def. 15.1].

v) Let Gy, Go C R? be open sets with Go C Gy. Let V: D(G1) — R be a distribution, then
the restriction V|g,: D(G2) — R of V is given by Vg, = VEY for all ¢ € D(Ga),
where £: D(Ga) — D(G1) extends a given smooth function compactly supported in Go
by zero to a smooth function compactly supported in Gy, see [123, p. 41].

vi) The support of a distribution V, that is supp V, is the set of points in G having no
open neighbourhood to which the restriction of V is zero, see [123, Def. 2.2.1].

vii) The partial differentiation Oy of a distribution V € D'(G) is understood as
(8kv)¢:_v(akw)7 kzl)"'7d7

see [123, Def. 3.1.1]. According to [123, p. 55], the derivative of the distribution exists
and is unique.

For the solution of Poisson’s equation, we need some particular distributions that are
stated in Example 2.34.
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Example 2.34. Let G C R?, where d € N, be given.

i) The Delta distribution, or Dirac distribution, is defined by
da: D(G) — R, U= Y(a), a € G,
see [123, Exam. 3.1.2]. It has compact support.

it) For a multi-index k of order k = |k|, let the linear partial differential operator be given
by O%. According to [123, Eq. (3.1.1)°], we define the distribution 0¥V for an arbitrary
distribution )V by

(V) v = (1! v (k) forally € D(G).

iii) Let 0% be given as in the previous item and § be the Delta distribution, see [123, Exam.
3.1.2], then

(0%6a) ¥ = (~1)* (0"0) (@) forall € D(G).

For solving partial differential equations by means of distribution theory, we have to define
the fundamental solution.

Definition 2.35 (Fundamental Solution, [123, Def. 3.3.1]). A distribution V is called
a fundamental solution of the differential operator P = 3", a0F with constant coefficients
ap and multi-index k if PV = dg.

For the application considered in this thesis, the fundamental solution of the well-known
three-dimensional Laplace’s equation is required.

Lemma 2.36 ([123, Thm. 3.3.2]). Consider Laplace’s equation in three dimensions (i.e.
d = 3). The fundamental solution of the differential equation is given by the regular
distribution generated by
xr)=——), xR\ {0}.
o@) = \ {0}
In order to obtain a solution of Poisson’s equation from knowledge of the fundamental
solution of Laplace’s equation, we need the tool of convolution. Therefore, we make the
following definitions.

Definition 2.37 ([123, Def. 4.1.1]). Let G C RY, where d € N, be given. If V € D'(G)
and ¢ € D(G), then the convolution V %1 € C®(G) is defined by

(V) () = V(i (z - ).

Definition 2.38 ([123, Def. 4.2.2]). Let G C R?, where d € N, be given. Let Vi,
Vo € D'(G) be two distributions, where at least one of them has compact support. The
convolution Vi x Vo of two distributions is defined to be the unique distribution V such that

Vik(Voxtp) =V * for all ¥ € D(G).
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Under certain conditions that are stated in the next lemma, the convolution is commutative.

Lemma 2.39 ([123, Thm. 4.2.4]). Let G C R?, where d € N, be given. Let V1, Vo € D'(G)
be two distributions, where at least one of them has compact support. Then the convolution
is commutative, that is

Vl*VQZVQ*Vl.

In addition, the differential operator P with constant coefficients can be applied to the
convolution of distributions.

Lemma 2.40 ([131, Thm. 41.3]). Let G C R?, where d € N, be given, let V1, Vo € D'(G)
be two distributions, and let P be a differential operator with constant coefficients. Then

P (Vl * VQ) = (PVl) * VQ = V1 * (PVQ) .
Besides convolution, the translation operator is often used in the context of distributions.

Definition 2.41. Let G C R?, where d € N, be given and let h € R%, ¢ € D(G), and
Ve D'(G).

i) The translation operator 7, for test functions is defined by (tp))(x) = ¥(x — h), see
[131, Ch. X.39].

it) The translation operator 7y, for distributions is defined by (tpV)¢ == V(1_p3)) for all
v € D(G), see [131, Ch. X.539)].

A connection between the convolution, the Delta distribution, and the translation operator
is stated in the next lemma.

Lemma 2.42 ([131, Thm. 40.2]). Let G C R?, where d € N, be given and let h € RY.
Then for V € D'(G), it holds true that

V*(S:V, V*5h=7'hv.
Eventually, we are able to solve the distributional Poisson’s equation.

Lemma 2.43 ([131, Thm. 53.1]). For arbitrary distributions V1 with compact support,
the particular solution of the distributional Poisson’s equation AVy = —V); is given by the
convolution of the distribution Vi and the reqular distribution V, defined by the fundamental
solution g of Laplace’s equation, that is Vo = V1 * V.
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Chapter 3.
Modelling the Magnetoencephalography Problem

Magneto- and electroencephalographs are used in medical diagnostics and in recent and former
medical research, see [108,113] and the references therein. However, their use and resolution
is limited by the capabilities of the devices and the ill-posedness of the corresponding
inverse problems. A mathematical investigation of these inverse problems provides a precise
characterization of the maximal theoretically possible capabilities of these methods.

The aim of the (vectorial) inverse magnetoencephalography (MEG) problem is the re-
construction of the primary current J¥, that is the neuronal current inside the cerebrum,
from measured data of the magnetic field B outside the head. The measurements at the
sensors, often called SQUIDs (i.e. superconducting quantum interference device), of the
magnetoencephalograph yield data related to the magnetic field B. A short technical de-
scription of a typical magnetoencephalograph and further references can be found in [33,172]
and an extensive survey in [108]. SQUIDs are required for the measurement of the human
brain’s magnetic field, which is more than a hundred million times smaller than the Earth’s
magnetic field. Recent magnetoencephalographs can have about 300 sensors, which are
grouped into gradiometers and magnetometers. The about 100 magnetometers measure
the normal component of the magnetic field, that is B, = v - B. Sometimes, this physical
quantity is called the magnetic flux density. The vector field v is orthogonal to the surfaces
of the sensors but not to the direction of the magnetic field. A schematic diagram of the
installation is given in Fig. 3.1. In contrast to the magnetometers, the gradiometers measure
certain derivatives of the magnetic field. Most magnetoencephalographs provide us with
two planar gradiometer measurements per sensor surface. They yield normal component
measurements of certain derivatives of B in two directions tangential to the sensor surface.
Formulae describing these quantities are derived in Section 9.2 based on the results from this
section. In both cases, the magnetic field B is utilized. Thus, we start with an investigation
of this physical quantity.

In order to reconstruct the primary current and solve this inverse problem, we need a
mathematical relation between the magnetic field and the neuronal current. This relation is
based on the quasi-static approximation of Maxwell’s equations. The quasi-static approach
is commonly used in medical electromagnetism and verified in the work of Plonsey, see [190].
In this context, the changes of the current and the electric and magnetic fields are assumed
to be so slow such that they appear to be static. In [190,191] the authors show that the
errors made by the quasi-static approach, that is the omission of propagation, capacitative
and inductive effects, and the boundary considerations, are clearly negligible.

A second argument for the quasi-static approach can be found in [108].
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Chapter 3. Modelling the Magnetoencephalography Problem

FiGure 3.1: The installation of the
magneto-electroencephalograph. The scalp
W FEq @@O (modelled by the yellow surface) separates
= s the space into the interior B,, that mod-
els the head and the outer space. The
neuronal current J* and its induced mag-
netic (B, purple) and electric fields (E,
blue) are indicated. The electroencephalo-
E B, graph sensors (blue circles) are attached
t on the scalp. The magnetoencephalograph
sensors (purple squares) are located in
the exterior and their normal vectors v
are suggested. Figure kindly provided by

Samuel Leweke [145].

JE N\

Definition 3.1 (Quasi-static Maxwell’s Equations). In order to compute the magnetic
field B caused by bio-electric sources, such as the primary current inside the brain, we use
the quasi-static approximation of Maxwell’s equations, see [190]:

E = —Vu, V.- -B=0, V AB=pgJ?t.

Here, E is the electric field, u is the electric potential, J* = J¥ + o E is the total current
with the primary current J* and the Ohmic current o E, o is the conductivity, and pg is the
constant permeability in vacuum. Moreover, the electric and magnetic potentials are reqular
at infinity.

Note that within this section, J* denotes the vector-valued total current and not the
transposed of a vector J.

The domain of all quantities occurring in the quasi-static Maxwell’s equations is the space
R3. However, the total current has its support inside the cerebrum. Thus, the magnetic
field is irrotational in the exterior of the head, that is V. A B = 0. Since the exterior of the
head is a simply connected subset of R, the magnetic field B is a conservative vector field.
Hence, there exists a magnetic potential U such that

B =1 ywWVU in B, (3.1)

where B models the cerebrum. For the magneto-electroencephalography problem we distin-
guish between the homogeneous and the inhomogeneous case. In the homogeneous case, the
observed medium, that is the head, has a positive constant conductivity ¢ € R™. In contrast,
the inhomogeneous case allows a spatial dependency of the conductivity of the medium.

In many other publications on this topic, see, for instance, [76, 110, 208], the Biot-Savart
operator is used to describe the relation between the total current J* and the magnetic field
as

y—x ex
Iﬂwzzgéf%wAw_xH% y € B, (3.2)

In the inverse MEG problem, we are interested in reconstructing only the primary current
JY because it is affected by the sources in the brain tissue, see [108,200]. Due to Maxwell’s
equations, the total current is the sum of the primary current and the secondary, or Ohmic,
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current JT = J¥ — ¢Vu. It is proved in [200] that the total current in Eq. (3.2) reduces to
the primary current in the case of an unbounded homogeneous medium, hence,

B(y):@/JP(az)/\ Y77 e, y € B,

47 Jp ly — x|

Accordingly, in the case of an inhomogeneous medium, the inversion of the Bio-Savart

operator yields a reconstruction of the total current. However, only a reconstruction of the

primary current is desired. If the Biot-Savart operator is used in the inhomogeneous case

misleadingly, one reconstructs parts of the primary and the secondary current, see [76].
Since different parts of the head, for example the cerebrum, the skull, and the scalp, have

different conductivities and since the head is a bounded conductor, we want to use a different

model. For our model, we need the following assumptions.

Assumption 3.2 (Multiple-shell Model). We assume that

o the cerebrum By, is a closed ball with radius o9 > 0 and that around this ball there are
L spherical shells Sy, 4,,,) with 1 =0,...,L —1 modelling the various head tissues, see
Fig. 3.2. The radii are increasing, that is oy < o141 for 1 =0,...,L —1, and the sphere
with the largest radius o;, models the head boundary;

e the conductivity o is given as a piecewise constant function, that is

o if © € By,,
o(x) = { oy if €Sy 1oy L=1,...,L,
or41=0 ifze B

This implies that the radial and tangential conductivity coincide in each shell. In

addition, the conductivity inside the head is positive, that is o(x) > 0 for all x € By, ;

e the neuronal current can be described as a continuous dipole distribution;

o the permeability is constant everywhere and equal to g, which is the permeability of
the vacuum, see [108];

e the neuronal current is only non-vanishing inside the cerebrum and J* is a function in
LQ(BQO)'

The conductivity of air is about 3fSm™' to 5fSm™' whereas the conductivity of the
different tissues is about 0.01Sm™"! to 1Sm™!. Thus, the modelling error of assuming that
the conductivity vanishes outside the head is acceptable.

The three-shell model is a common approach to approximate the brain structure, see
[108,125,126,171,174] and the references therein. Note that also in current research the
three-shell model is still considered to be sufficient, see [45, 71,73, 74]. It can be obtained
from the multiple-shell model by setting L = 3. The shells in the three-shell model are the
fluid (cerebrospinal fluid (CSF)) S(,, 4,), the bone (skull) S,, ,,], and the scalp S, ,,)- If
L = 0, the head is modelled as one solid spherical conductor with constant conductivity.

In addition, there exist also multiple-shell models in the literature. For example, the scalp
can be divided into a fat layer, the dermis, and the epidermis, or the skull can be split
into three layers. Then the upper and lower layer are made out of bone, which is a bad
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Sy = {x €R? |z = 0o} “Se-1.01]

eet101,f B,, = {x € R® | 2 < oo} =

S 8(9171,91}

(00,01]

FIGURE 3.2: The multiple-shell model of the head

conductor, with a highly conductive middle layer in between, see [117]. However, in the
case of spherical shells, their number and their conductivity does not affect the magnetic
potential B in the exterior of the head at all. Note that also single-shell models exist, see
[180]. Alternatively, elliptic-shell models can be used at least for the electroencephalography
problem, see [46, 54, 56, 71,95] and the references therein. In the case of a more anatomically
correct conductor model, the magnetic field B can only be calculated numerically, see
[108,174,182,217].

We now concentrate our analysis on the multiple-shell model. With the assumptions of
Assumption 3.2, the secondary current in the Biot-Savart law, see Eq. (3.2), does not vanish
and we obtain Geselowitz’ formula, see [94], given by

Bly) = @/B TP A 2% e

4w Jp,, ly — |3
L
Ho y—x R E—
SIS o) [ u@mg (@) n P @),y B
A= Se; “ ly — x|’ oL

where n,, is the unit normal vector of the surface S,,.

In order to analyze the ill-posedness of the MEG problem in detail, we are interested in a
Fredholm integral equation of the first kind as a formulation of the inverse problem. For this
purpose, we modify the derivation found in [73].

In [200], an approach for a ball-shaped conductor with piecewise constant conductivities on
each shell is presented. This approach is used in [73] to eliminate the secondary current and
a simple derivation of the magnetic and electric potentials and their relations to the neuronal
current are given. In this ansatz, the operator that maps the neuronal current onto the
magnetic field data is optimized for a certain decomposition (i.e. the Hodge decomposition,
see Section 15.1) of the neuronal current and for a reconstruction of only a scalar-valued part
of the current. In contrast, we now want to reconstruct the whole vector-valued current as a
vector-valued quantity. This is why we present a slightly different derivation. The advantage
of a vector-valued reconstruction is the possibility to apply certain physical principles to
it, such as Hamilton’s principle, Maupertuis’ principle, or, more generally, the principle of
stationary action; see [70] for details. In contrast, to the knowledge of the author, there is no
indication that the principle of stationary action could be applied to scalar-valued parts of
the current in order to obtain a unique reconstruction.
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According to [42,73,200], the relation between the magnetic potential U? generated by a
single dipole with dipole moment Q(x) at the (fixed) point « € B,, is given as

oud 1
4773/87y($ay) =—(Q(x) ) - me

with y € BgXt. Note that y denotes the measurement position of the magnetic potential or

magnetic field, respectively. Using the Legendre expansion for |x — y\_l with = < y, see
Eq. (2.2), and interchanging the series and the gradient, which is allowed due to [73], we get

ouUd —
47Ty87y($7y) =—(Q(z)Nz)- Z yk1+1 Va (fbﬁp]f(ﬂfc ' @)) ’
k=0

The zeroth summand equals zero because of the derivative. After dividing the equation
by y, we can interchange the integration with respect to y and the series in the occurring
right-hand side as shown in [73]. Finding the antiderivative with respect to y by taking into
account that the magnetic potential vanishes as y — oo, we obtain

k

dnU%(z, y) = (Q(x) Aa) - Vq ,;1 S @)

Note that the gradient and the series can be interchanged again, due to the same argumenta-
tion as before. Now, J¥ denotes the primary current, which is the continuous counterpart

of the dipole moment Q. The corresponding magnetic potential U can be obtained via the
magnetic potential U? of the single dipole, that is

V)= [ Uleyyde, oy e B
€0

The integration of U with respect to the first argument over the cerebrum B,, yields for all
y € BS the identity

1 s ok PN
Uy) = 47F/IB%,_,O (JP(a:)/\a:> .Vm;mﬂg(w-y)d%

Up to this point, the derivation coincides with the one in [73]. Instead of using Gauf’s
Theorem, see [219], as it is done in [73], we use the circular shift of the triple product, that
is(xAy)-z=x-(yAz)foral x,y, z € R see [141, Sec. 14]. Due to this novel approach,
we do not need the additional assumption J P]SQO = 0, which is used in [73]. Thus, we obtain
the La(B,,)-inner product between the primary current J P and our desired integral kernel
for all y € Bext, that is

[

1 P > ok
= — NS — L P(a-9) ) d
. J" (x) ( kZ::l D) ) (2 y)) x
L[ e (o i v p (&-9) ) da (3.3)
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Here, we used properties of the surface curl gradient L* stated in Eq. (2.5) in the last step.
For the sake of readability, we introduce for all (z,y) € B,, x BS* an abbreviation for the
integral kernel, that is

1, zk L
km(z,y) = Ll kZ_:l m&(m - 9). (3.4)

Eventually, the magnetic potential has the representation

Uly) = | JP(z) ksm(z,y)dz,  ye B
Q0

Via Eq. (3.1), a relation between the neuronal current and the magnetic field can be
found. An immediate consequence is the formal relation between the primary current and
the magnetic flux density B, := v - B in the direction of the normal vector field v given by

By (y) = nov(y) - Vy ( IV () - kw(z,y) dm) ,  yeBg

Bog

At this point, several questions arise: does the series representation of ky; converge in an
appropriate sense? If the series is convergent, does the equation in Eq. (3.3) make sense?
Or more precisely, is the occurring integrand an Lj(B,,)-function? If the formula for the
magnetic potential is well-defined, can we evaluate U at the measurement positions and can
we apply the gradient onto U? Eventually, can the magnetic flux density be evaluated at the
sensor positions?

Before we give answers to these questions, we derive an integral equation for the electroen-
cephalography problem.
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Chapter 4.
Modelling the Electroencephalography Problem

Similar to the inverse MEG problem, it is the aim of the inverse electroencephalography
(EEG) problem to reconstruct the neuronal current inside the cerebrum. Besides the magnetic
field, the neuronal current J* induces an electric potential u and its field E, respectively. A
schematic diagram of the installation is given in Fig. 3.1. The electric potential difference,
or voltage difference, is measured via the sensors of the electroencephalograph, which is
non-invasively attached on the head. For this purpose, a reference level for the potential by
means of a reference electrode needs to be chosen in advance. For multi-channel recordings,
it is common to substract the average as reference instead of a single reference, see [172] and
the references therein. The sensor cap can generally contain about 70 sensors.

In the multiple-shell model, see Fig. 3.2, the sensors are non-invasively attached on the
outer shell. In the three-shell model, this outer shell represents the scalp and could be split
into more detailed (sub-)shells. It can, for example, be separated into a fat layer, the dermis,
and the (outer) epidermis, see [117]. However, we name the outer shell S,, | ,,| the scalp,
even if the scalp tissue is divided into detailed layers.

As proved in the next section, the number of shells, their radii, and conductivities play
an important role in the derivation of the integral equation corresponding to the electric
problem. This stands in contrast to the inverse MEG problem, where these quantities do not
effect the magnetic potential at all under our model assumption stated in Assumption 3.2.

In analogy to the MEG problem, we start the derivation with the quasi-static version of
Maxwell’s equations. Recall the formulae from Definition 3.1:

E=—-Vu, V-B=0, VAB = pgJ7,

where E is the electric field, B the magnetic field, u the electric potential, J* = J¥ + o E
the total current, J¥ the primary current, ¢ E the Ohmic current with the conductivity
o, and pg is the constant permeability in vacuum. In the inverse EEG problem, we are
interested in the reconstruction of the primary current J* from given measurements of the
electric potential v on the scalp. Note that the total current vanishes outside the head.
For the reconstruction, we transform the quasi-static version of Maxwell’s equations to a
vector-valued (Fredholm) integral equation of the first kind. In our setting, Assumption 3.2
is still required to hold true, except that we first assume a single dipole as the neuronal
current for the derivation.

Since the divergence of the curl equals zero, see [141, Sec. 22], we obtain that the total
current is divergence free in R3, that is

0=V-(VAB) =V (J").

Assuming that the conductivity is piecewise constant, see Assumption 3.2, and combining
the formulae involving the electric field and potential, we obtain

0=V -JI=v.JP +oV- E=V . -J" —sAwu (4.1)
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Under the assumption that supp J* C B,,, see Assumption 3.2, and in the case of a single
dipole at the (fixed) position & with dipole moment @, the current can be modelled as a
distribution. For the derivation of the EEG integral operator we, hence, need some basics of
distribution theory, which are summarized in Section 2.5. Thus, we can model the current by

JP(Y) = Qbz(v)  for all P € D(By,), (4.2)

where § is the Dirac distribution, see Example 2.34. The set of all test-functions D(B,, )
is defined in Definition 2.33. In addition, Eq. (4.2) is meant component-wise, since the
dipole moment is a vector-valued quantity, that is Q. (1) = Qv (x) for all test-functions
1 € D(B,,). In this setting, we can define the divergence of the distribution by means of the
scalar-valued differential operator D :=Q -V = 22:1 Q1.0 with constant coefficients Q.
(i.e. kth component of the dipole moment Q) and partial derivatives Oy in the kth direction
for k=1, 2, 3, that is

3
V - (Qz(v)) = Q - Vig() = Z Qi (¢) = Déx(1).
k=1

We follow the approach in [95], where the electric potential u is split into the parts corres-
ponding to the different regions in the three-shell model, and transfer it to the multiple-shell
model, that is for fixed € B,, we set

ug(w,y) if y € By,
ud(w7y) - u?(w7'y) if UAS S(gl,l,gl]v l= 17 oo 7L7 (43)
uf (e, y) if y € BE

The superscript d indicates the association of the electric potential to the single dipole
distribution. Recall that L is the number of shells in the multiple-shell model, see Assump-
tion 3.2. Therein, the conductivity o of the tissues is assumed to be piecewise constant and
equal to o; on the shell S¢, | ,jforalll=1,..., L and o¢ inside B,,. Thus, we obtain the
following system due to the restrictions of the distributions over the particular spaces, see
Definition 2.33. We denote the distributions belonging to the electric potential with ¢/ and
further indices. This notation already suggests that the occurring distributions are regular
distributions. They are given by

ng: D (By,) — R, JOAng = Doy, (4.4a)

Uga: D (So_y01) = R, Allya =0, (4.4b)
. xt —

@, D (BS) - R, Nz (4.4c)

with { = 1,..., L. Thus, we obtain L distributional Laplace equations from Eq. (4.4b), that
is one for each shell.

In order to solve Poisson’s equation stated in Eq. (4.4a), we use a classical result from
the theory of distributions. We can apply Lemma 2.43 to Poisson’s equation, that is
AU, a = oy I'D§, =: V, since the distributions ng and V have compact supports. Hence,
the particular solution of the distributional Poisson’s equation is given by L{ug = -VxV,.
Here, V; is the regular distribution fulfilling AV, = do. In our setting, the representation
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g = (4n|-|)~! for the fundamental solution g of Laplace’s equation is well-known, see also
Lemma 2.36. A closer representation of the distribution ng is obtained by further calculating
the convolution of the distributions V and V,, see Definition 2.38.

The Delta distribution and its derivative are distributions with compact support. Hence,
we obtain for the particular solution with Lemma 2.40 and for the convolution with the
Delta distribution, see Lemma 2.42, the representation

1 1 1
Uy = — (Uomw) #Vy = =D (6 £ Vy) = =D (V). (4.5)
where 7 denotes the usual translation operator (7,V)¢ := V(7_51), see Definition 2.41. For
the distribution on the right-hand side, the following holds true for all ¢ € D(B,,) since D is
a differential operator of order 1, see Example 2.34:

~D(reVy) = Vy(r-aD¥) = [ g(2)(r-aDu(2)) d.

In the next equation, we proceed by manipulating the integral on the right-hand side. We
observe that the distribution on the left-hand side of this equation is regular, thus the
distribution on the left-hand side of Eq. (4.5) is also regular. More precisely, we have

/ 9(z2)DY(z + x)dz = —/ (Dg)(z)(z+x)dz
R3 R3
= - /RS (Dg)(y — x)¢(y) dy

~— [ (@ Vi) vy
(@ Ve vy

Hence, for an arbitrary x € B,,, the distribution from Eq. (4.5) is generated by a locally
integrable function that equals the mapping y +— (4700) '1Q- V|y — x|~ ! almost everywhere.
From the equivalence class of all Li(B,,)-functions generating Z/{ug, we choose the generator

ufy defined by

1

UO“S("% y)=Q- V:cm7

z, y €By, z#y. (4.6)
In the following calculations, uf, denotes this continuous (except for the singularity) repres-
entative.

For each fixed = € B, the general solution of Poisson’s equation with respect to y € B,

in Eq. (4.4a) is given by the sum of the particular solution v depending on the right-hand
side of Eq. (4.4a), see [95], and a harmonic function denoted by uf:

uj(z,y) =ub(z, y) +ug(z,y), T, y€By,. (4.7)

For the sake of comprehensibility, we denote explicitly the dependency of the points & and
y. The harmonic function can be represented by means of a fundamental system of the
Laplacian. The corresponding coefficients can be determined by the boundary conditions,
for which we need a solution of Laplace’s equations on the other shells.

43



Chapter 4. Modelling the Electroencephalography Problem

For Laplace’s equation Eq. (4.4b) we can make the following considerations. The zero
function is a continuous function and Eq. (4.4b) holds true in the sense of the distribution
theory, hence, u? is at least twice continuously differentiable for [ = 1,...,L and the
Laplacian of u? exists at every point y € Bg’ét and is equal to zero, see [90, p. 66]. Hence, the
distributional and the classical solution of the differential equation coincide. Furthermore,
on each particular shell, uf is a twice continuously differentiable function for all { =1,..., L.
In addition, we use the widely known transmission conditions stated in [46,95]. These

Dirichlet and Neumann boundary conditions, considering that in the spherical case the

normal derivative and the radial derivative coincide, are given for all [ =0,..., L by
q a duj (2, y) uy, (x,y)
up (x,y) = vy (2, y), UIT = Ul+1T, Y €S, (4.8)

This system of partial differential equations and the corresponding Dirichlet and Neumann
boundary conditions are, for instance, given in [45, 71] for the spherical three-shell model.
Due to the Dirichlet condition, the electric potential is continuous in the second argument
on the boundary spheres. Thus, Eq. (4.3) also holds true for the corresponding closed shells.

In order to solve the problem, we expand the classical solutions into series of inner and
outer harmonics since they form a fundamental system for the Laplacian. For the harmonic
part of the solution in the cerebrum, see Eq. (4.7), we obtain

oo 2k+1

“0 z,y) Z Z 0‘20)1 kYk%( )s x, Yy € By,
k=0 i=1

due to its continuity at the origin. We can also give an expansion of the particular solution
in Eq. (4.7) by using the same identity as in Eq. (2.2) and assuming = < y. Thus,

x PN
Uoug(ma y) = ?Q Vg Z ka(m %))

0 2k+1 4 o

=Q-Vy ), Z 2k+1yk+1Y’“( )Ye,i(9)

% 2%+1Q -V, (2"Yi(2)) 1 .
=>. > 2,2 1 ) T Yii(9)-

k=0 =1

The interchanging of the series and the derivative is valid, see [73]. Summing up, the function
8 has for z < y the representation

oo 2k+1 . ky. (4
_ 1 Q Vg(z Yk,z(m) 1 .
uf(z,y) =D Y (a;c())z y" + 2]E+ 1 )ykﬂ Yii(9)- (4.9)

k=0 i=1 00

For the sake of readability, we define B} (z) = 1/(c0(2k +1))Q - V4 (2*Yy:(2)). If L =0,
that is the case of a single ball-shaped conductor with constant conductivity containing the
dipole, only 5‘1(:; needs to be determined. This can be calculated straightforward using the
Neumann condition in Eq. (4.8). Here, the conductivity or11 vanishes, which implies that
the right-hand side of the Neumann condition equals zero. Hence, we assume that L > 0 for
the next steps of the derivation.
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Since the electric potential is harmonic inside the diverse shells of our model, we can
expand it into the sum of inner and outer spherical harmonics on each region. This is a
particular case of the expansion into interior and exterior ellipsoidal harmonics used in
[43,95]. For all [ =1,...,L + 1, we obtain

oo 2k+1 (z) 1
Z Z ak’z y +B ( )yk_H Ykz( ) yGS[gFl,gl}. (410)

k=0 =1

For the spherical three-shell model this formula can also be found in [32]. Inserting the
expansions from Egs. (4.9) to (4.10) into the boundary conditions from Eq. (4.8), we obtain,
for [ =0,..., L, the following linear system for the coefficients:

0= lQQIc—H (a;gl)z(x)_agﬁz-l)( )) +ﬁ(l)( ) ,B(l+1)( ) (4.11&)
0= 0"k (16 (@) — orpral (@) + (k+1) (o0 B (@) — B (@) . (4.11D)

For all [ = 0,...,L, we gain the identities B(()lfl(ac) = 0 and 07831(:13) = afffrl)(:c), since
Q - V4 (2"Y};(2)) vanishes for k = 0. Without additional information, we cannot obtain
a unique solution for the coefficients for £ = 0. From Maxwell’s equations, we have the
additional information that the electric potential is regular at infinity, see Definition 3.1.
Thus, lim, udL+1(m y) = 0 and we obtain a;ff =0forallkeNgandi=1,...,2k+ 1.
Eventually, the zeroth summand in the expansion series of each particular electric potential
vanishes.

Long but straightforward calculations, which are not shown here, lead to the linear
dependency of a(l) (x) and [3”)( )on Q- Vu(2Y,(2)) forallk € N, i =1,...,2n+ 1, and
l=0,...,L, see [45, 95]. Based on this linear dependency, we introduce the abbreviations

al(@) = o’ (Q - Va(a"Vii(@))),
Bi@) = B (Q- Vala*Vii(2)))

foral keN,i=1,...,2n+1,and all [ =0,..., L. In the particular case of [ = 0 this leads
for all k£ € N to

1

0) .
e = oo(2k +1)

(4.12)

The remaining coefficients ag) and 6,(;) do not depend on x and ¢ anymore for all k¥ € N and
l=0,...,L.

Using the introduced abbreviation, we obtain for y in the particular domains and = € B,
the following set of equations:

oo 2k+1
u; ( (Z Z (a?yk (l) k+1> V. (ka,“(aA:)> Ym(@)) , (4.13)

k=1 =1

for | =0,...,L + 1. These equations are also stated in [45] in the case of the three-shell
model.

Since the coefficients are now independent of the order of the spherical harmonics, we
are able to interchange the summation over ¢ with the gradient. Afterwards, we apply the

45



Chapter 4. Modelling the Electroencephalography Problem

Addition Theorem, see Theorem 2.25, to the expression. Independent of [ =0, ..., L, this
leads for all £ € N to the identity

2k+1
. . 2k+1 N
' (xk E:Yk,i(w)Ykﬂ-(y)) = = V. (" Pi@ 1))
i=1

Via Theorem 2.25 and Definition 2.22, we immediately obtain that for fixed y € B,, the
mapping « +— zFP,(& - §) is a non-constant, homogeneous polynomial of degree k > 1.
For different degrees, these polynomials are linearly independent. Thus, for all k£ € N the
gradients on the right-hand side of the previous equation are linearly independent.

Using the Addition Theorem, we obtain for all [ = 0,..., L the expansion

uf(z,y) = ﬁ@- (;m +1) (aW - B;i”y,fH) V. (25 Py - @))) : (4.14)
=1

Due to the linear independence with respect to k € N of the functions on the right-hand
side, the transmission conditions in Eq. (4.8) applied to Eq. (4.13) yield for all k¥ € N and
l=1,...,L a system of linear equations for the expansion coefficients. This system can be
obtained in total analogy to the one from Eq. (4.11) and it is given by

-1
2k+1 (0 W) _ g0 TL
05 (ak ay, ) E T 2E T Doy’ (4.15a)
2k+1p, 0 _ (1 k41 - k+1 4.15b
05 o0Q, 010y, + (k+ )Ulﬁk %11’ ( . )
o+ (a;? _ agﬂ)) + /0 — g =, (4.15¢)
glzka: (Ulag) - Ul+104$+1)) +(k+1) (Ul—s—lﬁ;(glﬂ) - O'lﬁl(gl)) = 0. (4.15d)

This system is also stated in [45] for the three-shell model. Note that ﬁ,(co) and azL“) are
already known. Thus, we obtain 2L + 2 unknown variables and 2L + 2 equations to determine
them for each k € N. Since the electric potential is measured on the scalp, we are mainly
interested in the coefficients a}? and B;CL) for the representation of u% in Eq. (4.14). Thus,
we do not need Eq. (4.15¢) in the case of [ = L. In addition, the conductivity outside the
brain vanishes. Consequently, Eq. (4.15d) reduces to

k41 -
a;”:i‘]‘; oy P g, (4.16)

where the coefficients corresponding to the electric potential u% 41 do not appear. Note that
Eq. (4.16) also holds true in the case of L = 0. Thus, the system reduces to a system with
2L + 1 equations and 2L + 1 unknown variables.

Up to this point, there exist several strategies to solve the system of linear equations, which
in practice has to be done a large number of times with varying k& € N. The straightforward
method is to transfer the system into a matrix-vector representation and apply Gaussian
elimination. In the case of the three-shell model, that is L = 3, it is stated in [73] that this
matrix is ill-conditioned. The size of the corresponding matrix is (2L + 1) x (2L 4 1). The
classical Gaussian algorithm for solving this linear system requires O((2L + 1)3) operations,
see [35].
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For the sake of computing effort and stabilization effects, we further analyze this system
of linear equations and present a second approach to solve the system. The aim is to achieve
a tridiagonal matrix. The advantage of a tridiagonal matrix over an arbitrary matrix is the
computational cost for the inversion. The solution of a system of linear equations with a
tridiagonal matrix of size (2L + 1) x (2L + 1) can be obtained in O(2L + 1) operations by
means of the Thomas algorithm, see [35].

By means of rearranging and insertion of Eq. (4.15c) into Eq. (4.15d), we obtain for
Eq. (4.15d) the identity

0"k (o1 = org1) a ™ + ((k+ Dovgr + koy) B = (2k + Doy = 0. (4.15d")
The coefficient ;" in Eq. (4.15¢) can be eliminated by Eq. (4.15d). Thus,
0Pkt (((k + Vo1 + ko) o) — (2k + )opaf ™ )) + (k+1) (0141 — 1) B = 0. (4.15¢")
Similarly, B can be eliminated in Eq. (4.15a) by means of Eq. (4.15b), that is

(k +1)(o0 — 1)
(2k+1)00 '

02T (k4 1oy + kog) &l — 0a¥ 1 (2k + 1)o1al)) = (4.15a)

Due to Egs. (4.15b), (4.16), and (4.15a’) to (4.15d"), we can find a tridiagonal matrix 2
and a right-hand side by such that Az, = by for all £ € N. We summarize our results in
the next lemma for the particular case of the three-shell model.

Lemma 4.1. Let L = 3, then the coefficients of the fundamental system expansions of the
electric potential on each particular shell are for all k € N uniquely determined by the solution
of the system of linear equations Arzr = br.. The quantities are defined by

Q[k =
(k’-i—l)Ul-‘rk’Uo —(2k+1)01 0
koo —ko1 (k;kl}jl
2o
0 (k+1)oa+koy %%"1) —(2k+1)02 0 0 0
1
—oq(2k+1 k+1)o ko
0 0 % k(o1—02) % 0 0
1
0 0 0 (k+1)os+kos % —(2k+1)os 0
2
—o9(2k+1 k+1)og+ko
0 0 0 0 % k(oa—03) %
2 2
0 0 0 0 0 o g —(k+1)
(O D ) @) 2@ (3 aB)
zk._(k o’ By oap By oy ﬁ),
o (k+1)(‘70*<71) k+1 0 0 O O 0 T
by = (ngﬂ(?k‘-i-l)ﬂo g (2k+1) )

Lengthy but easy calculations, which were done with Mathematica [223], show that the matriz
A is a full-rank matriz for all k € N. Thus, the system is solvable for each k € N and
we are able to obtain a unique solution for the particular coefficients. However, the matriz
is ill-conditioned, which is also stated in [73]. Due to the previous considerations, we set
ozg) = (()l) =0 foralll=0,...,3.
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However, we are neither able to get a handy representation of the coefficients a}f) and 51(;)
by means of the inversion of the matrix 2(; nor its non-tridiagonal predecessor. Nevertheless,
for the convergence of the series in u%, see Eq. (4.14), we need the asymptotic behaviour of
a}f) and ﬁ,(f) as k — oo.

Inspired by an idea of P. Hashemzadeh and A.S. Fokas, and co-authors [49, 114], we can
use a third approach in order to obtain the coefficients. This approach is based on the
ansatz of [171,174,175,226,227] and the references therein. They use the Wronskian in
order to solve Poisson’s equation in Eq. (4.4a). They separate the sought function into
an angular and a radial part and reduce the differential equation to a second-order linear
ordinary differential equation. Then, they construct two linearly independent solutions of
the homogeneous equation fulfilling the Dirichlet and Neumann boundary conditions stated
in Eq. (4.8). For this construction, they use a 2 x 2 matrix to calculate the coefficients in
Eq. (4.14). These two solutions of the homogeneous equation are combined by means of
the Wronskian to construct the unique solution of the inhomogeneous equation fulfilling
Eq. (4.8).

Since we have already solved the inhomogeneous differential equation, we do not need
the part concerning the Wronskian of this ansatz. However, we can use the 2 x 2 matrix
approach to solve Eq. (4.15). For I =0,...,L — 1, the Egs. (4.15c) and (4.15d) can also be
represented for fixed £ € N by

lek+1 1 o\ Ql2k+1 1 )
ko —(k+ Doy ) \BY ) \ o ko —(k+ Doy ) \B )

The latter formula is also stated in [32] for the three-shell model. However, in the setting
of [32], the conductivities of the different shells are sought and not the neuronal current.
For this purpose, it is assumed that the neuronal current is made out of a fixed number of
pointwise dipolar sources. For fixed conductivities we are interested in the reconstruction of
the neuronal current, thus, we do not follow [32] in the following calculations.

The inversion of the right-hand side matrix is admissible if glzkH(Zk + 1)o41 # 0. This is
the case if the tissue in the (I + 1)th shell has a positive conductivity, which is fulfilled for all
[=0,...,L—1 due to Assumption 3.2. Thus, this is equivalent to

lox o 7(2k+1)
agili 1 E+14%k (k1) (1-5%) g agi |
By 2k +1 \k (1 20 g7+ k+ (k+1)-2 B

l
O1+1 O1+1

Recall that ﬁ,(f) is already known from the particular solution of Poisson’s equation, see
Eq. (4.12), and that the representation of u% is sought. Thus, we arrive at

L—1 o o —(2k+1)
(%{;) _ 1 il k14 2 (k+1) (1-52) 0 (ag;>
B 2k + 1"\ o \k (1 - L) o2t k+ (k +1)-2 By

o141 Ol+1
(0)
= m(L) <Oé{€0)> .
k

The matrix product ]_IZL:_Ol is meant as follows: first, the matrix with the lowest index is
stated and then, from the left-hand side, the matrix with the next higher index is multiplied,
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that is, for example, (Hf;ol A)b = Ap_q1---A;™Aob. The order of multiplication is relevant,
since matrix multiplication is non-commutative. The coefficients ofL) and ﬂ<L) are linearly
dependent, see Eq. (4.16). Hence, we obtain two equations for two unknowns. Let m(?
denote the entry in the ¢th row and the jth column of the matrix 91“). Note that the matrix
ML) and its entries also depend on the order k, which is omitted in the notation for the
sake of readability. Then

(L) _ (B (0 (L> © ( (L) <L>
Qg =My 0y 25y 5k =my 10% 5

Using Eq. (4.16), a straightforward calculation yields

L (L) (L)
myq my1

(L) (L), (L) (L (L>
w (F+1 _@erry Maa) MM s — My 2 2,1 5(0)
B — 0 =— B,
With 8" = (0¢(2k + 1))~! and the formal identity det(9M®)) = mﬁm% - m(1L2>m(2L1>, we
can solve this equation for ﬁ,(f) and get
k

5@) —
o0(2k + 1) (kmi{{ — (k + Dm0, @)

det (M) .

The determinant of 9™ is calculated as

1 L1 o] o]
det (MP) = ———— (<k+1+k> <k+ k41 )
© ( ) (2k+1)2L g O'l+1 ( )0'[+1

2
—k(k+1) (1—0‘;11) )
1 L-1
——r 2k+1
~ 2k + )2k H M O141
-2
=

Thus, we eventually obtain for all £ € N the representation

k

/B(L)
or(2k +1) (km{ = (k + Dmsio,* V)

(4.18)

Independent of the way of calculating the coefficients, we define for the sake of brevity the
abbreviation

1
Hk(y) - Oé;gL)y + /B(L) yk+17 Yy e [QL—17 QL]a (419)

for all k& € N. Recall for all k € N the relation between af” and 8" in Eq. (4.16). Hence,
the function Hj, becomes

k + 1 y 2k+1 ) 1
Hi(y) = (k (QL> +1] 8 g YE lor—1, 0L]- (4.20)
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Note that Hj depends on the radius g; of the scalp for all £ € N and of the number of
shells L € N. For the sake of readability, we omit this dependency in our notation. Inserting
Eq. (4.20) into the expansion of u¢ from Eq. (4.14), we obtain the representation

0 2k+1
u%(ﬁc, y) = iQ (Z(Qk +1) (lc_;;l (QyL) + 1) (L) yk+1V (ﬁkpk(ﬁ? ) @)))

k=1
(z:%+1ﬂk)vw@ﬁmiyn>.

for the electric potential on the scalp corresponding to a single dipole. Often, in the literature,
for fixed € B, the restriction of u$ (x,-) onto the sphere S,, is considered. Using the
abbreviation

1 2k+1
Hy = Hy(o1) = By —— A

or,

(4.21)

we can represent this restriction by

ul(x, or9) = %Q. <Z (2k + 1)? ﬁ(” Pk (xkpk(:% . @))) _

k=1

For the comparison of our results with previous approaches, we also use the restriction onto
the outer sphere in Chapter 15.

So far, we have derived an expansion for the electric potential corresponding to a single
dipole in inner and outer harmonics based on solutions of distributional Poisson’s and
Laplace’s equations. As we have already pointed out, this expansion coincides with previous
expansions in the literature. In addition, we presented two novel approaches in order to
compute the occurring coefficients. The first approach leads to a tridiagonal matrix, which
reduces the computational cost for the inversion. The second approach is based on existing
ideas for a recursive computation and yields a novel closed formula for the coefficients
{BI(CL)}keN- This formula is required to answer the following question: does the series derived
for the electric potential converge?

Obviously, the asymptotic behaviour of Hy(y) as k — oo for all y € [or—1, 0] plays an
important role in order to guarantee the convergence. To this end, we analyze the asymptotic
behaviour of B,(f) as k — oo in the next lemma.

Lemma 4.2. Let Assumption 3.2 be fulfilled, let the number of shells L € Ny be fized, and
let B;CL) be defined as in Eq. (4.18) for k € N. Then

(k: > ’B,(CL)

In the case of L =0, we get the representation

) c O™ as k — oo.

1
0) _
b = k1)

Proof. First, we assume L = 0. In this case, ug can be measured non-invasively and from

Eq. (4.12) we immediately obtain

1

o@D c O(k™h).

5(0) —
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Now, let L > 0. We analyze the matrix entries of 9 occurring in the denominator of 3" .
Since 9L is constructed iteratively, we use a mathematical induction over L to prove the
statement. For L = 1, we obtain

1

2k +1 k(lf%))ggkﬂ b (k1) 22

o _ oo —(2k+1)
. 1 k+1+01k: (k+1)(1 > )90

Obviously, for a finite real constant CY > 0, the following limits hold true, since gy < o1
and the conductivities on each shell are positive, see Assumption 3.2:

! (1 + 00) OO,
2 o1

(1)

hm ‘m
lim ’mQ o7 2k+1)‘
Now, we assume for an arbitrary L € N that the entries in the first column of 9~V fulfil
_ o,

(L—1)Q 2k+1 ’ —0

L—1)

hm ‘m

for a finite real constant C'=Y > 0. For M), we obtain the representation

bl =1y ka1l (17%71) —(2k+1)
o) — 1 H4 = (k+1) or )er-1 o
OL—1\ 2k+1 oL —
2k +1 k(l—T)gL71 B (k1) 2Lt

By performing the matrix multiplication, we get

1 or—1 O'L_1 —(2k+1 -
(L) 1

_ OL—1Y\ 2k+1, ( 0L-1 (L—1)

For the limit, we obtain, due to the existence of the limits concerning the matrix entries of
ME-D | the result

lim ’m L)’ = lim ( k+1 + or-1_k ) (£
koo | MU T kS| \2k4+1 " op 2k+1
k+1 O'L—l) —(2k+1) (o)
AL Iy i
+ 2k +1 < or, 0r—1 M2,

k+1 Or—1 . k
oo i )
‘ A R YA

:1<1+0L 1>C<L v o),
2 oy,

The limit exists because the limits of all summands exist. It is a finite and positive constant.
In analogy, we get with or_1 < o, the identity

k <1 aL_l) (@L_l)%“ (1)
- my
2k + 1 or, or ’

n < k n k+1 UL—l)m(L—l) —(2k+1) (QL—1>2k+1
U+l 241 oy )2 O or

=0.

. 2k+1) .
lim |m&” = ‘ = lim
k—o00 2 IQL k—o00
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Chapter 4. Modelling the Electroencephalography Problem

This concludes the induction. Finally, we obtain the desired asymptotic behaviour of the
sought coefficients 6,({” for all L € N, that is

lim sup ”8— = lim k k
koo |K7H k=0 oy (km{) — (k + D)mi o, V) 2041
= — lim 1
207, k—oo m@ _ % (2L1) Z(2k+1)
- %iLC%U O

From the definition of C™ and C'* in the last proof, we immediately obtain the next
result.

Corollary 4.3. Let Assumption 3.2 be fulfilled, let the number of shells L > 2 be fized, let
ﬁ,(f) be defined as in Eq. (4.18) for k € N, and let the sequence {kﬁ,(f)}keN be monotonically
increasing. Then

1 1
sup ‘l{:ﬂk
keN
where the constant is given recursively for L =2,...,L by

C<L>_1ﬁ< 7).
L

For further calculations, we need more properties of the coeflicients ﬁ;f) for all £ € N.

Lemma 4.4. Let Assumption 3.2 be fulfilled and let L € Ny be fized. Then ﬁ,(f) # 0 for all
ke N.

Proof. For L = 0, the statement is clear due to the representation of BI(C” from Lemma 4.2.
The statement for L > 1 remains to be proved. Let us assume that ﬁ;f) = 0 for an arbitrary
k € N. Then, by means of Eq. (4.16), we get a/(,f) = 0. Inserting this into Eqgs. (4.15¢)
and (4.15d) for [ = L — 1, we obtain two equations for the unknown coefficients ;""" and

a}fﬁl), that is
Q%k-l—l( (L— 1>+ﬁ(L 1):0
Q%k_‘—llk(TL_lazL_l) (k’ + 1)(TL 1,3(L b= =0.

Inserting the first equation into the second, we dlrectly obtain ak ~Y = 0 and, thus, B (=D — .
Consequently, this can be done inductively for [ = L — 2,...,1 and we obtain oz(l) B,(;) =0
foralll =1,..., L. Finally, Egs. (4.15a) and (4.15b) yield

Q2k+1 0 _ —1
0 (Qk + 1)0 0 ’
BT 2k + 1
Both equations cannot be true simultaneously. Hence, we arrived at a contradiction and we
conclude ,Bl(f) # 0 for all kK € N. O
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After these calculations, we can concentrate our analysis on the derivation of an integral
equation of the first kind for the inverse EEG problem in the case of a continuous dipole
distribution. In Eq. (4.14), we found the electric potential ud (x,-) in the case of a single
dipole located at ®. In order to obtain the electric potential in the case of a continuous
dipole distribution, we use the superposition principle and integrate our solution udL over the
cerebrum B,, with respect to the first argument. We concentrate our analysis on the function
uCLl since this is the only part of the electric potential that can be measured non-invasively
by the electroencephalograph. Note that the discrete dipole moment becomes the neuronal
current J* in the transition to the continuous dipole distribution. This nomenclature is

often used in the literature, see, for instance, [73] and the references therein.

Corollary 4.5. Let Assumption 3.2 with L > 2 hold true. The electric potential uy on the
outer shell Sy, | o1 is given by

u(y) == / (2, y) da = /B JP(z) - kp(z,y) dz. (4.22)

Q0

The occurring integral kernel has for all (x,y) € B,, x Sier_1,01] the formal representation

ki(z i 2%k + 1) Hy(y)Va (:ckPk(:i: : g)). (4.23)

1
T 4r

Here, as in the inverse magnetic case, J* denotes the primary current that is derived from
the integration of terms involving the dipole moment Q.

This integral equation for the EEG problem is also stated in [45, 73] for the restriction of
the electric potential onto the sphere Spy,.

In this chapter, we derived a representation of the electric potential in the outer (scalp)
shell induced by a single dipole in the cerebrum. Based on the superposition principle, this
result could be transferred to the continuous dipole distribution. Thus, we achieved an
integral equation relating the neuronal current inside the cerebrum with the electric potential
in the outside of the head.

In analogy to the modelling of the MEG problem, some additional questions arise: does
the series in the representation of kg converge? Is the integrand in Eq. (4.22) integrable?
And can we evaluate the electric potential at the sensor positions?

In order to simultaneously answer the open questions for the MEG and EEG problem,
we introduce a particular class of integral equations with corresponding kernels in the next
part.
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Part 11.

Solving the Direct Problem
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Chapter 5.

Preliminaries

In this part, we solve the direct problem related to the MEG and EEG integral equation,
that is determining the magnetic flux density and the electric potential from a given neuronal
current. For both problems, we have already derived two integral equations relating these
physical quantities with each other in the previous part. In this context, some of the open
questions can be answered: are the two occurring integral kernels, which are stated in Eq. (3.4)
and Eq. (4.23), respectively, and their corresponding integral equations well-defined? Can
we state a formula for the solution of the related direct problem? Is the achieved potential
smooth enough for our application?

In this preliminary chapter, we give an overview over the mathematical foundations that
are required in order to solve the direct MEG and EEG problem. For the answers to these
questions, some special functions are required. We need an orthonormal basis in the vector-
valued space Ly(B,,) for analyzing the direct problem. Based on a separation ansatz, this
basis consists of two types of functions. The first type is given by a scalar-valued orthonormal
system on the interval, which is presented in Section 5.1. The second type of functions, which
is presented in Section 5.2, is a vector-valued version of the already introduced spherical
harmonics on the sphere. The vector-valued spherical orthonormal system is also used for
the analysis of the integral kernels. For this purpose, a related vector-valued analogue of the
Legendre polynomials is introduced in Section 5.3 and corresponding inner and outer vector
spherical harmonics are described in Section 5.4. Completing the list of used vector-valued
orthonormal functions, we introduce a (vector-valued) orthonormal basis for La(B,,) in
Section 5.5.

5.1. Orthonormal Systems on the Interval

We have already introduced some special functions on the interval, namely the Jacobi
polynomials, in Section 2.2. Therein, we stated that within this work mainly two particular
cases of Jacobi polynomials are used. The first particular case is given by the Legendre
polynomials, which are defined in Definition 2.5 and are important functions in the context
of spherical harmonics. The second particular case of Jacobi polynomials considered in this
work is used as the radial part of an orthonormal system on the ball.

The Jacobi polynomials are defined over the interval [—1,1]. For the construction of
orthonormal basis functions on the ball, a transformation of these polynomials to the interval
[0, R] is required. This particular orthonormal basis is first used by the author in [147,162]
and includes Jacobi polynomials with o = 0 and 8 > —1. This basis is also used in
Definition 5.33. There, the historical origin of these functions is stated. Now, we consider
only its radial part and define an abbreviation for these functions.
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Chapter 5. Preliminaries

Definition 5.1. For R > 0, the functions Q¥ (R;-) of degree m € Ny and f > —1 are
defined by means of the Jacobi polynomials via

dm+284+2 (r p-1/2 r2
QY (R;r) =\ (R) pLoA) 295 —1),  r€(0R].

With this definition, we can easily establish completeness and orthonormality of this
system.

Corollary 5.2. For every 3 > —1 the system {Q\?(R;-)}men, from Definition 5.1 forms

an orthonormal basis for LY ([0, R]), where w(r) := r2.

Proof. We start with Theorem 2.8 for the Jacobi polynomials P{°# and their orthogonality.
Then, we use the substitution = 2r2/R? — 1. Thus,

9B+1

1
_ 8 p(0,8) () p(0,8)
T | @+ 2 PED @P(@) do

R p2\° 72 r? 4r
J— 07 07

B8+2 R 2 2
= 4;25—&-2 / T2’8+1P,§$’ﬁ) (2 ;2 _ 1) P7(10,5) (2;2 _ 1) dr
0

26+2
C VAm 2B+ 2v/4An T 23 + 2

/ : QW (R;m)QP) (R;r)r? dr.
0

Concluding, the functions Q2 (R;-) with m € Ny are LY

([0, R])-orthonormal. Due to
Theorem 2.9, the set of all these functions is a basis for LY ([0,

R)). O

Lemma 5.3. For all § > 1/2 and all m € Ny, we get

m+1/2
re[0,R) R3 m m!

Proof. From [158, Eq. (10.10)], we have the inequality
<m+5> L (m+B)”

m m!

for all m € Ny. By using this estimate and Theorem 2.7, we get

4m+25+2(r>ﬁ_1/2 r2
B (p. | = -z 0.8) [ 9L _ _
i | o] = e, (\/ w8 B
 Am+28+2(m+p
N R3 m
< dm+26+2 (m+pB)"
- R3 m!

< V6R3/? (m + 5)m+71/2.

m!
In the last step, we used 2 < 2m + 4 for all m € Np. O
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5.2. Vector Spherical Harmonics

5.2. Vector Spherical Harmonics

In this section, we give a short overview over two systems of vector-valued spherical harmonics
and their properties. The first system goes back to P.M. Morse and H. Feshbach and is often
used in geomathematics because it separates vector-valued functions into their normal and
tangential parts. In addition, the system going back to A.R. Edmonds is used for problems in
(electro-) magnetism in order to separate vector fields into parts belonging to inner and outer
sources. For more information, see [79, 81,84, 88|, for instance, and the references therein.

5.2.1. Definition of Vector Spherical Harmonics

First, we define an abbreviation for three (differential) operators on the sphere that we use
for the construction of La(S)-orthonormal vector-valued spherical harmonics systems. The
occurring differential operators are defined in Theorem 2.14.

Definition 5.4 ([88, Eq. (5.17)-(5.19)]). We define the operators o™ : C1(S) — C°(S)
by

o F(€) = EF(€), o F(€) = ViF(€), of F(€):=L¢F(€)
for all F € CY(S) and € €S.

The following orthonormal properties of these operators can be shown based on Eq. (2.6a)
and Corollary 2.21.

Lemma 5.5 ([81, Lem. 12.1.1]). Let F, G € CX(S). Then the following statements are
valid:

i) For all € €S, we get og)F(ﬁ) : og)F(E) =0 foralli+#j withi, j=1,2, 3.
i) If (F,G)1,s) = 0, then (0" F,09G)y,s) =0 for alli, j =1, 2, 3.

For certain statements, the adjoints of the o”-operators are needed. For example, for the
calculation of the classical vector-valued reproducing kernels, see [81].

Corollary 5.6 ([88, Eq. (5.25)-(5.27)]). The adjoint operators O%: C1(S) — C(S) of
o' (with respect to the Lo(S)- and La(S)-inner products, respectively) are represented by

Oél)f(é) =€ Pnorf(£)> Oéz)f(g) = _0(52) ) Ptanf(g)a Oéj)f(g) = _O(;) ’ Ptanf(&)

ifEES and f € Cl(S). The operators Ppor, Pian are the projections onto the normal and
tangential part of f, respectively, as defined in Eq. (2.3).

Lemma 5.7 ([88, Lem. 5.1]). Let F € C%(S). Then the following statements hold true:
i) If i, j =1, 2, 3 with i # j, then Og’ 0’ F(€) = 0 for all § €S.
i) Ifi=1, 2,3 and £ €S, then

F(€) ifi=1,

(3) (i) _
Og o¢ F(&) = {—A;F(g) ifi=23.
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Chapter 5. Preliminaries

With these preliminaries, we define the Morse-Feshbach vector spherical harmonics, see
[169, 170], in analogy to the scalar-valued case.

Definition 5.8 (Morse-Feshbach Vector Spherical Harmonics, [81, Ch. 12.2]). Let
Y,, € Harm,,(S), then the vector field

Yy = oY, i=1,2,3,n¢eNy,
is called a Morse-Feshbach vector spherical harmonics of type i and order n, where

No ifi=1,

o .0 =1
T N ifi=23.

‘ and N, =
1 ifi=2,3

Due to the definition of the o”-operators, the vector field y{” is a normal field and the
fields y{? and y{¥ are tangential vector fields for all n € Ny,.

Let the set of scalar-valued spherical harmonics {Y}, j}neny, j=1,..2n+1 be defined as in
Definition 2.22, then we define the corresponding Morse-Feshbach vector spherical harmonics
by
~1/2

Yoy = ()" 0V, (5.1)

fori=1,2,3, neNy,and j =1,...,2n + 1, with the normalization factor

T =AY ) =n(n+1) ifi=2,3. '

If {Yoj}tneNo,j=1,..2n+1 is an Lo(S)-orthonormal set of (scalar) spherical harmonics, then
{yx3j}i=1,2,3,neNoi,jzl,...,ZnJrl is an Lo (S)-orthonormal system of vector spherical harmonics,
see Lemma 5.5. Using a linear combination of the Morse-Feshbach vector spherical harmonics,
a second system can be defined, see [61]. First, a related set of operators 6 : C1(S) — C(S)
for i =1, 2, 3 is defined, see [88, Ch. 5.13]:

1

S F(E) = of (D+3) F&) - of FI@).

~ 1
o F(g) = o (p _ 2) F(€) + o F(£),
o F (&) = o F(€)
for all F € C'(S), where the pseudodifferential operator D == (—A* + 1/4)Y/2 of order 1

is characterized by its infinitely often differentiable eigenfunctions Y,, ; to the eigenvalues
n+ 1/2, that is

1
DY":j:<n+2)Yn,ja neNg,j=1,...,2n+ 1.

For more details on the operator and its inverse, the single layer operator, see [91]. Using
the singular values of the operator D, an alternative operator 6 : C}(S) — C%(S) for i = 1,
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5.2. Vector Spherical Harmonics

2, 3 can be defined for all n € Ny,, see [81] or [88, Eq. (5.282)-(5.284)], for instance. Let
Y,, € Harm,(S), then we define for all n € Ny, the operators

O Yn(€) = (n+1)0g Y (€) — 0 Ya(€), (5.3)
0, (€) = nog Yn(§) + 0V, (€), (5.3b)
0V (€) = 6V, (€) = 0P Yo (€). (5.3¢)

In contrast to the 6”-operators, the operator o’ depends on n € Ny, if i =1 or i = 2.
However, we have 0"Y,, = 0{Y,, for all i =1, 2, 3 and n € Ny,.

Definition 5.9 (Edmonds Vector Spherical Harmonics, [88, Def. 5.54|). Let Y, €
Harm,,(S), then the vector field

gl = oY, 1=1, 2,3, ne Ny,
is called an Edmonds vector spherical harmonic of type i and degree n.

Hence, we call a function an Edmonds vector spherical harmonic of type 4, degree n, and
order j if it has the representation

_oy . [l L) 5.4

ynd ° 2n + 1yn7] 2n + 1yn7]7 ( N a)
~2) ._ now ntl o 5.4b
Uni =\ gnx1Yni T\ 2 4 1Yna (5.4b)
i =) (649

for all n € N, see [88, Eq. (5.309)-(5.311)], and we set Q(Ol)l = '!/(()1,)1 for n = 0.

Lemma 5.10 ([88, Thm. 5.56]). The Edmonds vector spherical harmonics of type i, degree
n, and order j are orthogonal in Ly(S).

Inverting the system of linear equations given in Eq. (5.4), we get a representation of
the Morse-Feshbach vector spherical harmonics in terms of the Edmonds vector spherical
harmonics for all n € Ny, j =1,...,2n + 1, see [88, Eq. (5.312)-(5.314)]:

) n+1 no

_ ~ (1)
Yni =\ 21 19ni T\ 2 1 1 Yna (5.52)
@ _ _ o~ ntl o 5.5b
Yn.j o+ 19m T\ g 1Y (5.5b)
i =) 659

Although the two systems are just linear combinations of each other, they possess different
properties. In the next paragraphs, we give a short overview of these properties.
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5.2.2. Orthogonality and Completeness of Vector Spherical Harmonics

In analogy to the scalar-valued case, we consider homogeneous harmonic polynomials.

Definition 5.11 ([81, Def. 12.3.1]). A vector field h,: R® — R3, n € Ny, is called a
homogeneous harmonic vector polynomial of degree n if h,, - €' is a homogeneous harmonic
polynomial of degree n for every i =1, 2, 3.

Using the abbreviation

Harm,, (R?)e’ := {Hnei

H, € Harmn(RS)} ,

we characterize the space of all homogeneous harmonic vector polynomials of degree n by
3 .
@ Harm,, (R?)e’.
i=1

The restriction of homogeneous harmonic scalar polynomials of degree n to the unit sphere S
is a scalar spherical harmonic by definition. In the vectorial case, however, such a restriction
of homogeneous harmonic vector polynomials of degree n does not yield a Morse-Feshbach
vector spherical harmonic of degree n.

Definition 5.12 ([81, Def. 12.3.2]). For n € Ny, H, € Hom,(R?), and i = 1, 2, 3, the
extensions of the operators 6" : R3 — R? are defined for x € R3 by

oV H,(x) = ((2n + )z — 22V ) H,(z),

0 H,(x) =V H,(x),

O Hy () == x AV Hy(x).

In the case of H,(r€) = r"Y, (&), we can see that (0{" H,(x))|s=1 coincides with the

previous definition of the o{’-operators in Eq. (5.3) for i = 1, 2, 3 by using the representation
of the gradient in polar coordinates: let © = r§, € € S, then

Vi (Y€)= (€5 + 1 V) (7Yal€)
=" (g + VE) Ya(€)
=" (n0f Ya(€) + 0 Yu(8))
= " 152Y,, (&), (5.6)

The relation corresponding to ¢ = 3 can be easily seen by using Eq. (2.5). Hence, regarding
the construction of the Edmonds vector spherical harmonics, we observe that these functions
are restrictions of harmonic polynomials to the unit sphere.

Lemma 5.13 ([81, Lem. 12.3.3]). Let H,, € Harm, (R3), where n € Ng. Then 6\’ H,, is
a homogeneous harmonic vector polynomial of degree deg'”(n) (i.e. 07 H, is an element of
EB;)-’ZI Harmdegm(n) (R®)e?) fori =1, 2, 3, where we use the abbreviation
n+1 ifi=1,
deg”(n) =<n—1 ifi=2,
n if i =3.
If deg™(n) < 0, then 0" H,, = 0.
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5.2. Vector Spherical Harmonics

In contrast to this result, the Morse-Feshbach vector spherical harmonics of type i = 1,
2 are restrictions of vector polynomials of mixed degree, which is easy to see by using
Lemma 5.13 and Eq. (5.5). Due to this property, we define the vector-valued space harm,,(S)
by means of the Edmonds vector spherical harmonics. In contrast to this approach, spaces
by means of the Morse-Feshbach vector spherical harmonics are constructed in [81].

Definition 5.14 (Vector-valued harm(?) (S)-Spaces, [88, Ch. 5.14]). Let n € Ny, the
set harmgf) (S) denotes the set of all Edmonds vector spherical harmonics of type i and order
n. More precisely,

harm, (S) = harmél) (S),

3
harm, (S) = @harmg) (S), n>1,
harm g @ harm , p,q €N, p<q.

Note that if (Y, € harm()(S), the n in harm(? (S) represents the degree of the scalar
spherical harmonics Y,, and does not represent the degree deg'”(n) of 0{’Y,, before the
restriction onto the unit sphere.

Using the orthogonality of the (scalar) spherical harmonics, Lemma 5.5, and the properties
of the o("-operators, it is easy to see that harm(?)(S) is Ly(S)-orthogonal to harm({)(S) if
n # m. In order to expand functions by means of these vector spherical harmonics, we need
the following result.

Theorem 5.15. Let the two sets of vector spherical harmonics {yﬁ’)j}i:1,2,3, n€Ny,, j=1,....2n+1
and {Qszz,)j}izl,l?»,n€N0i7j=1,-.-,2n+l be defined as in Eqs. (5.1) and (5.4), respectively. Then
the following statements are valid:

i) The two systems of vector spherical harmonics are closed in C(S) with respect to the
I-llc(s)-norm, see [81, Thm. 12.8.5].

ii) The two systems are complete in La(S) with respect to the (-, )y, (s)-inner product, see
[88, Thm. 5.56].

A more recent proof of the Lo(S)-completeness of the Morse-Feshbach system involving
Bernstein’s kernels is given in [83]. Hence, all f € Ly(S) have the unique expansions

3 oo 2n+1 oo 2n+1
f = Z Z Z < n,]> yn,] Z Z Z <'f yn7j> ynv]
i=1n=0; j i=1n=0; j=1

5.2.3. Harmonicity of Vector Spherical Harmonics

Since the Beltrami operator plays an important role in the theory of the scalar-valued
spherical harmonics, we now discuss its role in the vector-valued setting. As usual, the
vector-valued Laplacian is defined as the component-wise application of the (scalar) Laplacian.
Analogously, we define the vectorial Beltrami operator A*. If f € C%(S) is of the form

3
§)=> F;(€), £Ee€S,
j=1
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then, in accordance with [81, Eq. (12.5.1.)], we define

3

A f(E) =) & A*F;(¢), £es. (5.7)

J=1

We can now apply the vectorial Beltrami operator to Morse-Feshbach vector spherical
harmonics.

Corollary 5.16 ([81, Eq. (12.5.2.)]). IfY,, € Harm,(S), then
A*oMY, = (-n(n+1) — 2)o"Y,, + 20?Y,,
A*0?Y, = 2n(n +1)o"Y,, — n(n + 1)0?Y,,
A*oPY, = —n(n +1)o®Y,,.

This shows that the Morse-Feshbach vector spherical harmonics are not eigenfunctions
of the (vectorial) Beltrami operator given in Eq. (5.7). However, in [81] another vectorial
differential operator is constructed that has the Morse-Feshbach vector spherical harmonics
as eigenfunctions. Now, we are able to define a new differential operator *A¢ by means of

the vectorial Beltrami operator that has the Morse-Feshbach vector spherical harmonics as
eigenfunctions.

Lemma 5.17 ([81, p. 333]). Let "A¢ be given by
TAcf(E) = ALf(E) —2Le A F(E) —2f(E)

for all f € C*(S). Then *Agy;i?j(ﬁ) = —n(n+ 1)y$3j(£) foralli=1, 2,3, neNy, and
j=1,...,2n+1.

Lemma 5.18 ([81, Lem. 12.5.3]). If F: S — R and f: S — R3 are sufficiently smooth,
then

*Ao"F = 0 A*F,
OV*Af = A0V f

holds fori =1, 2, 3.

In contrast, the Edmonds vector spherical harmonics are eigenfunctions of the vectorial
Beltrami operator defined in Eq. (5.7), see [88, Thm. 5.56], that is

A*oVY, = —(n+1)(n+2)0\Y,, (5.8a)
A*oPY, = —n(n — 1)0Y,, (5.8b)
A*oY, = —n(n+1)oY,,. (5.8¢)

Hence, the vector fields = + 6) H,,(z) with £ € R3 and i = 1, 2, 3 satisfy
AGH, =0, i=1,2, 3, (5.9)

where H,(x) = r"Y,(§) with = r&, see [88, Rem. 5.66].
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5.2.4. Decomposition of L,y(S) via Vector Spherical Harmonics

Due to the orthogonality properties, we are able to decompose the space Ly(S) by means
of the Morse-Feshbach vector spherical harmonics. Any vector field can be written out as
F& =32, oé (&) for € € S with uniquely determined functions Fj: S — R, see [81].
Sometimes this decomposition is named after Helmholtz. In [79], it is called the spherical
Helmholtz decomposition.

Theorem 5.19 (Spherical Helmholtz Decomposition, [88, Thm. 12.4.1]). Let the
function f: S — R3 be a continuously differentiable vector field. Then there exist uniquely
determined functions Fy € CX(S), Fy, F3 € C%(S) satisfying

/SFi(f)dw(E) —0, i=23

such that f = 33_, 0" F.

Note that without the constraint [ F;(&§) dw(§) = 0 for i = 2, 3 we only get uniqueness up
to an additional constant for those Fj.

Thus, the Morse-Feshbach vector spherical harmonics yield an orthogonal decomposition
into the normal and the tangential part of a function, see [81, Ch. 12.4], that is

LY(S) = [00F | F € Co(8)} e (5.10)
Ly (S) = Ly’ (S) @ Ly (S) @ L§(S).

Finally, we can decompose every vector field f € Lo(S) into f = 23’:1 9 with f@ ¢ L(Zi) (S)
and

oo 2n+1

=3 <f yw>L (S)y;‘jj (5.11)

n=0; j=1

for i = 1, 2, 3. Here, we used the notation introduced after Corollary 2.26.

The Edmonds vector spherical harmonics, of course, do not provide us with a decomposition
into normal and tangential parts. In contrast, the Edmonds vector spherical harmonics
decompose a harmonic gradient field into parts that are related to the inner harmonics and
parts that are related to the outer harmonics. This can be seen in the following lemma.

Lemma 5.20 ([79, Thm. 2.54]). Letr, R >0 and x =r§, £ €S, then we get

n—1
VoHE (Riw) = 2 (1) /(o + Dal ).

n+2
~V HS (R ) = % <]:L> \/(n 120+ 135(8)

forn € Ny, i =1, 2, respectively, and j =1,...,2n+ 1.
Every vector field f € La(S) can also be represented by

3 <) oo 2n+1 ,
.f = Zf ) Z Z <.f y”73>L (S yr,;)‘w Z: 17 27 37
i=1 n=0; j=1

in the Ly(S)-sense due to Eq. (5.4), Theorem 5.15, and Lemma 5.10.
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5.3. Vector Legendre Polynomials

In Eq. (3.4) and Eq. (4.23), we show that the integral kernels of the magnetoencephalography
as well as the electroencephalography integral equation are given as the surface curl operator
or the gradient, respectively, applied to (a series of) Legendre polynomials. In addition, in
the previous section, we state that these particular differential operators are closely related
to the Morse-Feshbach and Edmonds vector spherical harmonics. In analogy to the two
systems of vector spherical harmonics, we now define two sets of vector-valued Legendre
polynomials.

Definition 5.21 (Vector Legendre Polynomials [88, Lem. 5.63]). Let £, n € S and
P, be defined as in Definition 2.5, then fori =1, 2, 3 and n € Ny,

p(€m) = (u) P 0P P& -
PY(Em) = (D) ? 6y P m

~—

Y

~—

are called the Morse-Feshbach and Edmonds vector Legendre polynomials, respectively, of
type © and degree n, where

(n+1)2n+1) ifi=1,
2n + 1) ifi=2,

Recall that og) is defined as in Definition 5.4 and 0; as in Definition 5.8 for ¢ = 1, 2, 3. In
analogy to Eq. (5.4), vector Legendre polynomials of one type can be represented as linear
combinations of the other type:

1) [n+1 _ noe 5.12
P, (&m o £ 1P (&n o £ 1P7 (&,n) (5.12a)

) = )
) = )/ 2 o), (5.12D)

= (2) n &)
D, (&1 Vo £ 1Pn (&n T 1

Py (& m) =y (&n). (5.12¢)

+

&

For the analysis of the MEG and EEG integral kernels, certain estimates of the vector
Legendre polynomials are required, which are stated below.

Lemma 5.22. Let £, n € S, then the vector Legendre polynomials fulfil for alli =1, 2, 3
and n € Ny, the estimates

PP Em)| < Vuw'  and  |PP(Em)| <\

Proof. The first statement is proved in [88, Lem. 5.23]. Thus, we only prove the inequality
concerning p{” because the proof of p{?) can be obtained equally and the third is clear due
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to piP = p®. By means of the orthogonality, see Lemma 5.5, we obtain

) n+1 @ (¢
V(& )| = ‘\/2 Hn En -5 +1

n+1
51 PP E )’

- (( 2y
o1 PR &+

n+1 n 2n%(n + 1)
< N ———~2
Ty Bl oy LG s |
< (2n +1)%(n+1)
- 2n+1

=2n+1)(n+1). O]
Corollary 5.23. For alln € Ny, and all § € S, we get with Lemma 5.22 the estimates
AP (€ m)| < 4n(n+ 1),
AP (€ m)| < 302 (n+1)¥2,
‘Aep“”) ¢, 77)' < n3/2(n+ 1)3/2.

Proof. For n = 0, the estimates are clear. For n € N, we use Corollary 5.16 combined with
Theorem 2.25 that provides us with formulae to interchange the Beltrami operator with
the 0¥ operator in the definition of the vectorial Legendre polynomials, see Definition 5.21.
Thus, in the case ¢ = 1, we have

AL (€ m)| < [(—n(n+1) = 2)p) (6,m) + 20 (€,m)]

Next, we apply the triangle inequality to the right-hand side and Lemma 5.22 to each
summand and obtain the desired estimate, that is

A Em)| < (n(n+1)+2)+2y/n(n+1)

<nn+1)+n+1+2¢/(n+1)(n+1)
<n(n+1)+n(n+1)+2n(n+1).

The other two cases can be estimated analogously. O

With this preliminary work, we can formulate the Addition Theorem in the vectorial case,
see [88]. This Addition Theorem will be frequently used within this thesis.

Theorem 5.24 (Addition Theorem [88, Thm. 5.46]). Let £, n € S and yn) be defined
as in Eq. (5.1) fori=1,2,3, n€Ny,, and j =1,...,2n+ 1. Then the followmg holds true:

2n+1

Z Yo (6)Y(n) = 2n4+ Lp (e, m). (5.13)

In accordance with [88, Thm. 5.64], an immediate consequence of this formula is for all
n € Ny, the identity

2n+1

Y 8@V = b0 Em), €& mes. (5.14)
j=1
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Thus, we obtain a useful norm estimate for the vector spherical harmonics, which is taken
from [88, Lem. 5.37] in the case of Edmonds vector spherical harmonics and from [88, Lem.
5.38] for Morse-Feshbach vector spherical harmonics.

Corollary 5.25. Let y ; be defined as in Eq. (5.1) and y ynj as in Eq. (5.4) fori=1, 2, 3,
n €Ny, and j =1,. 2n+1 Then we have

2n+1 2n+1

> e [ = > [my© @ ="

and, thus,

2n+1

i ‘C(S) - 47

2n+1 (i)
‘ cs) — 47 H .

Jui

Note that the proof in the case of the Edmonds vector spherical harmonics is an immediate
consequence of the Morse-Feshbach proof if the orthogonality of the Morse-Feshbach vector
spherical harmonics is used wisely.

The vectorial Addition Theorem provides us with a kind of reproducing property of the
vector Legendre polynomials.

Corollary 5.26 ([88, Thm. 5.64]). Consider the Morse-Feshbach vector Legendre polyno-
mials, then

4am
/yn,] 5 n) dw(§) = mYn,j(n)én,kéi,“ ne€Ss,

foralli, 1€ {1,2,3}, ke Ny, neNy, and j=1,...,2n+ 1.

Proof. We simply calculate the inner product by means of the vectorial Addition Theorem 5.24
and get for all i,c € {1,2,3}, k € Ng,, n € Ng,, and j =1,...,2n + 1 the identity

2k+1
47T 2 L
Lu© - pPEmada© = > 57 [0 -9 dwle)Yian)
=1
a7
= 5y 1 Y (M0n ki O

5.4. Vector Outer Harmonics

Gradient fields, such as the magnetic field, of harmonic functions are closely related to
gradients of inner and outer harmonics, which are introduced in Section 2.4.2. Thus, we
can define the vector-valued analogues of outer harmonics by applying the gradient to them.
Due to the usage of the gradient, these vector outer harmonics are related to the Edmonds
vector spherical harmonics. In this section, some properties of vector outer harmonics are
summarized. For the proofs and more details, see [79, 184], for example.

Definition 5.27 (Vector Outer Harmonics [79, Def. 2.55]). The vector outer har-
monics hﬁ’)j(R; -) of degree n, order j, and type i belonging to the sphere Sp are defined
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by

1 R n+2 ~ )
hg,)j(& ) = R (x> yg)j (@),
L (R\" o .
hey(Ria) = 1 () 9 (@),
R

1
(3) . —
h,,;j(R;x) = = (:):
forneNy,j=1,....,2n+1, and x € R\ {0}.
Like their scalar-valued analogues, they satisfy the following properties.

Remark 5.28 ([79, Rem. 2.56]). The vector outer harmonics hgfj (R;-) satisfy the listed

properties:
o hy)i(R; ) is of class C(R\ {0}),

o Amhili?j(R;a:) = 0 for x € R3\ {0}, that is every component function satisfies the
Laplace equation,

o hyi(Ri)lse = 79

(R (Bs sy By (Bs s ) Lo(s) = 0k0n,m0j1, and

(@) . -2
b, ;(R;x)| € O(z77) as © — oo.

With these functions, for all x € R3\ {0} the relation

Ve <55n1+1Y"’j (53>> - e anjz(n * 1)@53,3-(:%) (5.15a)
2n+1)(n+1),
- A ang )h%,}(R; x) (5.15b)

holds true, see [79, Eq. (2.233)]. Later, we also need an estimate of the vector outer harmonics
of type 1 for x > r > R, which is derived via Corollary 5.25:

R [on+1

In analogy to Definition 5.14, we introduce the harmg) (BS¥*)-spaces.

Rn+1 ~ .
()| = ‘ L) (@)

n,j pnt2 I

Definition 5.29 ([184, Ch. 7.2.1]). Let hili?j(R; -) be defined as in Definition 5.27 for
1=1,2,3,neNy, andj=1,...,2n+ 1. Then we define

harm(? (B%‘t) = span {hgfj(R; ) ’ j=1,...,2n+ 1} ,
fori=1,2,3 and n € Ny,, and for n € N we define

v (57) = o) (5.

harm, (IB%T]?) = éharmg) (@) .

69



Chapter 5. Preliminaries

In addition, we define for i =1, 2, 3 the spaces

_ [Ap—
harm (Bg{s;t) .— span {hgjj(R; ) ‘ i=1,2,3,neNy,j=1,....2n+ 1} CERh.

harm® (IB%T}%“) = span {h;f,)j(R; b ‘ ne€Ny,j=1,....2n+ 1}”“0(33?).

These spaces can also be defined on the exterior of a regular surface, see, for example, [29]
for its definition. Note that a sphere is a particular regular surface.

Definition 5.30 (Regular Surface and Runge Sphere). The set ¥ C R3 is called a
regular surface if it satisfies the following conditions:

i) ¥ splits the R3 into the (open) bounded region X™ (inner space) and the (open)
unbounded region X (outer space) defined by L = R3 \ Lint,

it) X is a closed and compact surface with no double points.
iii) The origin 0 is contained in Y™,
iv) ¥ is a C?-surface, that is X is locally C?-smooth.

A sphere Sg is called a Runge sphere if 0 < R < 0 := infgex x.

Runge spheres are often considered in the context of gravity modelling, see, for instance,
[27]. There, the Runge sphere that is the inner spherical best approximation of the Earth’s
surface is called a Bjerhammar sphere.

Lemma 5.31 ([184, Lem. 7.2.3]). Let ¥ be a regular surface and let the vector outer har-
monics hgfj(R; ) fori=1,2,3,n € Ny, and j = 1,...,2n+1 be defined as in Definition 5.27.
Then the system {hgfj(R; s ti=1,2.3, neNy,, j=1,..2n+1 48 linearly independent.

Now, a completeness result is of note.

Corollary 5.32 ([184, Thm. 7.2.5]). Let ¥ be a regular surface and let Sg be a Runge
sphere of this surface. In addition, let {h;li?j (R;-)}i=1,2,3,neNo, j=1,....2n+1 be a system of vector
outer harmonics as defined in Definition 5.27 . Then the following statements hold true:

. , MLy (=)
i) Ly (%) :span{hﬁgjj(R;-)lz ’i: 1,2,3,n €Ny, j = 1,...,2n+1} =,

[l

i) C (3) = span {h);(R;)|s | i =1,2,3, n € N, j =1,..., 20 + 1}

Hence, we obtain that every function f € Lo(X) with ¥ C B&t has the La(X)-expansion

f:Z Z Z <f7h£zi,)j(R;‘)>L2(E)h§zi,)j(R§')’E-
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5.5. Orthonormal Systems on the Ball

In this section, we define scalar- and vector-valued orthonormal systems on the ball. These
systems are required for decomposing the neuronal current in the analysis of the magneto-
electroencephalography problem using the multiple-shell model. We have already stated
some orthonormal systems on the real line and on the sphere. Now, we combine these results
in order to obtain an orthonormal system on the ball By with radius R > 0. Thus, we use
the separation ansatz

G(z) = Gra(z)Y ()  forallz € By \ {0}.

This ansatz has an advantage for the construction of the Ly (Bg)-orthogonality. The occurring
integral can be split into a radial and an angular integral by means of Fubini’s Theorem for
Lebesgue-integrals, see, for example, [19]. On the other hand, this separation might not be
defined at the origin, since the function & — & is not defined at the origin. However, this is
not a problem in the sense of Ly(Bg).

This separation ansatz is widely used for the construction of orthonormal functions on the
ball, see, for instance, [1,13,59,144,158,215]. As in the literature, we choose the spherical
harmonics for the construction of the angular part of the orthonormal system on the ball.
This particular construction yields scalar-valued functions. If vector-valued functions are
required, one can easily substitute the scalar spherical harmonics with a set of vector-valued
spherical harmonics, such as the Edmonds vector spherical harmonics.

Definition 5.33. The following two systems can be defined form, n € Ng, j=1,...,2n+1,
where R is the radius of the ball Bg:

i) = [TEE T g (32 1) ()0

dm + 3 T .
Gl (Ryx) = p:2) (2 - 1) Y, (&)

m’nhj

forz e (0,R], & €8S.
The system {GL . (R;*)}mmneno,j=1...2n+1 goes back to L. Ballani, J. Engels, E.-W.

m,n,j
Grafarend, and H.M. Dufour, see [13,59]. Here, the nomenclature introduced in [157, 158] is
used. The other system goes back to C.C. Tscherning, see [215]. Note that the functions

G (R;-) have a discontinuity at the origin for all m € Ng, n € N,and j = 1,...,2n + 1.

m7n7]

Corollary 5.34. The two sets of orthonormal functions {G%7n7j(R; ) bmoneNo, j=1,...2n4+1

and {G%n,j(R; ) }moneNo, j=1,...2n+1 are both complete orthonormal systems in La(Bg).
For our application, we need another orthonormal basis. To this end, we construct a
generalization of the system I.

Definition 5.35. Let R > 0 be the radius of the ball, then the functions G j(R;-) for m,
neNy, j=1,...,2n+ 1 are defined for all x € Br \ {0} by

Gm,n,j(R; m) = Qg{ﬁ_l/m (Ra x)Y’nﬂj (ﬁ:)

dm + 2t, + 3 2 z\tn .
[T s (232 - 1) (2) Y@ G
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where the polynomials QSL"H/Q)(R; -) are given in Definition 5.1 with the sequence {ty}nen,

satisfying the property inf,en, t, > —3/2.

In the particular case t, = n for all n € Ny, we immediately obtain G, ;(R;-) =
G}n7n7j(R; ) for allm, n € Ng, j =1,...,2n+1. The case t,, = n—1 for all n € Ny is plotted
on the unit sphere in Fig. 5.1 and on a plane in Fig. 5.2. Independent of the choice for the
sequence {ty}nen,, this definition forms an orthonormal and complete system in La(Bg).

This property is proved in the next lemma.

Lemma 5.36. The system {Gumn ;(R; ) }mneng, j=1
m L2 (BR)

on+1 1S a complete orthonormal system

-----

Proof. With the Lo(S)-orthogonality of the spherical harmonics and, according to Corol-
lary 5.2, the LY ([0, R])-orthogonality of the radial orthonormal basis with respect to w(z) = x?
for x € [0, R] we obtain

<Gm,n,j(R; ')7 G#,V,L(R; ')>L2 (Br)

R
— /0 Q2 (R; 2) Q2 (R 2)2? dar /S Yo i(#)Y,, (&) dw()

= 0pmOun0yj-

The existence of the integral is guaranteed by the requirement that inf,en, t, > —3/2,
which is required for the conditions in Corollary 5.2. Thus, the presented system is an
orthonormal system on the ball. The completeness of the Jacobi polynomials with respect to
the weight function, see Corollary 5.2, and the completeness of the spherical harmonics, see
Corollary 2.26, provides us with the completeness of {G, n ;(R; ‘)}m,nENo,j=1,...,2n+1- Hence,
{Gmn,j(R;)}mmneNo, j=1,..2n+1 is an orthonormal basis for Lo(BR). d

For a vector-valued analogue of this orthonormal basis on the ball, we use the Edmonds
vector spherical harmonics, see Definition 5.9, for the angular part of the separation ansatz.
Thus, we obtain the next definition.

Definition 5.37. Let R > 0 be the radius of the ball By, then the functions g\ (R;-) and

m7n7j

g,‘;jm(R; ) form,neNy,j=1,....2n+1, andi =1, 2, 3 are defined by

: (i ,
g, (R ) = QU T2 (Ry o)y, (@) (5.18a)
i (2)
4dm + 27%) +3 0 {179 72 )\ n @ a
S im0 o
i (%) )
oo (Riw) = QU TV (R0 (@). (5.18b)

(%)
The polynomials Qg@” +1/2) (R;-) are given in Definition 5.1, where the sequence {tﬁ')}neNoi
has to fulfil the property infnen, t,) > —3/2.

Plots of some vector-valued orthonormal basis functions can be found in Chapter 19, in
particular in Figs. 19.3 and 19.5. In the next lemma, we expand arbitrary functions of Lo(Bg)
into the new basis systems from Definition 5.37, which is an application of [198, Thm. 4.18]
for general Hilbert spaces.
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Lemma 5.38. Both systems of functions {gmn]( ;')}i:1,2,3,m€No,nENoi,j:L...,Qn—i—l and
{gm 717]( i) =123, meNo, neNo,, j=1,...,.2n+1 OT€ complete orthonormal systems in the space
LQ(BR) Thus, all f € La(Br) can be expanded by the Fourier expansions

co oo 2n+1

3
F=2022 > frGmnggn,. (B, (5.19a)

i=1m=0n=0; j=1

co oo 2n+l1

3
=> > > > flivmin gy . (B ). (5.19D)

i=1 m=0n=0; j=1

The Fourier coefficients are given by
PrGmng) = [ ) g, w) e,
fMiym,n, 4] / flx ~i;m](R:c)d

Proof. The proof is similar to the one of Lemma 5.36, where the required completeness of
the Edmonds vector spherical harmonics is given by Theorem 5.15 and the orthogonality by
Lemma 5.10. Note that a different sequence t{ can be chosen for each type i, due to the
orthogonality of Edmonds vector spherical harmonics of different types. O

As a particular case of the result stated in [118, Ch. 3], we obtain the next lemma.

Lemma 5.39. Convergence in Eq. (5.19) is unconditional, that is it converges regardless of
the order of summation.

For certain applications, it is interesting which orthonormal basis functions are harmonic.
Due to the construction of the Morse—Feshbach vector spherical harmonics, we cannot expect
harmonicity of most functions gm n,j- Thus, we restrict ourselves to the orthonormal basis
based on the Edmonds vector Spherlcal harmonics.

Lemma 5.40. Let the exponents t' fori =1, 2, 3 and all n € Ny, be given by

n+1 ifi=1,
tD=Sn—-1 ifi=2,
n if i = 3.
Then the basis functions ggnj(R; -) are harmonic in Br in the following cases:
AgY (R;)=0 < m=0 neNy, andj=1,...,2n+1.

m,n,j

Proof. The calculation is straightforward with the representation of the Laplacian in spherical
coordinates, see Theorem 2.14, and the eigenfunctions of the vectorial Beltrami operator, see
Eq. (5.8).

A ~(z (Ryzx) = 872 22 A* () +1/2) R: o). (4

(£+u—<n+1><n+2>) G Ry i1,

da? z dz
(2)
(3)
(2 + 28 —ntn+1) Qi TP (Ria) if i = 3.
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Thus, we obtain three different second-order linear ordinary differential equations for the
radial part. For each fixed n € Np,, their fundamental systems are given by {x"*!, x*(””)}
for i = 1, {z" 1, 27"} for i = 2, and {z", 2z~ (®*tD} for i = 3. Comparing this with the

(%)
definition of QS{‘ A 2)(R; x), we obtain the stated parameters. O

Lemma 5.41. Let the exponents be defined by t :=n — 1 for all_n € N. Then the basis
functions g$7n7j(R; -) are solenoidal or divergence-free, that is V -§g7n7j(R; ) =0 in Bg, in
the following cases:

i=2 m=0neN, j=1,...,2n+1,

“Gmnj i=3, meNy, neN, j=1,...,2n+ 1.

Vg (R)=0 <« {

For arbitrary regions G C R3, a vector field f € CY(G) is said to be solenoidal if

Jp f(z) - v(z)dw(x) = 0 for every closed and sufficiently smooth surface I' C G, see [79,

Def. 5.8]. In the considered case, however, this coincides with the definition of f being
divergence-free due to Gaufi’s Theorem.

Proof. The calculation is straightforward with the representation of the divergence in spherical
coordinates, see Theorem 2.14:

e L0 1 (i) ) /a
Va g (Ria) = (a5 + V3 ) (@ (Rig @)
Due to Eq. (2.6), it is easy to see that this equation is equal to zero if i = 3. In the case i = 1,
we obtain with the relation ¢, = (i()~'/26()Y,, ;, Definition 5.9, Egs. (2.4) and (5.3),

n7]

Lemma 2.23, and Theorem 2.16 for all m € Ng, n € Ng, and j = 1,...,2n + 1 the differential
equation

ox
iy —1/2 o 1 . ) .
— (@) (04 gy + 4 @l 1) = A5)) QU (R 2)Ya s (0)

- g 1 1)
— (@) (04 D+ 5 (0 D - V3) ) QU (B @)

_ 1
— @) (4 D+ S 20+ 1) QA Ri) ) Vo),
Thus, the problem reduces for all n € Ny to a first-order linear ordinary differential equation,
that is

((n + 1)d% + %(n +2)(n+ 1)) QU+ (R 1) L . (5.20)

n

The fundamental system is given by {#7""2},cn,, which cannot be expressed in terms of

(1)
(o 1/ 2)(R; x) because these functions consist of Jacobi polynomials of degree m € Ny and
. [
the function z +— x!'»  with inf,en, ti” > —3/2. Thus, Eq. (5.20) cannot be fulfilled and,
hence, all orthonormal basis functions corresponding to ¢ = 1 are not solenoidal.
In the case of i = 2, we obtain with a similar calculation for all n € N the first-order linear
ordinary differential equation

d 1 (2)
A1) QU+ () — 0,
(ndx mn(n )) Q. (R;x)=0

For each n € N, the fundamental system is given by {z""1}. Combined with ¢ =n — 1
for all n € N, this implies m = 0. O
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-1 -1
(a) G j(R;-) form=0,n=0,j=1

-1 -1
(c) Gmmj(R;-) form=1,n=2,j=4 (d) G j(R;-) form=5n=5,j=3

FIGURE 5.1: The functions G, pnj(R;-) in the case t, :=n—1, R =1 for different parameters
m,n, ) are plotted on the unit sphere. For the particular parameters see the respective
caption. The mazximum is always yellow and the minimum is blue.
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-1 =1 -1 =1
(a) G, (R;-) form=0,n=0,j5=1 (b) G j(R;-) form=0,n=2, j=4

-1 -1 -1 -1
(¢c) Gmmj(R;:) form=1,n=2,j=4 (d) Gmpn,j(R;-) form=5n=5,j=3

FIGURE 5.2: The functions Gy, . j(R;-) in the case t, :=n—1, R =1 for different parameters
m,n,j are plotted at the plane through the origin with normal vector (1,1,—1)T. For the
particular parameters see the respective caption. The mazimum s always yellow and the
minimum s blue.
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Chapter 6.
Vector Legendre-type Integral Kernels

In this chapter, we define and consider two particular classes of Fredholm integral kernels:
the continuous and the star-shaped vector Legendre-type integral kernels. The classical
Fredholm integral kernels and their equations are discussed, for example, in [77]. Important
integral equations in the context of potential theory are discussed in [135], for instance.

As mentioned before, two vector-valued integral kernels, which lie at the heart of the
magneto-encephalography problem, are defined in Eq. (3.4) and Eq. (4.23). For each
kernel, there is an integral equation relating the neuronal current to the measured quantity,
that is either the magnetic flux density or the electric potential. The aim of the class
of integral kernels introduced in this chapter is to simultaneously cover both magneto-
electroencephalography integral kernels. Thus, the definition of this kernels should be
generalizing on the one side, such that both problems are covered, but also be restrictive
enough to handle the corresponding integral operator.

These kernels are formally defined in Section 6.1 via a series representation. Thus, in
Section 6.1, the convergence of this series in an appropriate sense is analyzed, which yields
the well-definedness of these kernels. The relation between the kernels occurring in the
inverse MEG and EEG problem and this particular class of kernels is analyzed in Section 6.2.
Eventually, we consider in Section 6.3 further properties of this particular class of kernels
that are required for the well-definedness of the corresponding integral equations.

6.1. Definition and Well-definedness

The definition of the continuous vector Legendre-type integral kernel is inspired by the
familiar series of Legendre polynomials previously stated in Eq. (2.2), that is

! 1§: ka(A ) €ER3 z<
3 = 7 Ltk Y), T, Yy , T Y.
Am|le —y| 4« = yktl

This integral kernel occurs, for example, in the inverse gravimetric problem, that is the
reconstruction of the mass density distribution g inside the Earth E by the gravitational
potential V' in the outer space. Both quantities are linked by means of Newton’s Law of
Gravitation, whose formula is given by

1 o(x) 3
V(iy) = — / dx e R°\ E.
This famous integral equation is not the only one of this kind. All solutions V' of Poisson’s
equation AV = p can be represented by such an integral equation. In this context, the
stated integral kernel is called the three-dimensional Newtonian kernel. In Part IV, we come
back to this integral equation. Besides this, Poisson’s equation occurs in diverse surface
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Chapter 6. Vector Legendre-type Integral Kernels

reconstruction problems, in the context of diffusion processes, in electrostatics, and in the
magneto-electroencephalography problem, see, for instance, [64,79,117,204].

As we have already seen, the sought density is a vector-valued quantity in the case of the
magneto-encephalography problem. For this purpose, we need a vector-valued integral kernel
that fits to the vector calculus in spherical geometries. We accomplish this by replacing the
scalar Legendre polynomials with a vectorial counterpart, see Definition 5.21. In addition,
we allow a more general setting for the part that depends on the radius.

We call kernels that fulfil the conditions of the next definition continuous vector Legendre-
type integral kernels (continuous VLI kernels) because the Morse-Feshbach vector Legendre
polynomials build a foundation for these integral kernels. At the end of this chapter, we
see that we can also use the Edmonds vector Legendre polynomials instead of the Morse-
Feshbach vector Legendre polynomials in order to achieve kernels with similar properties. In
addition, in the literature, see [88,89], the (Morse-Feshbach) vector Legendre polynomials
are sometimes also called vector Legendre kernels. After some analysis of this kernel, we
prove in Corollary 6.12 that the adjective continuous is justified.

Definition 6.1 (Continuous Vector Legendre-type Integral Kernel). Let the inner
set Gin C R3 be a compact, region containing the origin with SUDgeg,, T = R > 0. Moreover,
let the outer set Gouy C R?\ Gin be an unbounded region with infycgy, ¥y > R, see Fig. 6.1.
For an arbitrary v € {1,2,3}, we define the kernel k) by

k() :]3 y Z ’Yk 1: pk ﬁ: ’f/), (m,y) € Gin X Gout-
k=0,

Let the occurring quantities fulfil the following assumptions:

i) The real sequence of exponents {ti}ren, s bounded from below by zero, that is
inszeNOL w0tk = 0.

i) The asymptotic behaviour of {ty}ren,, can be characterized by SUPkeNy, R F < 0.
i1i) Fach function vy is continuous and satisfies for all y € Goyt the inequality

Iy
Ik (y)] < YIS0, 000

for all k € No, with {T'}}ren,, C R . In addition, let M € Ny be fized such that the
mapping (k + T'1) is an element of O(kM).

The corresponding integral equation is called the continuous VLI equation.

Note that we often use non-bold letters as the abbreviation for the absolute value of bold
letter quantities. In this particular case, however, k> names the vectorial kernel and k the
summation index of this kernel. Examples of continuous VLI kernels in the context of the
magneto-electroencephalography problem can be found in Section 6.2.

Let us briefly discuss the stated assumptions and their respective aim. The convergence
of the series in the Newtonian kernel is achieved by a dominating convergent power series.
Thus, by means of the asymptotic behaviour of the sequence {tk}keNoL and the upper bound
of {Vk}ren,, this convergence is ensured for the continuous VLI kernel. The boundedness
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dist (Gin, Goue) =€ > 0

Gout

FIGURE 6.1: The compact inner region Giy in the particular case of Gin, == Br and the
unbounded outer region Goyy with dist(Gin, Gout) =€ > 0 and infycg,, vy = R+¢.

from below of {tk}keNOL is required for certain smoothness results, such as continuity or
integrability. Both statements are proved later.

In certain cases, a moderate degree of smoothness is sufficient. For this purpose, we define
the star-shaped VLI kernel.

Definition 6.2 (Star-shaped VLI Kernel). Let Ggpar C R3 be a compact star domain
with vantage point zero and supgeg,,. T = R. Let Gy C R3 \ Ggtar be an unbounded outer
region with infyeg,,, y > R. For an arbitrary v € {1,2,3}, we define the kernel k" by

out

Z 'Yk 55 pk @) (:va) € (Gstar \ {0}) X Gout-
k=0,

The sequences {ty}ren,, and {Vk}ren,, fulfil the assumptions of the continuous VLI kernel.
In addition, we enhance the range of the exponent sequence such that

inf tr, > —1.
kENOL77k$O

Note that the attribute star-shaped belongs to a property of the region Ggtar and is not a
property of the kernel itself.

The domain of the star-shaped VLI kernel is given by dom k" = (Ggar \ {0}) X Gout,
since the origin can be a singularity of k' (-,y) for all y € Goyt. However, in the sense of
Lo (Ggtar X Goyg) this is not a problem.

Comparing the definitions of the continuous VLI and the star-shaped VLI kernel, we
immediately obtain the next corollary.

Corollary 6.3. Let k) be a star-shaped VLI kernel. Then (z,y) — xk“(x,y) is a
continuous VLI kernel for all (x,y) € Ggtar X Gout -
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The star domain can be characterized in spherical coordinates similar to the ball. Each
point depends on the angle and the radius, which for the star domain differs from angle to
angle. More precisely, with a measurable function (: S — [0, R] we have

Gotar = {z € R? ] z = ()%, &8}

Of course, by a change of variables we obtain for all f € Lo(Ggay) the identity

I )
[ fa)ae = /S /0 Fl@)2? dz dw (). (6.1)

Why do we consider two different kinds of integral kernels? The continuous VLI kernel is
regular in Gyj,, which leads us to its uniform boundedness. This property helps us to handle
the integral kernel by interchanging limits. However, we are ultimately interested in the
corresponding integral equation. In contrast to the continuous VLI kernel, the star-shaped
VLI kernel cannot be handled as easily due to the singularity at the origin. Fortunately,
the Jacobian determinant occurring in the integration over Gg,y in Eq. (6.1) flattens the
singularity of the star-shaped VLI kernel. Hence, we are able to weaken the conditions for
the exponent {;}ren,, for star-shaped domains. Then, by means of Corollary 6.3, we are
able to transfer properties of the continuous VLI kernel to the star-shaped one.

First, we prove that both kernels k' from Definition 6.1 and Definition 6.2 are well-defined,
that is the series of the kernels converge in an appropriate sense. To this end and for the
forthcoming convergence result, we need an essential property of the geometric series, which
is summarized in the next theorem.

Theorem 6.4 (Convergence of the Power Series). Let |¢| < 1 and M € R be fized,
then the series

(o]
Z k:qu < 00
k=0

converges absolutely. This also implies limy_,o0 kM g* = 0.

Proof. Consider the series as a power series in ¢ with coefficients k™. Its radius of convergence
is given by

1 1
pr— pu— 1.
. k M
lim supy, o, VEM (limk_m \’“/E)
Thus, the series converges absolutely for all |g| < 1. O

The next lemma is a powerful tool for the convergence analysis of the integral kernel and
the well-definedness of its induced integral equation. Its proof is based on the convergence of
the power series stated in the foregoing theorem.

Lemma 6.5. The continuous VLI kernel k" is bounded, that is
|k(b)($ay)| < B fO?” all (myy) € Gin X Gouta
where the bound B is defined by

00 Rk
. tr—k (v)
B = (Sup R* ) Z Fk\/E(R+€)k+1+50L,05k,o < o0

keNOL k=0,
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Proof. Due to the construction of Gj, and Ggyt, there exists an € > 0 such that 0 < z <
SUPgeg,, T = R < R+e <infyeg,,, vy <y forall (z,y) € Gin X Goye. In addition, Lemma 5.22
provides us with the estimate

Vi

for all k € Ny, and all (z,y) € Gin X Gout. Thus, under the assumptions in Definition 6.1 we
immediately obtain the estimate

’p z,9) <

kY (z,y)| = | D )z p) (&,9)

k=0,
Rk
tr—k _
< | sup R Z Fk 'uk k+1+60L 00k,0
kGNoL k=0,

Rk
< | sup Rt F F

= B.

The convergence properties of the geometric power series, see Theorem 6.4, the fact that
(k - u;jrk) €0 (kM“) ,

and supye, R%~F < o0 ensure the convergence of the series. This implies B < oco. O

Using this result, we can establish absolute and uniform convergence of the series in the
continuous VLI kernel.

Theorem 6.6. Let k) be a continuous VLI kernel. The series in its definition, that is
Z Ye(y)a™pl (2, 9),
k=0,

converges absolutely and uniformly in Gy, X Goyy-

Proof. For the convergence of the series we analyze the following bounding series

00 Rk:
A A —k /@)
Z W(y)a p (&, 9)] < <SUP R ) > Twymy (R + g)k+1+00.,00k0°

k=K+1 keNo, k=K+1

The employed estimate is similar to the one from the foregoing result, see Lemma 6.5. The
power series on the right-hand side converges to 0 as K — oo, due to the convergence
properties of the geometric series, see Theorem 6.4. The right-hand side is also independent
of (z,y) € Gin X Goyg. Thus, uniform convergence follows. O

For the star-shaped VLI kernel, we are able to obtain a comparable result.

Lemma 6.7. The series in the definition of the star-shaped VLI kernel converges absolutely
and pointwise for all (x,y) € (Ggtar \ {0}) X Gout-
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Note that we do not obtain the uniform convergence in Gg,, in this case, due to the
singularity at the origin.

Proof. Let k' be the star-shaped VLI kernel given by

k(L) :]3 y Z ’Yk 33 pk :’9) (m7y) € Gstar X Gout-
k=0,

Then (z,y) — xk"“(x,y) is a continuous VLI kernel for all (z,y) € Ggtar X Gout, see
Corollary 6.3. Thus, the series

0
Z ’Yk( tk+1 () (@ @)

k=0,

converges absolutely and pointwise for all (,y) € Ggar X Gouy by means of Theorem 6.6.
For the series of the star-shaped VLI kernel, we obtain for all (z,y) € (Ggtar \ {0}) X Gous
the estimate

Z ()2 pi (&, 9) Z () z* pl (&, )

k=K+1 T p=k+1
1 Rk—l—l
< — | sup Rt’“_k> I‘k\/
r (’fGNoL k= ;4-1 R + )Rt iHoo00ko0”
Here, the right-hand side converges to zero as K — oo. O

In the next lemma, we show that the og)—operators can be interchanged with the series of
the integral kernel. We use this result when the interchanging of differential operators with
components of the vectorial kernel is analyzed. In addition, we know from Eq. (3.4) that the
integral kernel of the MEG problem is given by the surface curl of a Legendre polynomial
series. In contrast, the EEG integral kernel is given by a series of gradients of Legendre
polynomials, see Eq. (4.23). In order to find a collective representation of both integral
kernels, the interchanging of the differential operators and the series is necessary.

Lemma 6.8. For the continuous VLI kernel k", the following holds true:

e We can interchange the og)-opemtor included in the vectorial Legendre polynomials
with the series, that is

—-1/2
P )a Pe(z-9),  (4,9) € G X Gowt. (6.2)

kY (x,y) —oA)Z(

k=0,

e The series in Eq. (6.2) converges absolutely and uniformly.

The interchanging also holds true for the star-shaped VLI kernel for all (x,y) € (Gstar \
{0}) X Gouys.
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6.2. Examples: Magneto-electroencephalography Kernels

Proof. In the case of « = 1, there is nothing to prove for the interchanging and the convergence,
since oV is only a multiplication operator independent of the summation index k € Ny and
the corresponding normalization factor equals one for all degrees.

In the two other cases, we need to check if the occurring differential operator and the
series can be interchanged. Theorem 6.6 provides us with the uniform convergence of the
term-by-term differentiated series. According to properties of uniformly convergent series,
see [197], the pointwise convergence of the non-differentiated series remains to be shown. For
the non-differentiated series, we get for all (x,y) € Gj, X Gyt the estimate

o0 _ / R R
> (1)) )t P - 9)

k=K +1
> ~1/2 R*

< | sup R*F T (ut ‘

<k€N0L k§+l ( ‘ ) (R + )k t1+00,,00k0

The right-hand side converges to zero as K — oo due to the assumptions in Definition 6.1
and Theorem 6.4. Since both series converge uniformly, an interchanging of og) and the
series is valid.

Let us now consider the case of the star-shaped VLI kernel. Then, by means of Corollary 6.3,
we get for all (x,y) € (Ggtar \ {0}) X Gout the identity

ok (2, y) = of Z( N e e )
k=0,
O = ()12 ¢ JN
=20 3 (1) wly)a Pz - ). O
k=0,

Some of the next statements hold true for the continuous VLI kernel as well as the
star-shaped VLI kernel. Thus, we use the notation continuous/star-shaped VLI kernel if a
statement holds true for both kinds of kernels.

Concluding, in this section, we defined the continuous/star-shaped VLI kernels via a series
representation of Morse-Feshbach vector Legendre polynomials. We proved that the series
is well-defined since it converges at least absolutely and pointwise. In addition, we found
a dominating convergent power series for the continuous VLI kernel that is independent
of (x,y) € Gin X Gou. Due to this estimate, the series of the continuous VLI kernel
converges uniformly. Furthermore, the differential operators occurring in the definition of
the Morse-Feshbach vector Legendre polynomials can be interchanged with the series.

6.2. Examples: Magneto-electroencephalography Kernels

So far, we have defined a particular class of integral kernels. In the introduction of this
chapter, we claimed that the integral kernels occurring in the MEG and EEG problem
are kernels of this particular class. Before we further investigate properties of continuous/
star-shaped VLI kernels in Section 6.3, we prove this statement.

We start with the integral kernel corresponding to the MEG problem. In Eq. (3.4), the
representation

1, © zFk o _
kv (z,y) = EL kz:l mp (2 - 9), (z,y) € By, x B
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is derived for this kernel. Recall that we consider the multiple-shell model in the MEG
problem, see Assumption 3.2. According to this model, the inner region of the continuous/
star-shaped VLI is given by the cerebrum that is modelled as a closed ball with radius
00. Then the MEG integral kernel has for all (x,y) € By, X @ the following alternative
representations:

k = 7L>E 7P T -y .
o) = L83 gy e 9) (6:32)
zk

= —LiP.(Z ¥ 6.3b

1 &R+ T) P

= E e @) (6.:30)

k=1 Y

Z k — ka P (2,9). (6.3d)

Note that the interchanging of the differential operator and the series is valid due to Lemma 6.8.
The vector Legendre polynomials are given in Definition 5.21. Thus, we eventually obtain
that the kernel of the inverse MEG problem is a particular case of the continuous/star-shaped
VLI kernel.

Lemma 6.9. Let Assumption 3.2 with L > 1 be fulfilled. The integral kernel ky given by

1 & zk o
k(@ y) = o~ Z Vi1 Mp}f’(w,y), (x,y) € By, x B, (6.4)

is a continuous/star-shaped VLI kernel, see Definitions 6.1 and 6.2. In addition, we have
type © = 3 and the exponents t, ==k for all k € N. The corresponding functions {7V }ren

given by
W(y) =T k+1 = \/ k 1 ykJrl for all y € B

satisfy for an € > 0 the estimates

1
”Yk SZ +1yk+17
1
sup ()] < T/ k(k+1)(eo +2)” )~ k+2),
ye]Bext
1
sup |y (y)| 4—\/ (k+1)(k +2)(00 + &)~ *+3).
yEeBY®

Finally, we set vy :=Ty = 0.

Proof. By means of the multiple-shell model, we immediately obtain infy cgoa Y = 0L > 0o,
)

which satisfies the requirements on the domains. Moreover, we set ¢« = 3 and determine for
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all £ € N the exponent by t;, = k > 1. It is easy to verify that sup,cy Q’Sik =1 < oo and
that

L'y L'y

= Rext
e (y)] < T = FTR0 0B for all y € BSX

with (k — 'y .= /k/(k+1)/(47)) € O(1) as k — oo. Since the origin is not contained in
the outer region, the function v is an arbltrarily often continuously differentiable function
for all k € N. In addition, there exists an ¢ := (2(or, — 00))~' > 0 such that

Du(k+ 1) ‘ 1

yk+2 < = A7 k(k; + 1)(90 + 6)_(k+2)a

sup | (y)| = sup
yeB! yeB:

’ 1
<7
~ 47

Te(k+1)(k+2)

S k(k + 1) (k +2) (00 + )~ **3). m

sup [/ (y)| = sup
S yEB!

Now, we consider the integral kernel corresponding to the EEG problem. In Eq. (4.23), a
representation of this kernel is stated, that is

1 & -
ke(,y) = 3 D2+ DHL) Vs (#"P@-9).  (@9) € By xSy, -

In order to fit into the setting of the continuous/star-shaped VLI kernels, further manipulation
of the right-hand side is required. For the gradient term of the right-hand side, we use
Eq. (5.6) since the Legendre polynomials of degree k € Ny are elements of Harmy(S), see
Theorem 2.25. Thus, via Definition 5.21, we get for all £ € N the identity

Vo (¢"Pi(@ - §)) = F o ‘”P( y)

=/k(2k+1 P

For k = 0, the gradient of the constant function vanishes. Hence, the integral kernel has for
all (z,y) € By, x Sier_1,01) Several alternative representations:

kg \/ (2k +1)3 2" 1p (&, ) (6.5a)

i 2k + 1) Hy(y) Ve (2" Py( - 9) ) (6.5b)

lg - X
= 4— Z (2k 4+ 1) Hy,(y)z" Pp (2 - §), (6.5¢)

where the interchanging of the differential operator and the series in the last step is valid
due to Lemma 6.8.

Lemma 6.10. Let Assumption 3.2 be fulfilled, where the multiple-shell model has at least
two shells, that is L > 2. Under this condition, the kernel given by

1 [ee]
B 3 k=122 a o
kg =0 2::\/ (2k 4+ 1)3Hy(y)=""'p (2, 9) (6.6)
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for all (z,y) € By, X Sy, o) with Hy given as in Eq. (4.20) combined with Eq. (4.18), is a
linear combination of two continuous/star-shaped VLI kernels in the sense of Definition 6.1
or Definition 6.2, respectively. Thus, the series converges uniformly in By, X Sip, ;1 In
addition, the series and the differential operator appearing in the vector Legendre polynomial
can be interchanged.

Proof. First, we define for all (x,y) € B,, x Ser_1,01) the two functions

Oz, y) ZZ (2k + 1)kHi(y)z"'pi (2, 9),
k=1

f(z) 72 (2 2k+1 k 1 (2)(:%7@)‘

Second, we prove that these two functions are star-shaped VLI kernels. In both cases, we
obtain that the inner region B,, is a star-shaped bounded region with SUPgep,, T = 00 and that
infyeg[ | Y > 0r—1 > Qo since L > 2. In addition, we define the exponent by ¢ ==k — 1

eL—1-2L
for all £ € No, which implies infgeng 4,20t > —1. Also, we have supye, gé’“fk = Qal < 00.

In the case of ), we choose the following parameters for k& € Ny in order to satisfy
Definition 6.2 for ¢« = 1. For the sequence of functions {7 }ren,, we choose

kE(2k + 1)
47

Note that 79 = 0. Hence, we can also start the summation by £ = 1 and do not get a
singularity at the origin. By means of Lemma 4.2, we obtain that (k — |8\”|) € O(k™!) if
L > 0. Thus, for its asymptotic behaviour, we obtain for all y € §; ] the estimate

’Yk(y) = Hk(y)7 yc S[QL—h.QL]'

0L—-1,0L
k(2k + 1)
() = P )

2k +1) |(k+1 [y 2! K

SR ) ) e
2k +1)

s(lljﬂk [y =+

_ Ly

- yk+1+5ol,o5k,0

with Ty, = (2k + 1)2(47)7B"’| € R{. The constant T, grows polynomially in k& with order
1, due to Lemma 4.2. Thus, f) is a star-shaped VLI kernel in the sense of Definition 6.2.
Similarly, in the case of f®, we obtain a star shaped VLI kernel by choosing the same
parameters and setting v (y) := (47) "1 (2k + 1)/k(k + 1)H(y) for k € N and 9 = 0. Both
functions are also continuous VLI kernels as in Deﬁnmon 6.1 because the zeroth summand
vanishes and infen, 4,20tk = 0.

Recall that the Edmonds and Morse-Feshbach vector Legendre polynomials are related by

Eq. (5.12b), that is
k+1
(2) ~(2 (2)
Hi ( 2%k + 17 \/2k:+1p’f)

= kp} +\/k(k + 1)p}”,
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where the normalization factor ,u@ = k(2k + 1) is given for all k € N in Definition 5.21 and
1Y = k(k+1) in Eq. (5.2). Since both series occurring in £ and f® converge (uniformly),
see Theorem 6.6, the series in kg = £ + f® converges (uniformly). O

Summing up, the representation of kg consists of a linear combination of two continuous/
star-shaped VLI kernels. We analyzed the convergence of the occurring series by taking
into account the asymptotic behaviour of the coefficients ﬁ,(f) stated in Lemma 4.2. The
coefficients depend on the radii of the different shells and their conductivities.

In the frequently used special case of the homogeneous setting, that is the same constant
conductivity on each shell, a closed representation of {Hy}xren is known and the convergence
is given, see Example 6.11.

Example 6.11. In the homogeneous case, that is all conductivities are equal (o] = oq for
alll=0,...,L), we do not need to distinguish between the different shells. Hence, we can
assume that the number of shells is greater than one and the matriz MY equals the identity
matriz, see Bq. (4.17). Thus, via Eq. (4.18) we get that B\ = B, = (00(2k + 1))~ for all
keNandalll =0,...,L and, as in the inhomogeneous case, o/o) = Bém = 0. The integral
kernel is for all (:c,y) € Byy X Spp, 0] (i-6- 7 <00 <or-1< y) given by

1 & k41 [y \ 2kt = )
(@, y) = 32 2 /K@ +1)° (k (L) ) st
k=1

Thus, for the homogeneous inverse EEG problem, we also obtain the asymptotic behaviour of
the sequence {ﬁ,(ﬁo)}keN required for the convergence of the series, see Lemma 4.2. For the

restriction to the sphere S,, , we obtain Hj = (aok)*lgz(kﬂ), see Eq. (4.21), and

(2k + 1)3 k=1 .
kE(m’ Z Qk—H p(2>( y) (67)
L

47r00

6.3. Further Properties

For the analysis of the integral operator induced by the continuous/star-shaped VLI kernel,
we need more properties than the well-definedness of the integral kernel. We start by
establishing the continuity of the continuous VLI kernel using the uniform convergence and
boundedness of the occurring series.

Corollary 6.12. The following statements hold true:

i) The continuous VLI kernel k" is continuous in both arguments.

ii) The star-shaped VLI kernel k") (x,y) is continuous for all (x,y) € (Gstar \ {0} ) X Gout-
Proof. i) For each k € Ny, the function hy: Gi, x Gous — R? defined by

hk(ma y) = Vk(y)xtkp;?(i) @)

is continuous because of the continuity of v, the fact that infreny, .20tk > 0, and
the properties of the vectorial Legendre polynomials. The uniform convergence of the
series > 72 hy is proved in Theorem 6.6. This yields the desired continuity of the
limit k.
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ii) Due to Corollary 6.3, k™ (z,y) is a continuous VLI kernel for all (x,y) € Gstar X Gout
and, hence, continuous in both arguments by means of the previous item. Thus,
k" (x,y) is continuous for all (z,y) € (Ggtar \ {0} ) X Gout. O

Now, we are interested in integrability results of the continuous/star-shaped VLI kernel
k. An immediate consequence of the continuity of the continuous VLI kernel and the
boundedness of sets Gi, and Ggtar, respectively, is the next corollary.

Corollary 6.13. The following statements hold true, where B is the upper bound given in
Lemma 6.5:

i) The continuous VLI kernel k“(-,y) is an La(Giy,)-function for all fized y € Goyy
fulfilling

. 2
1K 9)l[1, < B2VOl(Gin) < oo,
ii) The star-shaped VLI kernel k“(-,y) is an La(Ggtar)-function for all fizred y € Gout
with

15 ()5 6oy < BXTRE < oo,

star)

The series of the integral kernels k" (-,y) converge in the Lo(Giy)- and Lo(Gggar)-sense,
respectively.

Proof. The convergence of the series and the finiteness of the norms can be obtained by the
same estimates. Thus, we restrict ourselves to the calculation of the norms.

i) The region Gy, is bounded by Definition 6.1. Due to Corollary 6.12, we have k“(-,y) €
C(Gin) C Ly(Gyy) for all fixed y € Goyg. With the result from Lemma 6.5, we estimate
the norm for all y € Ggy by

Hk(b)('vy)Hig(Gm) _ /G (km(a:,y))Q da < B2 vol(Gip) < o0.

ii) For the second statement, we need to estimate the Lo(Ggtar)-norm of the star-shaped
VLI kernel k“)(-,y). For this purpose, we use properties of the vectorial Legendre
polynomials from Definition 5.21 and Lemma 5.22. Thus, for all y € Gyt we get the
estimate

2

kO, y)|]? - (2,9) | de
[ y)HLQ(Gstar) /Gstar (Zo y))
2

</ (z ﬁ) "

star 0
¢@) [ o 2
:// (le(y)lrﬂ’”f+1 u?) dz dw(®)
k=0,

2
¢(&)
(Zm )| RO u;?) [ dwde@)
S Jo

IN
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) 2
Rk+1
tp—k
§477R<sup R ) ( § Fk\/g(R—k )k+1+50L05k0)

keNo, k=0,
= B%47R? < 0.
The latter estimate is valid due to Lemma 6.5 and Definition 6.2, and properties of the

power series, see Theorem 6.4. O

In the continuous/star-shaped VLI equation, the kernel is integrated together with a
function f € La(G). For later use, we want to interchange the series in the kernel with the
integration. This is permitted by the strong convergence of the series proved in Corollary 6.13,
see, for instance, [225, Ch. V].

Corollary 6.14. Let G C Giy or G C Gggar, Tespectively, be a region inside the inner region
and let f € Lo(G). Then the following holds true for the continuous/star-shaped VLI kernel:

/f (x,y)dx = Z/f xt ?(ﬁc,@)) de.

The integrability of the continuous/star-shaped VLI kernel with respect to the first
argument is a consequence of this corollary. For its proof, the Cartesian unit vectors in R?
are used as the function f.

Corollary 6.15. Let G C Gy, or G C Ggiar, respectively, be a region inside the inner region.
Then we are able to interchange the integration over G with the series in the definition of the
continuous/star-shaped VLI kernel. More precisely, for all y € Gout, we get

/k“mydw—Z/'yk (2, 9)de.

The weak convergence of the series in Corollary 6.14 enables us to expand Corollary 6.13
to the second slot of the kernel, that is to establish Lo (G, x Goyt) regularity of k™.
Lemma 6.16. The following statements hold true:

i) The continuous VLI kernel k) is an Lo(Gin X Gous)-function.

ii) The star-shaped VLI kernel k) is an La(Ggar X Gout)-function.

Proof. Inserting the series representation of the continuous/star-shaped VLI kernel into the
norm and using the weak convergence of the series, see Corollary 6.14, we obtain

/ / (Ic“)(:lz,y))2 dx dy
Gout Gin
2
-/ (me ﬁ:@)) da dy
Gout Gin

/ Z Z% y)nly / e Fpl(&,9) - p” (&,9) de dy. (6.8)

Gout j— 0, [=0,

If the right-hand side exists, then it equals the Lo(Gj, X Goyt)-norm of k™ to the power of
two. This is obtained by means of Tonelli’s Theorem, see [19, Thm. 23.6]. The latter identity
also holds true in the case of Ggi,r instead of Gyy.
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i) Using the estimate of the vectorial Legendre polynomials, see Lemma 5.22 and the fact
that x < R since € Gy, and the assumptions on {7y }ren,, from Definition 6.1, we
obtain the estimate

/ / (K (2,y))? dzdy
Gout Gin

2
S/G (Z Wk(yﬂRtk\/MT;)) vol(Gyy,) dy
out kZOL
2
3 Fk t (v)
S/G ¢ (Z mRk\/E vol(Gin) dy

k=0, ¥
. t ()
<volG) [ 3 e RO |y
R+e \ k=0, Yy

2
_ > [ & Tg e [0 2 .
= VOI(Gin)/S/R—&-E (Z yk+1+50“05k70R’“ iy y°dy dw(9)

k=0,
o 2
oo Iy .
= 47rvol(Gin)/ Z mRtk [ | dy
R+e k=0, y LR,
0o 00 00 Fkrl .
— . +t [, (1)
B 4WVOI(GIH) R+e k:z ZZ yk+l+50L,0(5k,o+5z,o)R . Fe H dy.
=0, (=0,

In the third estimate, we extend the integration region to a region that has a known
parametrization. Eventually, the integral reduces to a one-dimensional integral with
respect to y. In the next step, we want to interchange the series and the integration.
We define the auxiliary functions fi;: [R+¢€,00) = R by

fk,l(l/) — I‘kfly—(k"i‘l'f‘(;m,0(51c,0+5z,0))Rtk-i-tl N%)Mlm

for all k, I € Ng,. Due to the assumptions on {I't}ren,, , each function fz; is non-
negative and fi; € Lo([R + €,00)). For this property of f;;, the term do, 0(0x,0 + 91,0)
is required to achieve the integrability for k, { = 0. This condition has its origin in
the inequality for 7 from Definition 6.1. An immediate consequence of Beppo Levi’s
Theorem for series, see [19, Ch. 15|, provides us with the possibility to interchange.
Hence,

/ / (k(x,y))* da dy
Gout Gin

ZOO Zoo > 53y tette [, 0 ©
< 47 vol(Gin) k+l+5ob,0(5k,o+5z,0)R b dy

k=0, =0, /it Y

1

oo oo 00
_ . tr+1 (v),, ()
=47 VOI(Gm) Z Z FkFlR ko /Lk Ml / k+l+50L,O(5k,0+5l,0) dy
k=0, =0, Rte Y

(R + &)~ (kHl+30,,0(0k,0+01,0) 1)

—4 1 o T.T tr+t; (0),, ()
mvol(Gim) D > TliR W(k + 1+ d0,,0(0k,0 + d10) — 1)

k=0, [=0,
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oo oo
= 47 vol(Gjy) Z Z Tl R/t (R + g)~ (k++00,,0(0k,0+01,0)~1)

kZOL lZOL
00 Rtk ’
_ (¢)
< 47 vol(Gyy) pa L/, (R + &)k+00..00,0-1/2
' te—k (¢)
g A VOI(GHl) (kselll\llgL R ) (kZ(; Fk\/E(R + s)k‘i‘(sOL,O(sk,O_l/Q)

< 47 vol(Gin) B3R + ¢)? < 0.

ii) The estimate for the star-shaped VLI kernel is similar to the previous one. For the
inner integral, we obtain

/G (E“(z,y ) dx dy

out - ~

LS S wwmn [ o @.9) pi (@ 5)dedy

out kZO star

SIS ¢(&) tott42 YA ) fa n R

=/ > Z’m(y)'n(y)/ / x dz | py) (&, 9) - p)” (&, 9) dw(®)dy

Gout 120, (=0, s \Jo

— 1 N A O PPN A PPN X

= — (2 z,Y) - Z,y) dw(x)d

/ ZOZ D) [ g @) B @6 Bl (8. 9) dw(@) dy
/‘Goutk 0, 1=

1 A
e ()] 1y Sitkﬂﬁgl%tk”l”\/ 1 dw(2) dy

<47T/ Z!’m ) v (y)| RT3 i dy.
outk 1= OL

Now, we can apply the previous estimates to this equation and eventually obtain

Besides interchanging the series with integration, we are also interested in interchanging
with certain differential operators. If the sequence {tk}keNoL is chosen in such a way that
k“(-,y) is componentwise harmonic for all 4y € Gy, then based on Harnack’s First Theorem,
see [135, Ch. X.1], the interchanging of the derivatives in the next theorem with respect to @
and the series is valid.

0
0

1=0
0

0.

)<oo. O

Theorem 6.17. We can interchange the following differential operators with respect to x
with the series in the representation of the continuous VLI kernel k™ :

i) The surface divergence V-, the surface curl gradient L}, and the surface gradient V'
applied to each component (k“); for j =1, 2, 3 of the kernel

it) The differential operators 8%, the divergence if infreng, 420t > 1 and (k= ty) €
O(kM) for a fivzed M € Ny, and the gradient applied to each component (k™); of the
kernel for j =1, 2, 3
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iii) The Beltrami operator A}

iv) The differential operators aa—; and the Laplacian Ag if infreng, .20tk > 2 and (k—

ty) € O(kM) for a fivzed M € Ny
In addition, all term-by-term differentiated series converge uniformly.

If the supremum of x over Gy, is given by R > 1, we are able to reduce the additional
requirements stated in the foregoing theorem. In this case, the assumption on {tz}ren,,
from Definition 6.1, that is SUPgeN,, R%=F < 00, already imply the assumed asymptotic
behaviour of the mapping k +— ¢, for all k € Ny,.

Proof. From Theorem 6.6, it is known that the series

o
> ww)z"p (&, 9)
k=0,

converges uniformly for all (x,y) € Giy X Goyut. Thus, we need to prove for all cases that
the term-by-term differentiated series converge uniformly. For this purpose, we need certain
derivatives. With & = &(p, t), fixed y € Goyut, and the derivatives from Theorem 2.15, we
get

o (#-9) = (§— (& 9)&), (6.92)
ol @) = — (&) + (7)), (6.90)
1- tZ%o?(a: )= (@ e+ (- 9)2), (6.9¢)
and
oy (x-9) =219, (6.9d)
\/11_7#;00;3)(@ Y) =€’ A9, (6.9¢)
1— tQ;og’)(sﬁ ) =€e"'N. (6.9f)

i) For the angular derivative, we investigate the case ¢ = 1 separately. By means of
Lemma 6.8, the abbreviation

k(b)($,y) = O(il)H(xa y)7 (m, y) € Gin X Gout,
and the product rule, see [141, Sec. 22], we obtain for i = 1, 2, 3 the relation
oy kY (x,y) =0y - (o?H(:n, y))
= H(xz,y) (og) . :fc) +2- 0y H(z,y).

Both series converge uniformly, due to Theorem 6.6 and Lemma 6.8. This implies
the uniform convergence of the term-by-term differentiated series with respect to the
angular derivatives.
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6.3. Further Properties

ii)

In the remaining two cases, that is + = 2, 3, we have to investigate the uniform
convergence of the term-by-term differentiated series manually. Due to the structure
of the surface divergence and surface curl gradients, see Theorem 2.14, we estimate
the following two series. This estimate is also sufficient for the interchanging of the
gradient with each component of the kernel. With the derivatives from Theorem 2.15
and Eq. (6.9), we obtain for all (z,y) € Gin X Gout the estimate

1 9 b (D) (5 £
> g, (ww e (@)
k=K+1 20y ( )
Nad o\ —1/2 1 0 Y
= k_;l I P G R y))‘
= (¢) _1/2 tr /(A A~ %) (L) (2 A~
= Y (W) et (Pl 9)(e - 9)of (@ )
k=K+1
1 8 (L)

k=K+1
I - o\ ~2 ((k+2)(k+ 1)k(k—1)
(), 3, (1 00) " (R )

Rk:
x (R+€)k+l+50“05k,0 )

The latter estimate is valid due to Eq. (2.1) and our assumptions. The right-hand side
of this inequality converges to zero as K — 0o, see Theorem 6.4. Similarly, we obtain
for all (x,y) € Gin X Goyt the estimate

Z \/1—152 ( y)z'pl (&, 9) |

k=K+1
> -1/2 ((k+2)(k+ 1k(k -1
<<Sup Rtk_k> Z (Fk (,u?) / <( +2)(k+ Dk( )+k(k+1))
keNo, k=K+1 4
Rk
X (R+5)k+1+50L,06k,0>’

where the right-hand side tends to zero as K — oo, see Theorem 6.4. Summing these
results up, we obtain the uniform convergence of these term-by-term differentiated
series. The desired result follows immediately via the definition of the surface curl and
the surface divergence operators.

In order to interchange the divergence with respect to & and the series, we need
analogous estimates to the ones in the previous item. In contrast, they need to include
the additional factor 2! caused by the representation of the gradient in spherical
coordinates for the angular part. Thus, we solely investigate for the absolute value of
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iii)

iv)

94

x € Gy, the estimate

— :L‘tk
X

— l‘tk_l < sup Rtk—k R/C—l7
kENoL

which holds true due to the assumption infgeng, ;20 tx > 1.
We continue with the radial derivative with respect to x. We obtain for « = 1, 2, 3 and

all (x,y) € Gi, X Goyut the estimate

> 2 (uwatpp @.9)

k=K+1

o
=| > @t p (&, )

k=K +1
00 k—1
R
<[ sup Rtk_k> Tin/ ity —0 (as K — 00).
(kGNoL k:;Jrl (R+ E)k+1+5OL,05k,O

In the last step, we used the estimate of the vectorial Legendre polynomials from
Lemma 5.22. The convergence to zero is obtained by the assumptions on the sequences
{Tk}reny, and {tx}ren,, , and Theorem 6.4. Thus, the uniform convergence of this
series follows, which permits the interchanging of the radial derivative and the series.

Combining this with the results of the previous item and Theorem 2.14, we obtain the
interchanging of the divergence with respect to « and the series.

For the interchanging with the Beltrami operator, we use estimates of ]A;p;;) (z,79)]

from Corollary 5.23. Hence, we get for the series with the term-by-term angular
derivative the estimate

oo

> AL (wwepl (@, 9))
k=K+1
<4 sup Rik—k io: T} (k3/2(k‘—|— 1)3/2) RF .
~ \keNp, ey (R + ¢)F+1+00,.08,0

The right-hand side converges to zero as K — oo. Thus, we obtain the sought
convergence, see Theorem 6.4, and we are able to interchange the Beltrami operator
with the series in k.

The representation of the Laplacian in spherical coordinates is given in Theorem 2.14.
For the second-order radial derivative, we immediately obtain the uniform convergence
of the term-by-term differentiated series in Gi, X Gout by

A 0
> s (nwa el (@)
k=K +1
oo
=1 > w@te(t — )2 *p(&,9)
k=K +1
ti—k = \/T Rk:—2
=\ Dt (te — 1)/ 1 -0 (as K — o0),
~eNo, k;-',-l ( Vi (R + &) 100,000 ( )



6.3. Further Properties

due to the assumptions on {I'y}ren,, and {tx}ren,, , see Theorem 6.4. Recall that
infreng, ypz0 tk = 2. Similarly, we obtain an estimate for the first-order radial derivative.
The estimates made in the previous item can be used for the angular derivatives, that
is

o0
1 Dia
> 5A; (wwapl @)
k=K+1

s kaZ
<4/ sup R** Tpk3/%(k + 1)3/2 —0 (as K — o0).
(keNOL k§+1 ( ) (R + 5)k+1+60/,,05k,0 ( )

The latter estimate is valid, due to Corollary 5.23. Combining these arguments, we
obtain the uniform convergence of the term-by-term differentiated series. Thus, we are
able to interchange the Laplacian with the series in k). O

Besides applying differential operators with respect to the first argument of the continuous
VLI kernel, we also want to apply differential operators with respect to the second argument
to the kernel. Here, the results also hold true for the star-shaped VLI kernel.

Theorem 6.18. We can interchange the following differential operators with respect to y
with the series in the representation of the continuous/star-shaped VLI kernel k™ :

i) The surface divergence V-, the surface curl gradient Ly, and the surface gradient V3

applied to each component (k“); for j =1, 2, 3 of the kernel

it) The differential operators %, the divergence if {Vk}ren,, s a sequence of continuously
differentiable functions fulfilling

sup |74 (y)| < T(R + )=+
yeGout

with N1 € Ny for all k € No, with (k — Ty) € O(kM) for a fived M € Ny, and the
gradient applied to each component (k“))j for j =1,2, 3 of the kernel

iti) The Beltrami operator A%

iv) The differential operators ;—22 and the Laplacian Ay if {vk}ren,, 15 a sequence of twice

continuously differentiable functions fulfilling

sup  [7;(y)] < Tu(R + )~ ),

yeGout
sup |1 (y)] < Th(R 4 &)~ FHN2)
yEGout

with N1, No € Ny for all k € No, with (ks Ty) € O(kM) for a fized M € Ny

Furthermore, under the appropriate conditions, all term-by-term differentiated series converge
uniformly in the case of the continuous VLI kernel and in the La(Ggtar X Gout)-sense in the
case of the star-shaped VLI kernel.
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Proof. We start with the proof for the continuous VLI kernel.
i) In the case of the surface divergence, we obtain with § = §(p,t) and & independent of
these ¢, t the identities
1 0
VIi—20p ®

V1—t2 gto(?)(:c ) =€ — (&),

Thus, the same estimates as in Item i) of Theorem 6.17 concerning the surface divergence
operators with respect to & also hold true in this case.

0 (&) =€ — (&%),

In the case of the surface curl gradient, the argumentation concerning the angular part
is the same as in Item i) of Theorem 6.17, since Ly Py (& - §) = — L3z P(Z - §), which
implies

p(&,9) = -p(§.2), &, yeS.

Eventually, all term-by-term differentiated series with respect to ¢ converge uniformly
and we are able to interchange the surface curl and divergence operator with respect
to 4 with the series in k.

ii) We split the divergence with respect to y into the radial and angular derivatives,
see Theorem 2.14. For the radial derivative, we investigate the estimate by using
Lemma 5.22 and for all (z,y) € Gi, X Goy obtain

o0

> g (rwap@.9)

k=K+1

o0
=1 > wma"py (@,9)

k=K+1
< | sup R+ F Z IRV i —0 (as K — 00)
= up k ,LL D L kLN, 00),
keNp, k=K4+1 k (R + €)k+N1

see Theorem 6.4. Hence, the term-by-term differentiated series converges uniformly.
For the angular part, we use the result of the previous item combined with the estimate

R RF
< e B R v
k(R+5)k+N1 = (kg\% ) k(R+5)k+N1’

Vi (y)x'®

which is valid for all (x,y) € Giy X Goyt. Finally, the uniform convergence allows the
desired interchanging.

iii) For the Beltrami operator with respect to g, we observe that the relation

1
A 2k+

oo \—1/2 )
Alpy (#,9) = (MZ)) Syl Z 03 Yo 1 (&) A5 Y3 1(9)

dr k(k+1) 2k+1 W
= 0y Yie (2)Yi, (D)
2k + 1 ;Cw z i %2

= —k(k + )p} (5, 9)
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6.3. Further Properties

holds true for all &, ¥ € S and k € Np,. This implies the uniform convergence of the
term-by-term differentiated series in analogy to the previous estimates. Together with
Item i) of Theorem 6.17, we obtain the desired interchanging.

iv) We split the Laplacian into its radial derivatives and the Beltrami operator. For the
second-order radial derivative, we get with Theorem 6.4 for all (x,y) € G, X Gyt the

estimate
o0 82 . L
> 53 ('yk(y)xt’“pé)(w,y))
k=r+1 %Y
(o)
= Y Wwa"p (@, 9)
k=K+1
00 Rk
< | sup R*F T/ ) e = 0 (as K — 00).
(kENOL k:%:+l k (R+€)k+N2

The result that concerns the remaining derivative can be proved similarly. For the
angular derivative, we combine the estimate in the previous item with z < R and
obtain the uniform convergence of the term-by-term differentiated series. Finally, we
can interchange the Laplacian with respect to y and the series in k™.

Due to Corollary 6.3, the function (z,y) — xk"“ (z,y) is a continuous VLI kernel for all
(,Y) € Ggtar X Goys if k) is a star-shaped VLI kernel. Let D denote one of the differential
operators stated above. For all (z,y) € (Ggtar \ {0} ) X Gout, we get the identity

1 s DY
Dyk(b)(m’y) = ;Dy Z '}/k(y)xtk—’—lp;g)(m?y)
k=0,

o0
=3 "Dy (wwp} (#.9)).
k=0,

Under the stated conditions, the series occurring in the function (z,y) — k“)(x,y) can be
interchanged with all the differential operators. Moreover, the non-differentiated and the
term-by-term differentiated series converge uniformly. The convergence is obtained similarly
to the proof of Corollary 6.13 combined with the previous considerations. O

Not only these few derivatives are of note in the following investigations. We also need
continuity of the Jacobian matrix of the kernel & and a bound for its elements.

Lemma 6.19. Let k") be a continuous/star-shaped VLI kernel. In addition, let the sequence
of continuously differentiable functions {vi}ren,, satisfy

sup |74 (y)| < Tw(R + &)~ FHM)
yeGout

with N1 € Ny for all k € No, with (k = T%) € O(kM) for a fized M € Ny. Then, for all
x € Gip and all © € Ggar \ {0}, respectively, the mapping

T
y o (jac, 6“(@.9)) . y€Gou,
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is continuous. The functions in each entry of the occurring matriz are bounded for all l,
j€{1,2,3} by

(e.¢] tk

‘(jacy (kY (x )j’

> ey e

where {T}ren,, is an appropriate sequence with (k — T'y) € (’)(kM) for a fized M € Ny.

Proof. First, we assume that k" is a continuous VLI kernel. By (k“); for j =1, 2,3 we
denote the jth component of the vector-valued kernel k), that is

(k() 33 y Z ’Yk ( (ﬁgug))Ju (wvy) € Gin X Gout~ (610)
k=0,

Due to the structure of the Jacobian matrix, we get the identity

(jacy (69 (@,9))) " = (T, (k" (@,9)), . Vyy (K (@.9), . Ty (6O (@,9)),)

Thus, we analyze the matrix column by column. According to Theorem 6.18, the gradient
Vy(k“(x,y)); exists for all j =1, 2, 3. The gradient and the series in the kernel can be
interchanged, where the term-by-term differentiated series also converges uniformly.

In addition, for each for j =1, 2, 3 the function given by

(.9) = ()" (pf (#.9))

is, as a composition of continuously differentiable functions in y, continuously differenti-
able. Together with the uniform convergence, we obtain the continuous differentiability of
(k“(x,y)); for all j =1, 2, 3. Thus, the mapping

s (iney (k)"

is continuous. For [, j € {1,2,3}, we obtain via the calculations in the proof of Theorem 6.18
the estimate

o0 _ tk
’(Vy (k:(b)(wa y))ﬂ)l’ S k‘zo kaéw, (:L', y) € Gin X Gin7

where T'j, is an appropriate polynomial in k € Ny,. Thus, the functions in each entry of the
Jacobian matrix are bounded by the same bound.

Second, let k) be a star-shaped VLI kernel. Then (z,y) — zk"“ (z,y) is a continuous
VLI kernel, see Corollary 6.3. Thus,

T (jacy (k(”(ac,y)))T = % (jacy (k" (, y)))T

is continuous for all € Ggar \ {0} . The estimates for the matrix entries are obtained
similarly. O
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The results obtained above for the continuous/star-shaped VLI kernel using the Morse-
Feshbach vector Legendre polynomials can be transferred to a kernel using the Edmonds
vector Legendre polynomials instead. This transfer is of interest since the integral kernel of
the EEG problem consists of Edmonds vector Legendre polynomials, see Eq. (6.4).

Lemma 6.20. Let ¢ € {1,2,3} be fived, let the quantities {Vi}ren,, and {tx}ren,, fulfil
the assumption of Definition 6.1, and let a kernel be defined by

)= 3 w@)e BP0 (#8), (@) € Gin X Cou, (6.11)
k=0,
where ﬁg) 1s defined in Definition 5.21. Then

i) the series is bounded and converges absolutely and uniformly;

i) it can be represented as a finite linear combination of continuous VLI kernels;
iii) the kernel B isa C(Gin X Gout)-function and an La(Gi, X Gout)-function;

iv) due to the linearity of integration and differentiation, the results in Corollary 6.1}
and Theorems 6.17 and 6.18 also hold true for kY.

Proof. i) Using the estimate of Lemma 5.22 for the polynomials i)}j for all k£ € Ny, in the
proof of Theorem 6.6, we immediately obtain the convergence results. With Lemma 6.5,
we achieve the boundedness.

ii) In the case of ¢« = 3, there is nothing to prove. The other two cases are similar to each
other, which is why we restrict ourselves to the case of ¢ = 1. Due to the absolute
convergence of the series, we obtain with Eq. (5.12a) for all (x,y) € Gi, X Goy the
identity

kY (z,y) = ka p (&, )

[ k+1 [k
_ tr W a ~Y 2/ s
kizow(y)m ( o+ 1Pk (&,9) 5%+ 1P* (w,y))
ad k+1 k
= 73 (1) (2) /A A
g:o%(y)x \/2k+1 § Yie(y 2k+1pk (&, 9).

Comparing both series with the definition of the continuous VLI kernel in Definition 6.1,

we get the desired result.
Due to the representation of k" by means of a finite linear combination of continuous VLI
kernels and the linearity of differentiation and integration, the remaining two statements are
clear. O

Corollary 6.21. Let ¢ € {1,2,3} be fized, let the quantities {Vi}ren,, and {tp}ren,, fulfil
the assumption of Definition 6.2, and let a kernel be defined by

Z 7k p 'g) (a:,y) € Ggtar X Gout, (6'12)
k=0,

where 13%) is defined in Definition 5.21. Then
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i) the series converges absolutely and pointwise for all (x,y) € (Ggtar \ {0}) X Gout;

i1) the kernel can be represented as a finite linear combination of continuous/star-shaped
VLI kernels;

iii) the kernel EY isa C((Gstar \ {0}) X Gout)- and an La(Ggtar X Gout)-function;
iv) due to the linearity of integration, Corollary 6.14 also holds true for kY.

Proof. The first statement can be proved similarly to Lemma 6.7 via the estimate of the
Edmonds vector Legendre polynomials in Lemma 5.22. The remaining statements can be
proved in analogy to Lemma 6.20. ]

Since the MEG and EEG kernels are continuous/star-shaped VLI kernels (or at least a
linear combination of these kernels), all proven properties hold also true for ky and kg.
In particular, we are able to interchange all differential operators from Theorem 6.17 and
Theorem 6.18 with their series. For these two particular integral kernels, some of these
derivatives vanish. This is summarized in the next theorems.

Theorem 6.22. For the MEG integral kernel ky1, the following statements are true, where
all occurring differential operators can be interchanged with the series:

Z) V;‘, : kM(w7y) =V, kM(may) =0 fOT’ all RS Bexe

er’
it) Vy - ky(z,y) =0 for all x € By,
iii) Ayky(x,y) =0 for all x € B,,, and
) Agky(z,y) =0 forally € @.

In addition, ky(x,-) € C(intBSY) for all © € By, and ky(-,y) € CX(intBy,) for all

T
y € Byt
Recall that the vectorial Laplacian in the last two items is meant component-wise, see

Eq. (5.9).

Proof. According to Theorems 6.17 and 6.18, the series of the kernel can be interchanged
with the four differential operators. The assumptions on {7 }ren required for this purpose
are fulfilled, see Lemma 6.9. In the case of Item iv), we are able to start the series by k = 2
since Az (zpl” (&, %)) = 0. Note that another representation of ky; from Eq. (6.3) is used for
the proof depending on the applied differential operator.

i) We get the result since for each summand in Eq. (6.3b) the divergence and the surface
divergence are equal to zero, that is

Voo (PP L3P&-9)) = (ka" '3 LyPu(@ - §) + 27V - Ly P(@ - 9)) = 0

for all £ € N and (z,y) € By, x B! Here, we used certain orthogonality statements
from Eq. (2.6).
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6.3. Further Properties

ii)

iii)

iv)

Similar to the proof of the foregoing item, we obtain with Eq. (6.3b) the relation

1 & z
Vy"“M@’y):M,;Vy‘(W

since Ly Py (- §) = —L};Pk(ﬁ’ -g) for all (z,y) € By, x EZ’?-

L:Py(x - A)) =0,

For all (z,y) € By, x B, we get the relation

1 >0 xk A
Ayku(z,y) = EAy (Z WP?(%Z/))

k=1
1 & 2k _ L
= o1& (R @)
k=1

] o2kl gk o e
" 2 Tk Y@ (v Yai(9))
J:

where we used the Addition Theorem for vectorial Legendre polynomials, see The-
orem 5.24. The mapping y +— y~**VY,, ;(¢) is a harmonic function for y # 0, see
Corollary 2.30. Thus, each summand of the series vanishes.

In analogy to the previous calculation, we obtain for all (z,y) € By, x BE' the relation

o0 xk o
AykM(:B, y) = Ay Z Fk yk+1 ng)) (.’IJ, y)
k=1

o0 1 R ~
= Tw*A, (mpﬁf’)(y,w)) .
k=1 Yy

In the last step, we used Theorem 2.15, which permutes the arguments of the vector
Legendre polynomial and changes the sign. The vector Legendre polynomials of type
3 and order k are eigenfunctions of the vectorial Beltrami operator to the eigenvalue
—k(k + 1), see Corollary 5.16 combined with Theorem 2.25 and Eq. (2.14). Eventually,
we obtain that the function y — y_(kﬂ)p;f)(ﬁc, 4) is harmonic for all & € S.

Summing up, we obtain the harmonicity in the interior, that is Ayky(x, y) = 0 for all
T € By,.

The stated smoothness of the kernel is a consequence of the harmonicity of the kernel on
this particular region, see [64]. O

For further analysis of the direct or inverse EEG problem, respectively, we need more
properties of the integral kernel. Due to the particular vector Legendre polynomial occurring
in the integral kernel, we are able to prove certain properties of the kernel kg.

Theorem 6.23. Let the kernel kg be defined as in Lemma 6.10, where L > 2. Then for all
(x,y) € By, X S|y, _,,0,] the following statements are true:

i) L; - ke(z,y) =0 for ally €5

:QL—LQL] ’
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Chapter 6. Vector Legendre-type Integral Kernels

i) Vg ke(x,y) =0 for ally € Sy, | o115

iii) Agzkg(x,y) =0 for ally €S, | 4,
w) Ly - kg(z,y) =0 for all x € By,, and
v) Aykg(x,y) =0 for all x € B,,.

Proof. We use the different representations of the kernel collected in Eq. (6.5) for the
proof. All occurring (linear) differential operators can be interchanged with the series in the
representation of kg due to Theorems 6.17 and 6.18 and Lemma 6.20.

i) We immediately obtain

L} kp(z,y) = Z\/ 2k + 1)3Hy (y)a" ' L} - B (#,9) = 0,

since for all F' € C2(B,,) the equation L} - 0 F(z) = 0 holds true for i = 1, 2, see
Egs. (2.4) and (2.6).

ii) We interchange the series and the derivative and obtain with V -V = A and the
Addition Theorem, see Theorem 2.25, the identity

oo 2k+1

Vo kp(z,y)=>_ > Hyly (kak,i(@D Y.,i(§) = 0.

k=1 =1
iii) With Eq. (5.9) and Vz2*(Py(2 - §)) = 2"V ®p,?, we obtain

3 (2K + 1) Hy(y) Ag (mekPk(ﬁc : g)) = 0.
=1

1
Aykg(x,y) = o

el

iv) First, we prove that ||Hpllc((or 1,00]) < Fkgz(_k1+2) with some sequence (k — T'y) € O(1)
in order to fulfil the assumptions of Theorem 6.18. That is

, y 2k+1 ‘ @
| HL | — sup (k41 (() )‘ 8L
C(ler—1.01)) velor1,01] or, k+2
1
<2k +1) |8 | ==
011

Thus, the mapping k — T'y .= (k + )\B(”\ is in O(1). Using Schwarz’s Theorem, see
[197], Theorem 2.15, and Item i), we obtain

Ly - kp(w,y) = fL* £ Z (2k + 1) Hy(y)2* P(& - §)

dm k=1

1 Y — L

= -Va Ly > 2k + 1) Hy.(y)z" Py (@ - §)
k=1

= —Lj - kg(z,y) = 0.
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6.3. Further Properties

v) In analogy to the previous item, we can prove that the asymptotic behaviour of H}/
required in Theorem 6.18 is fulfilled. We immediately obtain from Eq. (4.19) together
with Corollaries 2.29 and 2.30 that Ay (Hy(y)Ys,i(y)) =0forallk e N;i=1,...,2k+1.
Thus,

oo 2k+1

Aykp(@,x) =) > Ay (Hp(y)Yei(9)) Va (m’“Yk,i(ﬁc)) =0. 0
k=1 =1
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Chapter 7.

Vector Legendre-type Integral Operators

In this chapter, we define the integral equation and operator corresponding to the continuous/
star-shaped VLI kernel. In Section 7.1, we state the definition of the integral operator
and some examples. Motivated by these examples, we call the function obtained by the
integration of a vector-valued density and the continuous/star-shaped VLI kernel a potential.
In Section 7.2, we prove that this name is reasonable from a mathematical point of view, since
the resulting function is under certain additional assumptions continuously differentiable.
Eventually, in Section 7.3, we solve the corresponding direct problem via a Fourier series
expansion of the density. For this purpose, we restrict ourselves to the case of ball-shaped
domains.

7.1. Definition of the Integral Operators

We consider the continuous VLI operator of the first kind corresponding to the continuous
VLI kernel from Chapter 6. Recall that the value of ¢ will be determined by the particular
problem. Integral equations of the first kind are widely discussed in the literature, see, for
instance, [63,102,127]. However, in most settings both regions Gjyy and Geyy coincide or the
outer region Geyt needs to be compact. Since in our case the compactness of Goyt is not
assumed, we cannot come back to these results.

Definition 7.1 (Continuous VLI Operator). The continuous VLI operator T is for all
f € La(Gyn) and y € Goyy defined by

THW) = [ @) k(@.y)d

- [, f@ (i ”’*@M“p?(@,@)) da.

k=0,
where the continuous VLI kernel k) for fized . = 1, 2, 3 is defined in Definition 6.1.

In this thesis, we call the function V' generated by the continuous VLI operator, that is
V =T, the (scalar) potential. In Section 7.2, we verify that this notation is meaningful,
since V' is a continuously differentiable function and in many applications, such as the inverse
gravimetric problem or the inverse electroencephalography problem, this nomenclature is
established. In addition, we call the function f the density of the scalar potential.
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Chapter 7. Vector Legendre-type Integral Operators

According to Definition 7.1, we can define a star-shaped VLI operator via Definition 6.2.

Definition 7.2 (Star-shaped VLI Operator). The star-shaped VLI operator T is for
all f € La(Ggtar) and y € Goys defined by

= / f(z) kY (x,y)dx
Gstar

- fe (Z% a:pkﬁ:.@))dm,

k=0,
where k" for fived 1 = 1, 2, 3 is defined in Definition 6.2.

For the continuous/star-shaped VLI operator, it is not immediately clear by the definition
of T that the function 7 f can be evaluated at every position y € Ggut. However, within the
next results, we see that this notation makes sense and that the potential can be evaluated
at any of these positions.

It is well known from other integral equations, such as the convolution, that properties of
the kernel can be transferred to the potential. We are mainly interested in results concerning
the smoothness and integrability of T f. For example, the differentiability of the potential is
required in order to calculate a gradient field of it and the La(Goyt)-integrability is required
for embedding the potential into particular Hilbert spaces.

Using the Cauchy-Schwarz inequality, we immediately obtain that 7 continuously maps
from La(Giy) or La(Ggtar), respectively, to Lo(Goyt) if the kernel is an Lo-function over its
domain. More precisely, for G € {Giy,, Ggar} and f € La(G) we have

T s = [, ([ 7@ K @v) ) ay

<[ [ <f<a:>> da [ (k" (2.y))*de dy
= 171 I

This estimate proves the next corollary.

Corollary 7.3. The function T f is an La(Gout)-function if

)<oo.

i) f € La(Gyn) and the operator T : Lo(Gin) — Lo(Gout) s a continuous VLI operator, or

i1) f € La(Ggtar) and the operator T : La(Gstar) — Lo(Gout) s a star-shaped VLI operator.
In addition, in these particular cases T is a linear and bounded operator.

Now, we list some applications related to the continuous/star-shaped VLI equation.

Example 7.4 (Magnetoencephalography Problem). Let the MEG integral kernel ky
be defined as in Eq. (3.4). Then we define the corresponding linear and bounded continuous/
star-shaped VLI operator Ty : La(Bg,) — La(BS) by

ToJY = A JP(x) - ky(x, -) de,
Q0

where JY denotes the neuronal current and B,, models the cerebrum. More details on the
underlying multiple-shell model can be found in Assumption 3.2. In this particular case, the
operator is denoted by Ty since it maps the neuronal current onto the magnetic potential U.
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7.2. Continuity and Differentiability of the Potential

Example 7.5 (Electroencephalography Problem). Let the EEG integral kernel kg be
defined as in Eq. (4.23). Then we define the corresponding linear and bounded integral
operator Tg: La(B,,) — LQ(S[QL717QL]) by

TeJ® ::/]B JP(x) - kg(z, ) dz,

where JY denotes the neuronal current, By, models the cerebrum, and Sp,, | .1 ts the
outer shell of the multiple-shell head model. The operator Tg can be expressed as a linear
combination of two continuous/star-shaped VLI operators, see Lemma 6.10.

Example 7.6 (Earth’s Magnetization). From [15, 28, 93], it is known that the Earth’s
magnetic potential ® of the crust can be expressed as

d(y) = —% /JBR m(y) - ﬁ de, y € R3, (7.1)
where m € Lo(BRr) denotes the Earth’s crust magnetization and R > 0 the Earth’s radius.
In addition, the Earth’s crust magnetization has its support inside the FEarth’s crust, which
is modelled as a thin spherical shell inside the Earth. If the magnetic potential is measured
in the exterior of the Earth, we can embed this integral equation into the context of the
continuous VLI equation. For all (x,y) € Br X IB%%‘_?E with a fized € > 0, the corresponding
vector-valued integral kernel is given by

rT—y 1

Y g
lz —y[? ﬂw—m

=V Z k+1 k(- )

o) 2k+1

Z Z 2n + 1) k+1V ( kYm(.@)) Y3 (9)
k: 0 =1
0o 2k+1

172 1
_ Z S @) k-1 AN (2) (a
B 47rk = (2n +1) ( 2) kax kai(y)ylji(w)
’L

=- Z ()" il 2. 9)

We used Corollary 2.10, Lemma 6.20, Theorem 2.25, and Eq. (5.6) in this calculation. Setting
ty =k —1,7% =0, and y.(y) = (3)2y~*+D) /(47) for all k € N, we immediately obtain
that the kernel in Eq. (7.1) is a continuous VLI kernel. Thus, the operator mapping the
FEarth’s crust magnetization onto the potential is a linear and bounded operator mapping
from La(BR) to Lo(BHY,).

7.2. Continuity and Differentiability of the Potential

In the case of a star-shaped VLI equation, a singularity or discontinuity of the integral kernel
can occur at the origin if at least one exponent ¢ is negative. For non-singular integral
kernels, a higher smoothness order of the potential V' = T f can be achieved a-priori in a
more general context.
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Chapter 7. Vector Legendre-type Integral Operators

Lemma 7.7. Let k € Lao(Gy x G2) be an integral kernel with a compact (inner) region Gy C
RY and a non-empty (outer) region Go C R, where d € N. In addition, let k(z,-) € C(G2)
for almost all x € Gy. If there exists a constant C > 0 with |k(x,y)| < C < oo for all
(x,y) € G1 x Ga, then the operator T: La(G1) — C(Gz) with Tf = [g, f(x) - k(x,-) dz is
bounded.

Proof. Let f € La(G1) be arbitrary. Let {y,, }nen, C G2 be a sequence with lim,, 0 y,, =
y € Gy. We define for all n € Ny and almost all € G a sequence of functions g, by

The functions fulfil g, € Ly(G) for all n € Ny, due to the Cauchy-Schwarz inequality, the
uniform boundedness of the integral kernel k, and the compactness of G1, that is

1/2
[ lon@) d@ < fle,e, ([, €)= Oyl ) I f e,y <
1 1

The continuity of k in the second argument yields the limit

lim_ga(x) = f(2) - lim k(x,y,) = f(z) k)

n—oo

(almost) everywhere. In addition, the estimate

gn (@) = [f (@) - k(2 y,,)| < [f(2)]|k(2,9,)] < C|f(2)] = g(z)

holds true (almost) everywhere. The dominating function g is an Lo(G1) C L1(Gy)-function,
due to the compactness of G;. Hence, the Dominated Convergence Theorem yields

lim f(x) k(x,y,)dx = / lim f(x)-k(x,y,)dx = f(x) k(x,y)dy.
G1 G G1

n—o0 1 n—oo

Thus, the continuity of (7 f) is given by

lim (Tf)(y,) = lim | f(z)-k(z,y,)dz = (Tf)(y).

n—oo n—o0 Gl

For the operator norm, we obtain

1Tz = sup  sup [(Tf)(y)| < Cy/vol (G),

feLs (Gl) yeGa
I fllLy @) =1

which provides us with the continuity of the linear operator. O
This lemma can be applied to our particular case in the next theorem.

Theorem 7.8. Let T be the continuous VLI operator from Definition 7.1 and let f € La(Giy).
Then T f is a continuous function, that is T f € C(Gout). Hence, the identity

THW) = [ 1@ K (@.y)d

holds pointwise for all y € Goyu. In addition, the operator T : La(Gin) — C(Gout) is bounded.
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7.2. Continuity and Differentiability of the Potential

Proof. From Lemma 6.5, we immediately obtain the uniform boundedness of the continuous
VLI kernel k" for all (x,y) € Giy X Gout. Together with Corollary 6.12 and Lemma 6.16 all
assumptions of Lemma 7.7 are fulfilled. Due to this lemma, the continuous VLI operator T
maps from Ly(Giy) to C(Geyt). This implies the continuity of the function 7 f. O

We now continue with some differentiability considerations of the given continuous VLI
kernel. For this purpose, we state the next general result.

Lemma 7.9 (Differentiability of Fredholm Integral Equations). Let k: G; x Gy —
R?, with d € N, be a kernel function with a compact (inner) region G1 C R% and a non-empty
(outer) region Gy C R, We define the integrand function h by

hex,y) = f(z) k(z,y), (z,y)€G1xGy
Let Dy be a first-order differential operator with respect to y. If the four conditions
o feLaGy),
e k(-,y) € Ly(Gy) for all y € Go,
e k(x,-) € CY(Gy) for almost all x € Gy, and
e there exists a function g € L1(Gy) with |Dyh(x,y)| < g(x) for almost all x € Gy

are fulfilled, we can interchange the differential operator and the integration, that is
Dy | f(z) k(x,y)de = Dy (f(x) - k(x,y)) dz for all y € Ga.
Gl Gl

Proof. Applying the theorem of differentiation under the integral sign onto the function h,
see [19, Cor. 16.3], we obtain the desired result. O

In addition, we observe that the identity

Yy (F(@) - kO (@) = (jac, (5 (z.))) f() (7:2)

holds true for all (x,y) € Gin X Goy and all f € La(Gyy,) if the conditions of Lemma 6.19
are fulfilled. In this case, the kernel k) is continuously differentiable with respect to the
second argument, see Lemma 6.19. The multiplication on the right-hand side is a classical
matrix-vector multiplication. This provides us with the existence of the right-hand side of
this equation.

Lemma 7.10. Let G € {Gip, Ggtar} and let k' be a continuous/star-shaped VLI kernel
fulfilling the differentiability conditions from Lemma 6.19. Then there exists a function
g € L1(G) such that for almost all x € G and all y € Goy we have

’(jacy (k(b)(% y)))T f(:c)’ < g(z).

109



Chapter 7. Vector Legendre-type Integral Operators

Proof. Since all assumptions of Lemma 6.19 are fulfilled, we immediately obtain the continuity
of the Jacobian matrix. For the remaining statement, we consider for almost all € Gy, the
estimate

Moo

Vy (f(@) - k" (2,9))| = | )_(F(@)iVy (K (. y)),

—

1

|(F (@)l [Vy (B (@, 9)),|

IA
Mw

o~
I

1

|
NE

—~
Il

1

“(

J=1

3 , 1/2
|(f ()il (Z ((Vy (k(b)($7y))l)j> )

NI

/2 /3 3 2 V2
](f(:c))l|2> (ZZ (Jac (B (x y)))lj)

=1 I=1j=1
3 3 o) :L‘tk 2 12
L2 (& o)

3| f(x Zriﬂ
= k k+N
Fard (R+e)ktM

= g().

Now, we verify that g € L1(Gi,). Thus, by means of Theorem 6.4, we obtain the estimate

oo t 2
/Gin lg(x)| de < 3 (/Gm f(:c)Qd:B>1/2 /(Gm (Z fk(R_ij)’H-M) da

k=0,

1/2

oo Rk
<3 y\/vol (Gin) sup (R Ly | <o
#1126y v/l (Gun) sup ( )(;ikm+@HM)

It only remains to prove that g € Li(Gstar) in the star-shaped VLI case. Using Theorem 6.4,
we get the estimate

¢(n) _ .’I}tk+1 2 R
[ la@) dw <31 flo | ], ] Dy | 4 del@)

o Rir+1 ¢(m) V2
< 3 F ey (Goan) (Z Ly "R+ o) k+N1) (// dz du(@ )

k=0,

[ee]
< 6\ﬁ||f\|L2(<r;btar ) up (Rtk_k) > T
0, kZOL

1/2

Rk+1

With these preliminary studies, we are able to prove the existence of the gradient of T f,
where 7 is the continuous/star-shaped VLI operator.
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7.2. Continuity and Differentiability of the Potential

Theorem 7.11. Let G € {Giy, Ggtar}, f € La(G), and let k™ be the continuous/star-shaped
VLI kernel fulfilling the assumptions of Lemma 7.10. Then the gradient of the potential
corresponding to the continuous/star-shaped VLI operator T f exists and can be interchanged
with the integration for all y € Goy, such that

(VTN = [ (jac, K@) F@)do. (7.3)

G

Proof. Due to Lemma 7.10, the integral on right-hand side of Eq. (7.3) exists. With Eq. (7.2),
we obtain the existence of the integral given by

/GVy (f(z) kY (x,y)) de.

The assumptions of this theorem and the results in Lemmas 6.16 and 7.10 guarantee that all
conditions of Lemma 7.9 are fulfilled. Hence, we can interchange the integration with the
gradient and obtain

Vy/ f(x) kY (z,y)dx = / Vy (f(z) kY (z,y)) do.
G G
Eventually, Eq. (7.2) yields the desired result. O

Corollary 7.12. If the assumptions of Theorem 7.11 are fulfilled, then V(T f) is continuous.

Proof. Let {y,,}nen, C Gout be a convergent sequence with lim,,_,oc y,, = Yy € Gout. Then
Theorem 7.11 yields

lim (V(TH)(y,) = lim [ (jac, (k" (x.,))) - f(@)da.
By,

n—o0 n—oo

Due to Lemma 7.10 and the Dominated Convergence Theorem, we are able to interchange
the integration and the limit. Thus,

Jim (VTP w) = [ (lm joc, (69 (@.3,))) - f(2)de

= /153 (jacy (k" (a:,y)))T - f () de

Q0

= (V(TH)(),
which implies the continuity of the stated function. O

For second order derivatives, a similar result can be obtained. We concentrate our
calculations on the Laplacian of T f.

Theorem 7.13. Let G € {Giy, Ggiar} , f € Lo(G), and let kK be a continuous/star-shaped
VLI kernel, where {V}ren, 15 a sequence of twice continuously differentiable functions

fulfilling

sup |7 (y)] < T(R+e)~ M),

yeGout
sup 7/ (y)] < Tp(R + €)M
yeGout

111



Chapter 7. Vector Legendre-type Integral Operators

for all k € No, with (k +— T'}) € O(kM) for a fized M € Ng and Ny, No € Ng. Then the
Laplacian of the corresponding potential, that is T f, exists and can be interchanged with the
integration, such that for all y € Gy we have

AT = [ F@)- (A (@.y) da. (7.4
Proof. For the interchanging of the integral and the differential, we observe
AT =B, [ f@) k(@) de
=V,-V / f(x) kY (z,y)dz
=V, / Vy kY (z,y)) de
where the interchanging is valid due to Theorem 7.11. Now, we need to check if we can also
interchange the second differential operator with the integration. Thus, we verify that all

assumptions of the theorem of differentiation under the integral sign, see [19, Cor. 16.3], are
fulfilled. We define for almost all (x,y) € G X Goyt the auxiliary function

h(il?,y) = Vy (_f(il)‘) : k(L)(may)) .

We immediately obtain h(-,y) € L1(G) via Lemma 7.10. For its derivative, we obtain with
an appropriate polynomial k — I'y, and the proof of Theorem 6.18 the estimate

IVy - h(z,y)| = |V, ( y (F(x) K (z,9)))|
=|A ( ) -k (z,y))]
= |(f(= A ok (. 9)))|
<|f(z HA kY (2 y)!
= /(@) Z T
=: g(x).

Here, g is an Ly(G)-function. For the case G = Gy, we have

2
[ s@rdz< [ 5@ dw(Z Fka)M) <00,

in in k= OL

see also the proof of Lemma 7.10 for the detailed estimates. In analogy, we obtain for the
case G = Ggipar the estimates

, (@)
/ g(®)” de = / /
Gstar S JO

The smoothness of h remains to be verified.
First, we investigate the case of the continuous VLI operator. We analyze H(x,y) := V,, -
h(z,y) = f(x) - Ayk"“ (x,y) for almost all (z,y) € Gin X Gout. According to Theorem 6.18,

tk+1

o 2
f@) 2 Uiy

dz dw(Z) < 0.
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7.3. Solution of the Direct Problem

the Laplacian with respect to y and the series in k) can be interchanged. In addition, this
second-order term-by-term differentiated series converges uniformly. We obtain the relation

Ak (@, y) = }:A( p{(@,9)) -

k=0,

Each summand of this series is continuous as a composition of continuous functions. Due to
the uniform convergence and the fact that f is independent of y, we get H(x,-) € C(Gout)
for almost all x € Gy,. With the often used trick, that is multiplying and dividing H by

€ (0, R], and Corollary 6.3, we immediately obtain that H(x,-) € C(Goy) if the kernel
k" is the star-shaped VLI kernel. Summing up, h(z,-) is continuously differentiable for
almost all  on the corresponding domain. Combining these two results with the theorem of
differentiation under the integral sign, we are able to interchange the remaining differential
operator with the integration. Finally, for all y € Gyt we obtain the identity

(ACTH)(y) = A /f ) kO (@, y) da
_/A ) kY (z,y)) de

since f is independent of y. O

7.3. Solution of the Direct Problem

Having defined the continuous/star-shaped VLI equation and analyzed the well-posedness
of the related direct problem, we proceed by solving the corresponding direct problem.
In order to do so, we restrict ourselves to a particular setting that fits to our desired
application, that is Gy, := Br. For this purpose, we expand the density f via an appropriate
vector-valued orthonormal basis for Lo(Br). We call this expansion the Morse-Feshbach
expansion of f since the orthonormal basis system on the ball using the Morse-Feshbach
vector spherical harmonics is employed, see Definition 5.37. This expansion is used to find a
series representation of the potential. In addition, since in the case of the MEG problem a
relation between the neuronal current and the magnetic field is desired, we also calculate the
series representation for the corresponding gradient field.

Assumption 7.14. Let the inner set Gy, := Ggiar = Br be a ball with radius R > 0 and let
the function f be expandable into the Lo(BR)-convergent series

oo 2n+1

3
=y 2 Juy @Y @),

i=1n=0; j

where yif?j are the Morse-Feshbach vector spherical harmonics from Definition 5.8. Here,
the functions f;;)] with i =1, 2, 3, n € Ng,, and j = 1,...,2n + 1 are defined as the
Morse-Feshbach expansion coefficients at a certain radius, that is

/f &) ynj &) dw(@) for almost all x € [0, R).
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Chapter 7. Vector Legendre-type Integral Operators

By means of this representation, we are able to calculate the Lo (Bpg)-norm of the function
f, which is useful for forthcoming estimates.

Theorem 7.15. If f € Lao(Bg), then it holds true that

3 oo 2n+l 1/2
1fles@0) = (Z > 2 / (CIA dx) : (75)

=1n=0; j=1

Proof. From the strong convergence of the series, we obtain the weak convergence, see, for
instance, [225, Ch. V]. More precisely, we have

3 oo 2n+l1 < co 2n+1

> Z< G 009), o= (02 D 20 A5 Du ), >
L2(Br)

1=1 n=0 = =1 n= 07,]].

for all g € La(Bg). We obtain the desired interchanging for the series with respect to i, n, j
and the integral over Br. Thus, we eventually obtain the relation

H.f“iz(BR)

oo 2n+1 . 2
— [ (f@))de = / (ZZ S 19 (@), @) d

i=1n=0; j=1

3 oo 2n+1 3 oo  2m+1

XY 3 Y5 3 [ Aen@) (Aiw®) de

i=1n=0; j=1 k=1m —

3 oo 2n+1 3 oo 2m+41

2D ZU > / S e [y (@) 5 @) de@
i=1n=0; j k=1m=

3 oo 2n+l

Z Z Z / xf 7] dx. 0
i=1n=0; j=1

Now, we insert the Morse-Feshbach expansion of f from Assumption 7.14 into the continu-
ous/star-shaped VLI equation. Further calculations require to interchange the integration
and the series. First, we prove that this interchanging is valid.

Theorem 7.16. If f fulfils Assumption 7.14, then the continuous/star-shaped VLI operator
for all y € Goyg has the representation

Z IDIPY / I @@) - (ke p (@,9)) da.

Proof. The density f fulfils Assumption 7.14, which is equivalent to the strong convergence of
the series. Due to this property, we again obtain the weak convergence. Finally, Corollary 6.14

provides us with the possibility to interchange the integration and the series with respect to
k. O
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7.3. Solution of the Direct Problem

Using this preliminary study, we are able to further simplify the direct operator cor-
responding to the continuous/star-shaped VLI equation, which reduces the integral to a
one-dimensional one.

Corollary 7.17. Let Assumption 7.14 be fulfilled. Then the continuous/star-shaped VLI
operator yields

oo 2n+1 1

(THy) =4m ) >

n=0, j=1

R

for all y € Goyt.

Proof. Theorem 7.16 provides us with the possibility to interchange the series and the
integration. In the second step, we use a kind of reproducing property of the vectorial
Legendre polynomials, see Corollary 5.26. Eventually, we get the stated relation, that is
3 oo 2n+l1 oo R .
THw =23 ¥ > (mm | s@at e [ yi@) e @.9) dw(a%))
i—1n=0; j—1 k=0, 0 S
oo 2n+1 1

R
= 4n Z; Z‘i ] ( /0 Fry ()2 dw) V(Y)Y (#)- O
n=0, j=

On the right-hand side of Eq. (7.6), a series is stated. We need to examine the type of
convergence of this series. So far, we obtained uniform convergence in the continuous VLI
case and Lo (Goyt )-convergence in the star-shaped VLI case.

Theorem 7.18. If Assumption 7.14 is fulfilled, then the series on the right-hand side of
Eq. (7.6) converges uniformly in Goyut. In addition, the series converges in the La(Goyt)-sense.

Proof. In order to estimate the series, we use the triangle inequality for the absolute value.
Then, we apply the Cauchy-Schwarz inequality twice, first for the integral and second for
the series. In combination with the estimate for the functions v, for n € Ny , the Addition
Theorem, see Theorem 2.25, and Theorem 7.15 we get for all N € N and (x,y) € Br X Goyt
the estimate

i2§1 1 </R ()()t+2 () ()
fnixx" dz | v (y)Yn,; (¥
neN j=1 2n+1 \ Jo J
oo 2n+1 1 R " -
< L A\x)x n dm su " Yn A
<X Y mralh, M) s 3000 Vs ()
oo 2n+1 R R 1/2
1 9 r
< (L) d / Qtn+2d im0 Yn A
S ([ e o [ nan) e
1/2
co 2n+1 2 2%, 43
T R2tn )
P3P ¢ s Wy (@)
(n:N st (2n + 1)2(2t, + 3) (R + ¢)2n+2
n=N j=1 70
R & 2 R\ 202\ /2
< Rtn—n s n |
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Chapter 7. Vector Legendre-type Integral Operators

Due to the requirements in Definition 6.1 and properties of the power series, see Theorem 6.4,
we obtain the convergence of the right-hand side to zero as N — oo and, hence, the uniform
convergence of the series. For the convergence in Lo(Goyt )-sense, we need to verify that

2

oo 2n+1
1i / © (2)zt 2 d DY) dy =0,
N0 S Z;V ]Zl 2n+1 ( Jui @ | m(y)Yn;(9)] dy

By combining the previous estimates with the ones from the proof of Lemma 6.16, we get
the desired result, that is

2

R
2n + 1 (/ f;li;'(x)xtnﬁ dm) Yo (Y)Y ()| dy

oo 2n+1

LY

OutnN]l

oo 2n+1

Rrw 2 V2R 2,42 2 Iy . ;
S[GOM(Z ]z: m (/0 (fn,j(x)x) d:c) (/0 xn dx) ynH]YnJ(yﬂ) dy

n= 1

N
o) Rgtn+3 oo 2n+1 o
re *dz | dy
Gous (;;V 2n +1 2t +3) 2n+2> nz;vjzl/ el
o] F2 R2tn+3
) a

< n_ -
< usn |, (;N TR

9 . 2 FQ R2n+3
= R n 0 N . O
11 ) (Zlelg ) HEN (2n—1)(2n+1) (R+¢)?n1 =0 (as N~ o0)

Theorem 7.8 provides us with the continuity of 7 f in the case of the continuous VLI
operator. In the case of the star-shaped VLI kernel, which includes inf,eng, ~,z0 tn = —1,
we cannot achieve a uniform bound of the integral kernel due to a possible singularity. By
means of the previous theorem, however, we are able to prove the continuity of 7 f in the
ball case even if the corresponding integral kernel is not bounded.

Corollary 7.19. Let Assumption 7.1 be fulfilled. Then T f obtained from the continuous/
star-shaped VLI kernel is a continuous function in Goyt.

Proof. Due to Theorem 7.18, we get the uniform convergence of

co 2n+1

(THy) =4m > > 5 +1 ( / fyy(@)alnt? da:) () Yo (@)

n=0, j=1

in Goyut. Each summand of the series on the right-hand side is continuous in y, due to the
conditions on {vy}nen,, in Definition 6.1 or Definition 6.2, respectively, and the continuity
of the spherical harmonics. Combining these two statements, we get 7 f € C(Goyt)- O

In certain applications, the function 7 f on the domain Sg is of interest. In this case, we
cannot expect uniform or even pointwise convergence of the series, due to the missing power
series. However, another type of convergence can be proved under certain circumstances.
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7.3. Solution of the Direct Problem

Theorem 7.20. Let Assumption 7.14 be fulfilled, which implies

In addition, let the sequence of functions {’Yn}neNOi be evaluable for y = R and let them fulfil
the additional condition

In (R)| < Ty R™(+1+0.060.0)

for all n € Ny,, where for all n € Ny, it holds true that

T, < /(20 + 1)2(2t, +3)

with ¢ € Rg . Then we can expand and restrict T f obtained from the continuous/star-shaped
VLI operator onto the sphere with radius R. This function is denoted by (T f)|s,. In addition,
the series in (T f)|s, converges in the sense of La(Sg). It is represented by the expression

co 2n+1

T a3 S L ([ e ar) )

n=0, j

Proof. Due to our assumption, the domain of T f can be extended to Sg. An immediate
consequence of Corollary 7.17 and the requirements on {v,}nen,, yield the desired rep-
resentation. The convergence in the La(Sg)-sense remains to be proved. Since the set
{Rilyn’j}neNOJ:LH_’Qn_i_l is an orthonormal basis for Lo(Sg), we can use a property of
Parseval’s identity, see [198, Thm. 12.6], combined with the Cauchy-Schwarz inequality to
obtain the relation

oo 2n+1 2
T ealfion = 2 3 (T hlow o)

n=0 j=1
oo 2n+1 ) 2 )
CLIDIDD 2n+1 </ Jy(@)atn dx> (1a(R))
n=0, j=1
oo 2n+1 2 R
L 1 ® 2 242
47TR z& z:l 2n + 1)2 RZn+2+20,, o5no/ (fn,J(JU)fL’) dx/O T dx
n=0, j
oo 2n+1 2 2t +3 R
Fn R n (v) 2
(47 R)? ; Y G TP Y | (£ @a)” da
2 o 2n+1 2 R
T 2
< (4 2 3 tn—"n n / (L)‘
oo 2n+1
2 3 2 tn—n - ) 2
< (4m) maX{R ,R}c sup R Z Z (fn](x)m) dz
n€Np, n=0, j=1 ’
= (4m)? maX{R3,R} (sup R»~ ") Hj"||LZ < 00,
n€Np,
which implies the desired result. O
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Chapter 7. Vector Legendre-type Integral Operators

We have already seen that the gradient with respect to y and the integration over By in
the definition of T f can be interchanged. Now, we are able to find an explicit representation
of the gradient of T f by means of the Morse-Feshbach expansion of f.

Lemma 7.21. Let Assumption 7.14 be fulfilled and let

sup |7, (y)] < Tn(R+e)” M),
yeGout

where N1 € Ny, for all n € Ny, with (n +— T') € O(nM) for a fived M € Ny hold true.
Then the gradient of the potential achieved via the continuous/star-shaped VLI operator from
Definition 7.1 is given by

oo 2n+1

(V(TH@) =4m > >

n=0, j=1

1 R )
M+ 1 ( /0 Fuy(@)att dx) Vy () Yo 5(9))

for all y € Gout- In addition, the series on the right-hand side converges uniformly.

Proof. Corollary 7.17 provides us with the identity

co 2n+1

R
(THy) =473 > 2n1+1 ( /0 fuy(@)atn dx> () Yo ()

n=0, j=1

for all y € Goyut. Theorem 7.18 yields the uniform convergence of the series. Now, we want
to interchange the gradient and the series. For this purpose, the uniform convergence of
the term-by-term differentiated series remains to be proved. First, we separately analyze
the part that depends on y. To this end, we will utilize the Euclidean orthogonality of the
Morse-Feshbach vector spherical harmonics. For all n € N and y € Goyut, we get

2

Yy G Yas @) = (55 + 2 95) (n0)Yis(0) (r.1)
2
- v + vy, )
2
= ) @)+t + D22 fy2 o)
: nn 2) [~
< s @) + DT 2 )
<+ 1% (s (Yo 0 + G W) )

For n =0 and ¢ = 1, we obtain for all y € G,y the identity

Vy (o) Yo (@) = [7%®)8Ye1(@)|* = 47 [¥o ()| -

Similar estimates as made in the previous uniform convergence statements, the assumption
on {I'y}neng, » Egs. (7.5) and (7.7), Theorem 2.25, and Corollary 5.25 are used in the next
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7.3. Solution of the Direct Problem

inequality. Thus, with N € N, we get

oo 2n+1

Z 2 2n+1 (/ Fus @)zt dw) Yy (1 ()Y ())

Yy )TL )

2n+1
oo 2n+ 1

IA
lng
g

2n+1

(2n + 1)2(2t, + 3)

2 s 1/2
> D a4 12 R2t3 (Yo (9)) . Yy (y)\2 Ufl
— (2n+1)2(2t, +3) (R+e)t2N ' (R4 5) L2 (Br)

1/2
R\, ((%(y)Yn,j(@))\z) 1l

IN

IN
~ :/\ 3
Il
gk
T.

s 2 2tn+3 2tn+3
<= (X s e il
Var \ &=, 20+ 1)(2t, +3) \ (R +¢)2 20 cyend Lo (Bg)

1 B n(n + 1)I? Rt R
< RS ~
VA <nselll\1po ) (nN(2n +1)(2t, + 3) ((R S T WS E 1 o)

which converges to zero as N — oo. Eventually, the term-by-term differentiated series
converges uniformly and, hence, we are able to interchange the gradient and the series. [

For our application, we later need the representation in terms of the radial integral of the
potential 7 f. However, a closed representation of the potential of the continuous/star-shaped
VLI direct problem can be obtained by expanding the functions ff;)] that occur in the radial
integral in Eq. (7.6). This allows to fully evaluate the integral

R
(O] tn+2
/0 foj (@)™ "= da. (7.8)

To this end, we employ a generalized Fourier expansion for fg)j Theorem 2.9 provides us
with a variety of complete orthonormal systems for weighted spaces LY (][0, R]). Equation (7.8)
is derived by the integration over a ball and a separation into radial and angular components,
see Assumption 7.14. Due to the Jacobian determinant z? therein, we choose the weight
function w(x) := 22 for z € [0, R]. This is consistent with our approach for the construction
of an orthonormal basis on the ball from Definition 5.37. Thus, we choose for all m € Ny
and all n € Ny, the functions

dm +2t, +3 [z \! 2
QUnt1/2(R. 1) = \/T <R) POtnt1/2) <2R2 — 1) , z € [0, R],

as the basis functions for the space LY ([0, R]), see Corollary 5.2. In addition, for all n € Ny,
with v, = 0, we set t,, := 0. Then the condition inf,en, tn > —3/2 is fulfilled for all n € Ny,.

We can now interpret the radial integral in Eq. (7.8) as an inner product in the Hilbert
space LY ([0, R]) for all n € Ny,, 7 =1,...,2n+ 1.

Lemma 7.22. Let Assumption 7.1/ be fulfilled and let the setting of Definition 7.1 be given.
In addition, we set t, =0 for all n € Ng, for which v, = 0. Then, we define h,(x) = z'

119



Chapter 7. Vector Legendre-type Integral Operators

for all x € [0, R] and all n € Ny,. Let the weight function be given by w(x) == 2%. Then
f<> and hy, are LY ([0, R])-functions for all n € No, and j =1,...,2n+ 1. In addition, the
functwns hn have for all n € Ny, the alternative representation

R2tn+3

nt1/2
hn =15 +3Q((f (R ) (7.9)
and the following relation holds true
(v) f (v) tn+2
<f"’j’ hn>Lw([0 R]) = /0 fn,j(x)‘r e da. (710)
2 El

Proof. 1f f and hy, are LY ([0, R])-functions for all n € Ny, and j =1,...,2n + 1, then the
formula Eq. (7 10) is clear by the definition of the LY ([0, R])-inner product, see Definition 2.2.
In this case, Eq. (7.8) reduces to

R (¢) tn+2 _ (¢) 2
[ @t an = [ @@ ar
<f”9’ ”>Lw<[0RD

However, it remains to verify that f,; “-and h,, are LY ([0, R])-functions for all n € Ny, and
j=1,...,2n+ 1. For the functions fn], we obtain the estimate

oo 2n+1

Z/ (x) dx<oo,

2%

due to Eq. (7.5) and f € Ly(Bg). Since the integrands are non-negative, each summand of
the series must be finite. In particular, for all n € Ny, j =1,...,2n 41, and for i = ¢, we
have

R 2
— () 2
Ly (0.5) /0 (fnj(a:)) xdzr < oo.

Thus, £, “ c LY([0, R]). The remaining function h,, with n € Ny,, coincides with a multiple
of the blngle basis function Qy""/?(R;-) € LY ([0, R]), that is

tn+1/2 2, +3 [\ (0tn+1/2 z?
QA (Ri) = [T R (1) RO (245 -

2+ 3, 2tn+3h

“V Rt T\ R+ n (@)
The latter identity holds true, since the Jacobi polynomial of degree m = 0 is a constant
function equal to one, that is PJ”""""/?(r) = 1 for all € [~1, 1] independent of t,,. O

(©)
Il

By means of the latter result, we are able to expand the functions fT(L”] for n € Ny, for
which v, Z0and j=1,...,2n+ 1.
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7.3. Solution of the Direct Problem

Lemma 7.23. Let the condition of Lemma 7.22 be fulfilled. For each fixed n € Ng, and all

j=1,...,2n+1, the functions f,(;)j can be expanded into a generalized Fourier series, that is
o

£ =50 M mon, }QEYA(R; ), (7.11)
m=0

where the series converges strongly in the LY ([0, R])-sense. The corresponding Fourier
coefficients are defined for all m € No, n € No,, and j =1,...,2n+1 by

fMe,mon, j} = <f§;}, QUnT/2(R; - (7.12)

)>L§“([07R])'

Via this expansion, we are able to calculate the integral in Eq. (7.8) without additional
assumptions on the (generalized Fourier) coefficients f"{¢,m,n,j}, where m € Ny, n € Ny,
and j=1,...,2n+ 1.

Lemma 7.24. If Assumption 7.14 is fulfilled and {t,}nen,, is defined as in Lemma 7.22,
then

R2t”+3
2t, + 3

R
| £ @at 2 e = £400.m.5)

foralln e Ny, and j=1,...,2n+ 1.

Proof. Inserting the expansion from Eq. (7.11) in Eq. (7.8), we eventually obtain by means
of Lemma 7.22 and Parseval’s identity, see [142, Ch. 6], the relation

R (¢) tn+2 (¢)
/0 £ ()t dx:<fn7j,hn>

Ly ([0,R])
_ - O )tnt1/2)(p. . (tn+1/2)(R. .
mz::o <f”’J’Qm (F; )>Lg([o,R})<h”’Qm (F; )>L12”([0,R])
_ 00 A .m, ,. hn, (tn+1/2) R,
3 Moo QYD B)
— M0, m, gy (7.13)
sy Uy 1ly 2tn+3

for all n € Ng,, 7 = 1,...,2n + 1. The last step is valid because of Eq. (7.9) and the
orthogonality of the functions Q{i»**/?(R;-), where m € Ny, that is

R2tn+3
(tnt+1/2) (.. — tnt+1/2)  p. N A(Eat1/2) (. .
<h"’Qm (& )>L’;<[0,RJ> \ 2tn+3<Q° SERIE (& )>LZ;([0,R1>

R2tn+3
= O (). O
\ 2t,, +3°™°

Summing up, we first separated the density f into a radial and an angular part, see
Assumption 7.14. Note that such an ansatz is common in many (scalar-valued) physical prob-
lems, for example the magneto-electroencephalography problems or the inverse gravimetric
problem, which are discussed in more detail in the next chapters. Here, the angular part was
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Chapter 7. Vector Legendre-type Integral Operators

expanded by means of Morse-Feshbach vector spherical harmonics. Then, we expanded the
radial part into orthogonal functions on [0, R]. Instead of this approach, we could directly
expand the Lo(Bpr)-function f by means of a Fourier series. To this end, we have already
defined an appropriate vector-valued orthonormal bases for La(Bpr) in Definition 5.37.

Theorem 7.25. Let f € La(Br) and let {gsz),n’j(R; ')}i:172,37m€N07n€N0i7j:17m72n+1 be the
vector-valued orthonormal basis for Lo(Bgr) defined in Definition 5.37, that is
g\ i(Rix) = QT (Rim)y (1), xeBg

foralli=1,2,3, m € Ny, n € Noi_for which v, #£ 0, and j =1,....2n+1. In the case
Yn = 0, we define t,, =0 and get g%n,j(R; x) = Q%/Q)(R;w)yz3j(:%). Then the identity

fGmn, ) = (£ 5 (R )

holds true for alli=1,2,3, m € No, n € Ny,, and 5 =1,...,2n+ 1.

LQ(]BR) - f {Z7m7n7.7}

Note that in the general definition of the vector-valued orthonormal basis the sequence
{tn}nen, also depends on the index i. For the sake of readability, this dependence is
omitted in this section because only one fixed direction i = ¢ plays a role for the continuous/
star-shaped VLI equation.

Proof. Since f, gi), (R;-) € La(Bg), for all i = 1,2,3, m € N, n € Ny, and j =
1,...,2n + 1 we obtain with Fubini’s Theorem for Lebesgue-integrals the identity

(£.95,(R:)) F@)- (U Ryl (2)) de

LQ(BR) Br

= / ) / f(x).(an+1/2>(R; x)y;;jj(ﬁc)) dw(&®)2? do
0 JS

R
_ (i) tn+1/2 . 2
— / £ (@) QU Y2 (R )2 da
= (£, QU (Rs ) )
:f/\{i7m7n7j}7

see Eq. (7.12). O

Ly ([0,R])

By means of the Fourier expansion of f, we can achieve another representation of the
potential 7 f generated by the continuous/star-shaped VLI operator.

Theorem 7.26. Let f € Lo(Br). This implies Assumption 7.14.

i) Then, for all y € Gout, the continuous/star-shaped VLI operator has the representation

oo 2n+1 Rtn+3/2 R . .
(Tf)(y):47rn;L ]22:1 @t D) 5/ (6,0, )V (Y)Y (). (7.14)

i1) Let the estimate

r
()| < 7yn+1n+zvu
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7.3. Solution of the Direct Problem

where N1 € N, hold true for all n € No, with (n + T';,) € O(nM) for a fived M € Ny.
Then, for all y € Gout, the gradient of the continuous/star-shaped VLI operator applied
to the density has the representation

oo 2n+1 Rtn+3/2 N
—4 . " Y A
( (T.f an; ]z:l 2 + 1 \/mf (Lvovnaj)vy (fy (y) n,j (y))

The occurring series converge absolutely and uniformly. In addition, the series converge in
the La(Gout) or La(Gout)-sense, respectively.

Proof. We only need to verify that f € Lo(Br) implies the Assumption 7.14. Then all
conditions of Corollary 7.17, Theorem 7.18, and Lemma 7.21 are fulfilled. Thus, we can insert
the results of Lemma 7.24 and Theorem 7.25 into the derived representations of 7 f and
V(T f). The La(Goyt)-convergence of the series in V(7 f) can be shown in total analogy to
the La(Goyt)-convergence of the series in Eq. (7.14) from Theorem 7.18 combined with the
estimates in Eq. (7.7).

Since f € La(Bpr), we can represent f by the Fourier series

3 oo oo 2n+1
F=222 > frmn g, (B,
i=1 m=0n=0; j=1
which we will use for calculating fT(LZ)J Changing the order of summation, see Lemma 5.39,

and inserting Eq. (5.18) into the Fourier series of f, we obtain for almost all x € [0, R] the
relation

1@ = [ F@a) v (@) do@)
3 oo 2n+l . ‘
= /S DD (Z Gm, 7, QU (R x)) ;}]@)) Y (@) dw(@)
i=1n=0; 37 m=0

oo 2n+1

/ (Z PG QU (Re )y (@ >> Y () dw(@)

n,j
Z (i.m. i, QU () [y (@) -yl (@) deot@)

=3 G mn, QLTI (R; x).

oo 2n+1 00
HOREDIDIDY (Z (@ mn, QG (B a:>> Yns()
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Summing up, we proved that the potential obtained by applying the continuous/star-shaped
VLI operator to the density f € La(Bpg) is continuous. In the case of Giy := Ggtar = Br,
we could furthermore solve the direct problem related to the continuous/star-shaped VLI
operator of the first kind. We were able to construct an orthonormal basis in the domain
of the continuous/star-shaped VLI operator that allows a precise calculation of the direct
problem. In this case, the image of the star-shaped VLI operator consists of continuous and
differentiable functions, which permits a representation of V(7T f).

In Chapter 6, we consider an integral kernel containing Edmonds vector Legendre polyno-
mials, see Corollary 6.21. Now, we will see that all results of this section can be transferred
to the following related problem that is based on Corollary 6.21. Recall that the EEG
operator Tg for the multiple-shell model is a particular case of the operator defined in the
next theorem.

Theorem 7.27. Let . € {1,2,3} be fived, let the quantities {yi}ren,, and {tx}ren,, Sfulfil
the assumption of Definition 6.2, and let a kernel be defined by

k" (x,y) Z w@)z* P (&, 9),  (2,Y) € Getar X Cou, (7.15)
k=0,

where 15};) is defined in Definition 5.21. Let f € La(BRr), then it can be expanded by

co oo 2n+l1

f= ZZ > 2 Flimndlgn

i=1m=0n=0; j=1
0) = [ £@)5,(@) dola)
for almost all z € [0, R]. The potential T f has the representations

(TF) W)= [ f@) 5 (e.y)d

Br
i 2nz+:1 Rin+3/2 N
- 7T f [Lamanaj]/yn(y)yn,j(@)
=0, i=1 (2n +1)v/2t, +3
co 2n+1

2n+1 (/ wj (@) dm) " (Y)Yn,j(9)-
1

The series converge absolutely and uniformly.

an

Proof. In the case of « = 3, there is nothing to prove since the kernel k" is a star-shaped
VLI kernel and the Fourier expansion of f coincides with the Morse-Feshbach expansion.
The two remaining cases can be proved similarly. Hence, we restrict ourselves to the case of
¢ = 1 and obtain the relation

/ f(x k“wy)d

(Z Ve (y)z" Py ( y)) de

+1 R k o
(Z% Nkt zpy’(,9) ZW N arr1 tkP?f)(%y)> da.
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7.3. Solution of the Direct Problem

The series can be split into two convergent series, due to Lemma 6.20 or Corollary 6.21,
respectively. Each series in the integral of the right-hand side coincides with a continuous/
star-shaped VLI kernel, where the functions v for all £ € Ny, in Definition 6.1 needs to

be replaced by vi\/(k +1)/(2k + 1) and —yx/k/(2k + 1), respectively. Thus, by means of
Corollary 7.17 and Theorem 7.26, the linearity of the integration yields

(TF) ()

) [ (s i FE (@) ) 22 e () Yo (5)
=0 =1 (2n+1 2n+ " "

oo 2n+1 Rtn+3/2 n+1
—4
D3P 2n+1 «/2tn+3< m+ 1

n=0 j=1

fA1,0,n,5)—

o2n + 1fA(2 0,n J)> Y (Y)Y 5 (9)-

Due to the construction of g gm n,j» We obtain

P 1= (F 8 ) o
n—+1 1)
2n+1 <f’gm7n’j>L2(]BR) \/ 2n +1 <f gm n’]>L2(BR)
n+1 ., . no .
1 — 2
2n+1f (1,m,n,j) 17 (2momn, )

and, similarly,

w-_ [ntl o @
fnj 2n—|—1f 2n—|—1f <7.16)

The set of orthonormal functions g gmn] fori=1,2,3, meNg,neNp,,and j=1,...,2n+1

is a complete system in Lo(Bgr), just as the system {gm nj}1:1,2,3,meNo,neNo.,g:l,,..,znﬂ, see
Lemma 5.38. Hence, we obtain the desired result. ]

After having solved the direct problem related to the continuous/star-shaped VLI equation,
that is the calculation of the potential T f for a given density f, we can proceed by applying
this knowledge to the electroencephalography problem. However, for the analysis of the
magnetoencephalography problem we are interested in further calculating V(7 f). For this
purpose, we first define a particular class of continuous/star-shaped VLI operators.
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Chapter 8.

A Harmonic Vector Legendre-type Integral
Operator

In Theorems 6.22 and 6.23, we prove that the MEG and EEG integral kernels are harmonic
functions in both arguments. In contrast, the continuous/star-shaped VLI kernel is not
necessarily a harmonic function. This motivates us to define a particular subclass of star-
shaped VLI kernels that are harmonic, which we call the harmonic VLI kernels. However,
this class does not necessarily contain all harmonic star-shaped VLI kernels. This particular
class is of interest, since the kernel occurring in the MEG integral equation is such a harmonic
VLI kernel.

8.1. Definition

The harmonic VLI operator induced by the harmonic VLI kernel has the same structure as
the star-shaped VLI operator from Chapter 6. The reduction in generality is given by a more
precise formulation of the corresponding integral kernel. In addition, we can proceed by
further calculating the gradient field corresponding to the potential obtained by this integral
equation. In the following, we consider the harmonic VLI kernel k£ from the next definition.

Definition 8.1 (Harmonic VLI Kernel). Let Bg C R3 be a ball with radius R > 0 and
let Gour C BEE be a region with infycg,,, y > R. We define the harmonic VLI kernel k®
for an arbitrary v € {1,2,3} by

Ik Dra n
yk+1xtkp;e>(wvy)v (way) € Br X Gout.

o0
kY (z,y) =
k=1
The occurring quantities fulfil the following assumptions:
i) The real sequence {t;}ren s bounded from below by —1, that is infren, 20t > —1.
i) The asymptotic behaviour of {t;}ren can be characterized by supgey R* % < oc.

iii) The sequence {Ty}ren C R satisfies (k> |Tx|) € O(KM) for fived M € Ny.

Note that we only consider this particular case in this chapter. Hence, an additional
distinctive notation for the kernel is not necessary. Obviously, Bg is a bounded star domain
with vantage point zero and supgcp, © < R. In addition, it is easy to verify that the harmonic
VLI kernel is a star-shaped VLI kernel from Definition 6.2.

Lemma 8.2. The kernel defined in Definition 8.1 is a star-shaped VLI kernel with v (y) ==
Ty~ D for all k € N.
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Chapter 8. A Harmonic Vector Legendre-type Integral Operator

Proof. Obviously, the assumptions of the star-shaped VLI kernel from Definition 6.2 con-
cerning the domain and the asymptotic behaviour of {t}ren are fulfilled. By choosing
Yi(y) =Ty~ *+D for all k € N, the last assumption is satisfied for all y € Gy, since here
we start the summation at k£ = 1. O

Due to the more precise representation of {v}ren, we are able to analyze the behaviour
of the functions at infinity.

Lemma 8.3. There exist an € > 0 such that for all k € N the functions {Vi}ren, that
appear in Lemma 8.2 and correspond to the harmonic VLI kernel, satisfy the estimates

sup |V, (y)| < (k+1)Tx| (R+ e)_(’““)’

yEGout
Supb V()| < (k+1)(k +2) |Tx| (R + )~ *+),
YEGout

In addition, we have (k + (k+ 1)) € OKM*Y) and (kv (k +1)(k + 2)|Tk]) € O(KM+2)
for a fixed M € Ny, respectively.

Proof. We first calculate for all y € Goyut, & € N the first- and second-order derivatives of ~y,
that is

d
/ _ —(k+1)\ _ _ —(k+2)
e(y) = & (Fky ) = —(k+ DIy ,

2
W) = g3 (T D) = (4 1)k + 2Ty,

Due to the construction of the regions in Definition 8.1, there exists an ¢ > 0 such that
Supgep, = R < R+e <y for all y € Goy. For the suprema, we obtain for all k € N the
bounds

sup [ (y)| = (k+1) |Tx| sup ‘y‘(k+2)‘ < (k+1) |T| (R+2) "),
yEGOut yeGout

Sgp |'Yg(y)’ < (k+1)(k+2)|Tk (R+ 5)—(k+3)‘
YEGout

The asymptotic behaviour of {T'x}ren is given by the assumptions in Definition 8.1. O

Since the harmonic VLI kernel k) is a star-shaped VLI kernel, we can use the results from
Chapter 7 in order to obtain the potential. In addition, we can use (vector) outer harmonics
to gain another representation of the potential.

Theorem 8.4. Let f € La(Br) and r > R be arbitrary. Then the following identities
concerning the harmonic VLI operator hold true for all y € Ggug:

oo 2n+1 r Rtn+3/2

(Tf)(y) =47 n f/\(L, 07 n,j) HZXF(T; y)
n; ; (2n+1)v2tn +3 g
oo 2n+1 T, R " . )
= 47rn§1 ]Zl o+ 1 </0 fn,j(x)a: n da;) WY;M-(y)7
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8.1. Definition

00 2n+1 tn+3/2
n+1 R 1)
oo 2n+1 R
ntl () (1) tn+2 L oow.
= —4r z:l z:l r, Ml (/0 fn’j(x)a: dz ) hw.(r, Y).
n=1 j=

Here, the series converge uniformly in Gouy and in the La(Goyy)-sense.

Proof. We start with the representation of 7 f, which is provided by Corollary 7.17 and The-
orem 7.26, that is

oo 2n+1 Rtn+3/2 N
=4 ,0,m, Y, J
(Tf an(:) jZl o T vz 0 ) ()Y (9)

Inserting the particular set of function {v,}nen,, into this equation, see Lemma 8.2, we
observe that the potential depends on the functions y y_(”+1)Yn7j(3}) for all n € N,
j=1,...,2n+ 1. In addition, we are able to start the series by n = 1. Furthermore, for all
r>R neN, and j=1,...,2n + 1 we obtain the relation

. 1

where the scalar-valued outer harmonics H exjt are defined in Definition 2.28. Combining
these thoughts, we get the first relation for the potential T f.

For the gradient of the potential, we make the following considerations. By means of
Lemma 8.3, all assumptions of Lemma 7.21 and Theorem 7.26 Item ii) hold true, which
provides us for all y € Gy with the representation

oo 2n+1 Rt"+3/2 A
.y . ()Y (8

Now, we need to calculate the gradient of the right-hand side of the previous equation. For
this purpose, we use Eq. (5.15b). Thus, the gradient term is given for all y € Gou, n € N,
and j=1...,2n+1 by

v, ( Iy ) _ Vet 1)+ 1)F”h§j]j(r; 9).

Inserting this in the representation of V(7 f), we arrive at the desired result.

In both cases, we obtain with Lemma 7.24 and Theorem 7.25 the second stated formulae.
The desired convergence is obtained by Theorem 7.26, since 7/,(y) = —(n + )Ty~ "2 for
all y € Goyt (in this case Ny :==1). a

For the function 7 f, we prove the La(Sg)-convergence of its series for the continuous/star-
shaped VLI operator 7 in Theorem 7.20. However, we could not formulate a corresponding
result for V(7 f). Eventually, we are able to prove this result in the case of the harmonic
VLI operator.
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Lemma 8.5. Let Assumption 7.14 be fulfilled. In addition, let the estimate

.. c\/(2n+1)(2tn+3)
n—+1

hold true for all n € N with a constant c € R:{. Then we can expand and restrict V(T f)
generated by the harmonic VLI kernel onto the sphere with radius R. This function is denoted
by (V(Tf))lsg- In addition, its series converges in the sense of Lo(Sg). It is represented by
the expression

co 2n+1

2\OR 1 R v 1 ~(1) /~
(VTR “EY ~4z 3" 3 T 22;(/0 f,i,;<x>xtn+2dm> U ).

n=1 j=1

Proof. The representation of V(7 f) from Theorem 8.4 can be formally extended to Sg. In
addition, for all n € Ng and j =1,...,2n + 1 we have

r n+1
hy s (r3y) = () h\(Riy), Y € Gou,

which can be obtained from the definition of the vector outer harmonics of type 1, see
Definition 5.27. Thus,

oo 2n+1

V(Tf)——47rZZF n+1 /Rf“)(x)xt”“dm (T>n+1 1 h.(R; )
- "Veon+1\Jy ™I R prtl T A

n=1 j=1

We obtain with Remark 5.28, hs)j (R;)|sp = Rys)], and a property of Parseval’s identity,
see [198, Thm. 12.6], a representation for the norm:

2
T sl = 16225 S 12 2L ([T 0 izg,) L
SrllLa(Sr) — = o "om+1\Jy T Taniz
oo 2n+1 R R
2 o n+1 W 2 / 242 1
< 167 ; JZI Fn2n+1 0 (fnﬂ(x)x) dz ) T de2n+2
oo 2n+1 R
n—+1 2
— 1672 / O (V) dgR2tn—2n+1
nzl ]Z: 2n + 1)(2tn +3) Jo (£ (@)a)

neN

2
< 16w R <supRtn ) 15, ) < o

In the second step, we used the Cauchy-Schwarz inequality for integrals, and the representation
of the density norm from Eq. (7.5) in the last step. O

Having defined the harmonic VLI integral kernel and having analyzed the related direct
problem, we analyze the eponymous property of the harmonic VLI kernels in the next section.
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8.2. Harmonicity of the Kernel and Potential

8.2. Harmonicity of the Kernel and Potential

From Theorem 6.18, we know that many differential operators interchange with the series of
the continuous/star-shaped VLI kernel. In the case of the harmonic VLI kernel, we are able
to explicitly calculate the result with respect to A,. Recall that the vectorial Laplacian is
meant component-wise.

Lemma 8.6. For the harmonic VLI kernel k), we have Ayk" (x,y) =0 for all (x,y) €
(Br \ {0}) X Gout. In addition, k) (x,-) € C®(int Gout) for all x € B \ {0}.

Proof. According to Theorem 6.18, the series of the kernel can be interchanged with the
differential operator. The assumptions on {7 }ren required for this purpose are fulfilled, see
Lemma 8.3. For all (x,y) € Br X Gout, we get the relation
=T
Ak (@, y) = Ay Y —at ) (,9)

Y k+1
=Y

oo

=S rata, (R 6. 5)
k=1
oo 2k+1 4

7T L A —_ A
=3 2 gtk @Ay (vt Y())
k=1 j=1

=0,

where we used the Addition Theorem for vectorial Legendre polynomials, see Theorem 5.24.
The mapping y — y_(kH)Yk,j(@) is a harmonic function for y # 0, see Corollary 2.30. Thus,
each summand of the series vanishes. The stated smoothness of the kernel is a consequence
of the harmonicity of the kernel on this particular region, see [64]. O

By means of the foregoing lemma, we are able to prove one advantage of the harmonic
VLI operator. Based on the integral representation of the forward operator 7 and the fact
that, under certain assumptions, the Laplacian can be interchanged with the integration, we
can achieve the harmonicity of the potential 7 f.

Theorem 8.7. The potential T f is a harmonic function in Gy, that is A(T f) =0 for all
J € Lo(Bg).

Proof. We immediately obtain
ATHw) = | fl=): (Ayk" (z,y)) dz =0,

due to Theorem 7.13. Note that the assumptions of this theorem are fulfilled by means of
Lemma 8.3. Lemma 8.6 provides us with Ayk“(z,y) = 0 for all (z,y) € (Br \ {0}) X Gout-
Thus, the integral vanishes. O

Since T f is a harmonic function in the outer region, we want to link the potential obtained
by the harmonic VLI operator to a solution of the exterior Dirichlet problem. For this
purpose, we need the regularity at infinity of T f.

Lemma 8.8. The potential generated by the harmonic VLI operator, that is V =T f, for a
given density f € Lo(BRr) is regular at infinity.

131
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Proof. Via Theorem 8.4 and by means of outer harmonics, we obtain a representation of T f
for all y € Goyy given by

oo 2n+1 T R Rtn+3/2 .
= 4 = 707 ) ‘ HSLX' ; .
(TH)(y) ﬂ; JZI CEN et G U

In addition, the convergence of the series is absolute and uniform in Ggyu. The outer
harmonics are regular at infinity, see Corollary 2.30. For the regularity at infinity of the
potential, we need to check if 7f € O(]-|~!). For this purpose, we analyze the convergence
of the series in (7 f)(y)y. We obtain with the Cauchy-Schwarz inequality, Theorem 7.15,
the Addition Theorem 2.25, and the fact that y > R + ¢ for all y € Gyt the estimate

oo 2n+1 r, N Rtn+3/2
0 ) ——— Y. (Y
Z Z (2n+1)\/mf (L7 7n7.7) yn n,](y)

n=N j=1

oo 2n+1 F2 RQt"+3 1/2
< n ANV (4 ‘
S| X X G ) g @Y @ | e

n=N j=1

47

t o0 2 g2t \ /2
<V4 R z :
T () (3 e msgm) Maos

The right-hand side converges to zero as N — oo. Thus, |(T f)(y)y| < oo uniformly for all
Y € Gour and, consequently, lim sup,,_,..[(7 f)(y)y| < oo. With the same estimates and the
representation of the gradient in Theorem 8.4, we obtain limsup, . |[y*(Vy (T f)(y))| < oo
and, hence, the regularity at infinity. O

The harmonicity and regularity at infinity of the potential provide us with the possibility
to use knowledge about the exterior Dirichlet problem in this setting. Summing up, T f
satisfies all assumptions for the corresponding exterior Dirichlet problem.

Lemma 8.9. Let Gy C R? be the outer region of the harmonic VLI equation. Consider
the potential V .= T f for f € Lo(Br). Then

i) V satisfies Laplace’s equation AV =0 in int (Goyy),
ii) V is of class C?(int(Gout)) N C(Gout), and
11i) 'V is regular at infinity.
Proof. i) From Theorem 8.7, we immediately obtain that V' is harmonic.

ii) Since V is a harmonic function, it is of class C*(int(Geyt)). Thus, we only need to
verify V' € C(Ggoyt), which has already been proved in Theorem 7.8.

iii) This is proved in Lemma 8.8. O

Thus, with given boundary values, the potential V' generated by the harmonic VLI operator
is the unique solution of the exterior Dirichlet problem. In the particular case of Ggyy = B&Xt,
we also obtain the following result.
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Corollary 8.10. Let Goyut = B, where r > R, and let f € La(Bgr) be given. Then

T )
V .=Tf from Lemma 8.9 is the unique solution of the exterior Dirichlet problem, that is

AV =0 in B&* with boundary values (T f)ls,, see Definition 2.31. It is given by
oo 2n+1
V=23 VMn )H ()
n=0 j=1
with the abbreviation V"(n, j) = ((T f)ls,, HyS (15 ) La(s,)- The coefficients satisfy
T, Rtn+3/2
2n+1)y2t,+3

forallmeNandj=1,....2n+1, and V"(0,1) = 0.

V/\(n,j):47r fA(L,O,n,j), (81)

Proof. The potential V fulfils all assumptions of a solution of the exterior Dirichlet prob-
lem, see Definition 2.31 and Lemma 8.9. Lemma 2.32 provides us with its representation.
Theorem 8.4 states another expansion of the potential V', which reads

> 2l Iy N Rtnt3/2
V(y) =4r (e, 0,n,7 H (r;y), Y € Gous.
( ) n;l J; (2n+1)\/m ( ) P TL,]( ) out
Hence, we can calculate the coefficients V/(n, j) forallm € N, j = 1,...,2n + 1 by means of

Corollary 2.30 and arrive at

V"(n, 5)
— ext(y.. .
= (Vs B (r50)ls. ), o
T Rt"+3/2
=4 n Mo, 0,m, ) ———. 0
" an T3 (6,0,m )=

Now, we have all tools at hand in order to analyze the direct problem of the magneto-
electroencephalography problem.
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Chapter 9.

Direct Magnetoencephalography Problem

9.1. Measurements from Magnetometers

For the analysis of the direct MEG problem, recall that the multiple-shell model assumptions
from Assumption 3.2 hold true. In Eq. (3.3), a connection between the magnetic potential
and the neuronal current is stated. First, we want to verify that this integral equation is
well-defined and the evaluation of the corresponding potential makes sense. By using the
results on the continuous/star-shaped VLI equation, we immediately obtain that the series in
the MEG integral kernel converges, see Theorem 6.6, and that the integrand in Eq. (3.3) is
integrable over the region B,,, see Corollary 7.3. Hence, the integral equation is well-defined.
For this result, we use the assumption that the neuronal current is an Ly (B, )-function, see
Assumption 3.2. Accordingly, Eq. (3.3) initially holds true almost everywhere. However,
Chapter 7 provides us with more results concerning the potential

Uly) = [ IV (@) ku(z,y)de,  ye B
0

The magnetic potential is an Lo (@)—ﬁmction, see Corollary 7.3, and the linear operator
Tu: La(By,) — La(BSE) with T J¥ = U is bounded. In addition, U is a C(@)-function, see
Theorem 7.8. In other words, the magnetic potential is a continuous function U: BS¥* — R,
hence Eq. (3.3) holds pointwise for all y € BEXt.

Since the magnetic field B is, in the exterior of the head, given as the gradient of the
magnetic potential U, see, for instance, [73,200] or Eq. (3.1), that is

B(y) =pnoVyUl(y),  yeBg,

we still need a higher smoothness of U. This smoothness is obtained by Theorem 7.11. All the
assumptions therein are fulfilled, see Assumption 3.2 and Lemma 6.9. Due to Corollary 7.12,
the magnetic field is a continuous function in BSxt.

An immediate consequence is the relation between the primary current and the magnetic
flux density B, in the direction of the normal vector field v given by

By (y) = pov(y) - Vy < I (x) - kn(,y) dw) . yeBg (9.1)

Bog

Summing up, we eventually obtain the mathematical formulation of the inverse MEG
problem and its corresponding continuous/star-shaped VLI operator.

Problem 9.1 (The MEG Problem). Let Assumption 3.2 with L > 1 be fulfilled. It is the

aim to reconstruct the primary current J¥ from a finite set of by € Ny given measurements
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of By, where the relation between those two quantities is given for £ =1,..., 0z by

4%t

AuJE = ZB Yy)E Z 55

with the measurement positions {y, | £ =1,... Iy} CBS*. Note that €° for £ =1,... 0y
denotes the standard Cartesian basis in R, The MEG forward operator
T La(Bg,) — C(BEY) and the linear operator Ay : La(By,) — R™ are defined by

(TMJP ) = poVy / Jv ) - km(zx,y) de, yEBZ’f, (9.2a)
AnJ? ._Z (we) - (Td”) (wo)e". (9.2b)
(=1

The corresponding magnetic potential has the form

Uly) = | J (@) kv(z,y)dz,  ye B
0

Recall that the integral kernel kyy is given by

k
T R _
ke Z ] ykﬂp}f)( ), (z,y) € By, x B

After formulating the well-defined MEG problem, we consider the solution of the direct
problem. Recall that the occurring MEG kernel ky is a harmonic VLI kernel. Thus, we
can use the results from Chapter 8 in order to solve the direct MEG problem. Eventually,
we obtain a representation of the magnetic field or potential, respectively, generated by the
neuronal current.

Due to Theorem 7.11, we are able to interchange the gradient with the integration. In
the resulting representation in Eq. (9.3), the vector on the left-hand side of the integrand is
called the lead field of the MEG channel measuring the field at location y in direction v, see
[108,180] and the references therein. The relation between the magnetic flux density and the
lead field is given by

v() Bly) =po [ (v (jac, (eu(w9)) ') I @) e, yeBEL  (93)

20

Recall the definition of the vector-valued basis functions on the ball in Definition 5.37 and the
one of the scalar-valued basis functions on the interval [0, gg] in Definition 5.1. In addition,
Edmonds vector spherical harmonics, see Definition 5.9, are used. Note that the sequence
{tn}nen,, also occurs in the definition of the orthonormal basis functions, see Definition 5.37.

Theorem 9.2. Let the neuronal current fulfil Assumption 3.2 with L > 1. Then we can
ezpand J¥ as

co oo 2n+1

Z Yo > > IMismin, g, i(00; )

i=1m=0n=0; j=1
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with t, == n and we define fori =1, 2,3, n € Ny, and j =1,...,2n+1 the functions
) o
T =3 I imn, 15 (aos ).
m=0

The uniformly converging series in the representation of the magnetic field and the magnetic
potential, respectively, are given for all y € IB%‘EXt and for their restriction onto the sphere Sy,
in the sense of La(Sy,) and La(Sy, ), respectwely, by the expressions

oo 2n+1 f o 1
(3),~ n 2 N
n=1 j=

oo 2n+1 00
B — _ / (3) n+2d h( ) : 9.4b
) =—mo > \/2n+1 9690 (001 y). (9.4D)

n=1 j=1

Proof. We get the representations for U and B from Theorem 8.4 in combination with
Lemma 6.9 and I';, = \/n/(n + 1)/(47). Note that ¢,, = n for all n € N and that the Morse-
Feshbach and Edmonds vector spherical harmonics of type ¢ = 3 coincide. The convergence
results concerning the magnetic potential in Eq. (9.4a) are proved in Theorems 7.18 and 7.20.
The assumptions therein are fulfilled due to Lemma 6.9 combined with Theorem 7.26. In
order to apply Theorem 7.20 and Lemma 8.5, we need to verify their conditions, that is

7 (00)] = Ty ™Y,

where for all n € N the next estimate holds true:

TH _ \/ 2n+n+21n+3) <\/@2n+1)%(2n + 3).

The uniform convergence of the series in Eq. (9.4b) holds true because of Lemma 7.21. The
L2 (S,, )-convergence is given by Lemma 8.5. O

By means of Lemma 7.24 and Theorem 7.25, we obtain for the remaining integration in
Eq. (9.4) the result

2n+3

Q0
~ e
T @) e = 3,0, )y (9.5)

forallme N, j=1,...,2n+ 1. Recall that the approach used in Chapter 7 is based on a
separation of the neuronal current into a radial and an angular part. This kind of separation is
a common approach, which has already been used for certain MEG and EEG decompositions,
see [48,71,72], or in other fields, for instance, in the inverse gravimetric problem, see [161],
or the inverse geomagnetic problem, see [12]. However, to the knowledge of the author, for
the first time it is used by means of the Edmonds vector spherical harmonics. Therefore, we
call this separation the Edmonds approach. In the case of the MEG problem, however, these
two approaches coincide. Nevertheless, this nomenclature will make sense when the MEG
problem is combined with the EEG problem. In [48,71], a decomposition of the current
into complex vector spherical harmonics is used. A comparison between the results in the
literature and the ones from this section is presented in Chapter 15.
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Remark 9.3. For the MEG direct problem, it is irrelevant whether the Morse-Feshbach or the
Edmonds vector spherical harmonics are used for the decomposition of the neuronal current.
Only the part of the neuronal current belonging to the type « = 3 of the Morse-Feshbach
vector spherical harmonics does contribute to the magnetic potential and its field. This type
coincides with type « = 3 of the Edmonds vector spherical harmonics.

Now, we find an answer to the question: ‘can we represent (parts of) the neuronal current
if the function describing the magnetic potential or field, respectively, is completely known?’
We solve this task by stating a relation between the Fourier coefficients of the neuronal
current J[i,m,n,j] for i = 1,2,3, m € Ng, n € Ny,, and j = 1,...,2n + 1 and some
expansion coeflicients of the magnetic potential and the magnetic field, respectively. This
relation is necessary in order to describe the neuronal current by means of the given magnetic
potential. Thus, we are ultimately seeking for a solution of the inverse problem. For this
purpose, we first need suitable expansions for both quantities. In Chapter 8, certain SVDs
for the integral operator were stated. However, we focus on an expansion in (vector-valued)
outer harmonics, in order to compare our results with the literature.

Theorem 9.4. Let the neuronal current fulfil Assumption 3.2 with L > 1,

e then the corresponding magnetic potential U and its outer harmonics coefficients given
by Ugé\(n,j) = (U\SQL,HeXt(gL, )‘SQL>L2(S L) are uniquely determined by

oo 2n+1

Z Z HeXt(QLay)v B??)

n=0 j=1

©0
U A 5 — \/ﬁ / J(3)7~ n+2d
o nod) = s [ e
3 n
n0p Q0 A .
- 20 J73,0,m, 9.6
¢<n+1)<2n+1>2<2n+3> (5r) 7'.0.m.3 (56)

formeNy, j=1,....2n+1;

o then the corresponding magnetic field B and its vector outer harmonics coefficients
B, (n,j) = <B|SQL,h(1) (0r;*)ls,, Ms(s,, ) are uniquely determined by

oo 2n+1

=2 > Br(mihler), v eBg,
n=0 j=1

Al s @0 (3) L2
BQL (n J) - n+1 2n +1 dz

n+1
noo 00 A .
= - - J 3707 )
MO\/(2n+1)(2n+3) (QL> 3,0,m, 7]

formeNy, j=1,....2n+1.

For ally € IB%eXt the occurring series converge absolutely and uniformly in both cases.

Proof. The magnetic potential is regular at infinity and harmonic in the exterior of the head,
see Maxwell’s equations in Definition 3.1:

0=V -B=uV VU=pAU  inB
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From Lemma 2.32, we obtain the unique outer harmonic representation of U. We use the
relation y~ (VY () = op"HX(or; ) and the calculations from Theorem 9.2 and Eq. (9.5)
to obtain the desired result. From Eq. (5.15), we relate the gradient of the scalar outer
harmonics to the vector outer harmonics of type ¢ = 1. For the magnetic field we, hence,

obtain with Eq. (3.1) the relation

Vin+1)(2n+1)
oL

foralln € N, j=1,...,2n 4 1. This completes the proof. O

Thus, by means of Maxwell’s equations and the continuous VLI equation, we are able to
formulate an integral equation modelling the relation between the neuronal current inside the
brain and the measured magnetic potential in the exterior. Moreover, we used an Edmonds
vector spherical harmonics decomposition of the neuronal current in order to solve the direct
problem. A relation between the expansion coefficients of the measured quantities and the
Fourier coefficients of the neuronal current is stated in Theorem 9.4.

9.2. Measurements from Gradiometers

Within our numerical tests with real data, the data is obtained by magnetoencephalographs
that are part of the Elekta Neuromag Vectorview system, see [172]. This system provides us
with additional 204 measurements, see [33,172]. For each sensor surface, the normal vector
v is constant and the sensor surface possesses two perpendicular tangential vectors v; and
vy. On each sensor surface, the two directional derivatives (in direction of the tangential
vectors) of the normal component of the magnetic field, BV* and BV2, are measured. They
are defined for all y € @ by

B (y) == vy - (VyBu(y))a
BY2(y) = vy - (VyBu(y))'

In order to further manipulate these expressions, we use the representation of the magnetic
field from Theorem 9.4 and get

oo 2n+1
Bll(y) = Z Z Bg/L\(n7])V(y) : h’;zlzj(gln y)7 RS Bz}ztv (98)
n=1 j=1
N iy MO [ 0 +2
B, (n,j) = Tt 2n—|—1/0 I i (z)z" 2 dz, (9.9)
where n € N, j =1,...,2n + 1. Next, we calculate the gradient of the normal component of

the magnetic field.
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Chapter 9. Direct Magnetoencephalography Problem

Lemma 9.5. The gradient of the normal component of the magnetic field B, is given for
all y € BEE by

oo 2n+1 n+1
n=1 j=1 n+
n+1
_ 3 ) (a 2 (2) (A
+(v(y) - 9) ( (n+3)4/ T [Yni(@) +(n+2)4/5 n Yni (D)
n(n+1)>% @) [~ n *\.(2) [ p
o 10 (v W) @) -\ 5 ) VHu@) ) ).
Proof. The detailed proof can be found in the appendix, see Appendix A. O

Due to the complicated structure of the function V B,,, we are not able to obtain an SVD
of the operator mapping the neuronal current onto BV! or B2, respectively.

In addition, even with an SVD of these operators more theoretical information on the
neuronal current cannot be obtained (from it) than by means of the full magnetic field. The
reason for this is that VB, depends on the same Fourier coefficients of J P as the magnetic
field itself. Thus, we concentrate our theoretical investigations on the magnetic potential
and its field.

On the other hand, from the numerical point of view, these additional 204 measurements
can help to improve the numerical results by easing the lack of data and stabilizing the
influence of the data noise. Further foundations and calculations that are required for the
implementation of VB, (y) for the representation in Lemma 9.5 can also be found in the
appendix, see Appendix A. However, the implementation itself would exceed the scope of
this thesis and is left for future investigations.
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Direct Electroencephalography Problem

In Eq. (4.23), an integral equation corresponding to the EEG problem for the multiple-shell
model is stated. In Lemma 6.10, it is verified that this integral equation can be constructed
by a linear combination of two continuous/star-shaped VLI kernels. Thus, we can use results
for the continuous/star-shaped VLI operator in order to solve the direct problem related to
the integral equation stated in Eq. (4.22) for the electric potential.

This integral equation for the potential restricted onto S,, can also be found in [45, 73].
Therein, however, Gauf’s Theorem, see [219], for the integration and the Helmholtz decom-
position for the neuronal current is used in order to solve the problem, see also [47, 71]. Now,
for the first time this problem is solved by means of the Edmonds vector spherical harmonics,
which we call the Edmonds approach. A comparison of the different approaches is given in
Chapter 15.

Note that the electroencephalograph measures potential differences, that is

ur(y) —ur(z) = A JP(x) - (kg(z,y) — kg(z, 2)) de, Y, 2 €S|y, 1 01)
20
The integral kernel resulting from the subtraction of kg evaluated at different measurement
positions is often called the EEG lead field, see [181].

For the well-definedness of the EEG problem, two central questions need to be answered.
The first question is whether the integral in Eq. (4.22) exists and the second one is whether
the electric potential can be evaluated at the sensor positions. Due to the considerations
in Lemma 6.10, we can understand the integral kernel kg as a linear combination of two
continuous/star-shaped VLI kernels. The results from Chapter 7 combined with the linearity
of the integration provide us with the answers to these questions.

Corollary 10.1. Let Assumption 3.2 with L > 2 hold true. The electric potential uy, on the
scalp given by Eq. (4.22) is well-defined and a C(S|,, | 5,1) C La(Syp,_,,0,])-function.

Proof. The integrability of the function u$ (-,y) from Lemma 6.10 for all y € Sior_1,01] 18
given by Lemma 6.20 combined with Lemma 6.10 and the Cauchy-Schwarz inequality. From
Corollary 7.3 and Theorem 7.8, we obtain that the function

u(y) = /B JP(cc) - kg(z,y) dz, Yy € IB%Z’;EFE,
Q0
is, as the sum of two potentials obtained by continuous VLI operators, see Lemma 6.10,
an Lo(B5r', ) and a C(B5', . )-function with an arbitrary € > 0. Using ¢ = o1 — 0o, its
restriction onto Sy,, | ,,; 18 also continuous and an La(S(,, _, ,,))-function since Sy, | 5,1 C

ext
BQO +e- [

Now, we are able to formulate the inverse EEG problem for the multiple-shell model. We
assume that the reference potential for the voltage difference is equal to zero.
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Problem 10.2 (The EEG Problem). Let Assumption 3.2 with L > 2 hold true. In
the inverse EEG problem, one is interested in finding the primary current J* from a
finite set of measurements of the electric potential uy, on the scalp at the sensor positions
e €81, 1o €=+ 1,....0m + e} . The relation between the neuronal current and
the electric potential is given by

4o

Apd” = " ur (Yo, 40"

=1
Note that €’ for ¢ = 1,...,0g denotes the standard Cartesian basis in R®®. The EEG forward
operator Tg: La(By,) — C(S|,,_, 0,]) and the corresponding linear operator Ag: La(Bgy,) —
R are defined by

(7’EJP> (y) = B Jp(m) ) kE(way) de, RS S[QL,17QL}7 (101)
155 ’

Agd” =3 (Tod®) (e 40)e". (10.2)
=1

The occurring kernel is given in Lemma 6.10, that is

- Z\/mﬂk 0@, 9), (y) €Boy X Spp, )

Note that the counter for the sensor positions starts at £y + 1, where £, is the number
of MEG measurements, in order to simplify a combination of the inverse MEG and EEG
problem later.

For the next result, recall the definition of the orthonormal vector-valued basis functions
on the ball in Definition 5.37, in which the sequence {t,,},en occurs. The used scalar-valued
basis functions on the interval [0, o] are given in Definition 5.1. In addition, Edmonds vector
spherical harmonics, see Definition 5.9, are used. Now, we are able to present the direct
solution of the EEG problem. Thus, we use the Edmonds approach in order to solve the
EEG problem.

Theorem 10.3. Let Assumption 3.2 with L > 2 be fulfilled. Then J¥ can be expanded as

oo oo 2n+1

SV Y P fmn g e

i=1 m=0n=0; j=1
with t, == n — 1 and we define fori =1, 2,3, n € Ny, and j =1,...,2n+ 1 the functions
J,(%’ = Z JA [i,m,n, j] Q(” 1/2)(90; ).

In addition, the electric potential on the scalp has for ally € Si,, | ,,] the representation

usly) = | JP(x) - kp(z,y) dz (10.3a)
1]

oo 2n+1
=33 o P2, 0,m, VR H ()Y (8) (10.3b)

n=1 j=1

[e'e) 2n+1
3 Y Ven+)m / JO(2)a" day,(§). (10.3¢)

n=1 j=1

The occurring series converges absolutely and uniformly.
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Proof. By means of Theorem 7.27, we define with + = 2 and for all n € N the quantities

’yn(y = “1y/n(2n+1)3H,(y) and t, = n — 1, where the domain of the former is
B%S—a Wlth €= 0r—1 — 00- Therefore, the equations hold true for all y € S, _, ,,] in
partlcular

In contrast to the MEG operator from Chapter 9, the EEG operator 7g maps into a range
of functions over the spherical shell Si,, | ,,). The EEG sensors need to be attached non-
invasively onto the head, since the electric potential cannot be measured in the circumambient
air, which is a really bad conductor. The conductivity of the air is modelled as zero, see also
the note after Assumption 3.2. Note that the outer shell S,, | ,,1 does not necessarily need
to be the scalp or a part of it. The outer shell can also model a layer of paste used for the
attachment. However, the paste is not attached equally around the entire head which will
then lead to a model error.

In the literature, the electric potential uy, is often restricted onto the sphere S,,. In this
case, we get

co 2n+1

%) ZZuLw i

n=0 j=1

), 4 €8S.

CQ>

Here, the Fourier coefficients are given for allm € N, j =1,...,2n+ 1 by

) 1
uf (n,j) = <UL|SQL , Yn,j>
oL LQ(SQL)

<]
— op\/n(2n + 1)H,(o1) /0 IO (2)a" da (10.4a)

n+1/2 9 1
= g 172, 0,m, ] (10.4D)
o  Vn

and u/(0,1) = 0.
By solving Eq. (10.4b) for i for all n € N, we are able to state the next relation for all
neN, j=1,...,2n+ 1 by means of H,, from Eq. (4.20), that is

1 2n+1 1
J/\[anan’j]Hn(y) = JA[2’O)n7j] n i +1 5£LL)7
or, yn+1

n

1 n+1 2n+1 1 ) .
e () ) e (8 Vi
2n+1\ n \or y" 00 00
Due to this formula, we observe that the electric potential in the shell S,, | ;1 is completely

known if it is known on the sphere S,,. A similar result is also known for the Earth’s
magnetic field, see [12]. Thus, a consequence of the previous result is the next theorem.

Theorem 10.4. Let the assumptions of Theorem 10.3 be fulfilled. Then the electric potential
has for all y € Sy, | o] the representation

=3 poi (2n NS 1) () wi i s (05)

0 j=1
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with u/*(0,1) =0. For alln € N and j =1,...,2n+ 1, we have

u / (2n + 1)3 (L)/ J( 2" dg

In this part, we defined three particular classes of integral kernels, which are related to
each other, namely the continuous VLI, the star-shaped VLI, and the harmonic VLI kernels.
We analyzed these kernels in detail and defined corresponding integral operators, which are
well-defined. We stated certain examples of these kernels, such as the MEG and EEG integral
kernel, which we are mainly interested in. Eventually, we solved the direct problems related
to these integral equations in the general setting as well as for the particular problems.

Since we have now solved the direct problem, we are interested in a solution of the inverse
problem, that is a solution of the integral equation itself.
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Part I111.

Solving the Inverse Problem
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Chapter 11.
Introduction to Inverse Problems

A large class of mathematical and physical problems are the inverse problems. A broad
overview is given in [63,148,194], for instance. Whereas direct problems calculate an
effect from a given cause, inverse problems infer the cause from observed effects. Important
examples are the calculation of the evolution backwards in time and the calculation of physical
quantities in some medium by means of knowledge from outside of the medium. The last
problem class includes the inverse gravimetric problem and the inverse electroencephalography
problem, both of which are discussed in this thesis. In all cases, the solution f is mapped
onto the data g by means of the corresponding forward operator 7, that is T f = g. The
domain of the operator dom 7 is a subset of X and the range of the operator ran7 is a
subset of Y, where X and Y are certain spaces. We denote the null space of the operator T
by ker T C X.

Inverse problems are discussed in detail in [34,63,100,102,127,136,148,193,194], for
instance. Further foundations of functional analysis can be found in [124, 142, 198]. Here, we
summarize the essential results required for the analysis of the inverse magneto-electroence-
phalography problem.

Most inverse problems have in common that they are ill-posed or improperly posed
problems because of the discontinuity of the mapping from the data to the solution. Other
reasons for the ill-posedness are the non-uniqueness of the solution or the lack of a solution
of the problem. A well-known characterization of ill-posed problems goes back to Hadamard,
see [106,107].

Definition 11.1 (Ill-Posedness (Hadamard), [148, Def. 1.1.1]). Let X, Y be normed
spaces and let T: X — Y be a mapping between them. The problem (T,X,Y) is well-posed if
the following properties hold true:

i) The equation T f = g has a solution f for every g € Y;
i1) the solution f is uniquely determined;
iii) the solution f depends continuously on the data.
If one of these properties is violated, the problem is ill-posed.

In order to solve ill-posed inverse problems, one is interested in a best fitting solution. If
ran] # Y, then the equation 7 f = g does not necessarily have a solution for all g € Y.

Definition 11.2 ([63, Def. 2.1]). Let X, Y be normed spaces and let T: X — Y be a
bounded linear operator.

i) The element f* € X is called the least-squares solution of T f* = g if

ITF" = gllx = ENTf = gllx-
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Chapter 11. Introduction to Inverse Problems

ii) The function f is called best-approximate solution of T f = g if it is a least-squares
solution with

fr=1inf {||fllx | f is a least-squares solution of Tf = g} .

The solution f7 is a least-squares solution if and only if it is a solution of the normal
equation, that is T*T f* = T*g, see [63, Thm. 2.6]. We will later see, that the best-
approximate solution is unique if g € ran 7T @ (ran T)J-. This can be further characterized by
means of the well-known Moore-Penrose inverse operator.

Definition 11.3 (Moore-Penrose Inverse, [63, Def. 2.2]). Let X, Y be Hilbert spaces
and let T: X — Y be a bounded linear operator. Then the generalized inverse or Moore-
Penrose inverse T+ of T is defined as the unique linear extension of T ' to

dom 7" :=ranT @ (ran T)*
with
ker 7+ = (ran T)*,
where
T =Tlgerr: (kerT)" —ranT.

The Moore-Penrose inverse is closely related to the best-approximate solution and a
least-squares solution.

Theorem 11.4 ([63, Thm. 2.5]). Let g € domT*. Then Tf = g has a unique best-
approximate solution, which is given by f+ =T tg. The set of all least-squares solution is
given by ft +kerT.

Theorem 11.5 (Properties of the Moore-Penrose Inverse). Let X, Y be Hilbert spaces
and T: X — Y be a bounded linear operator. The Moore-Penrose inverse T+ satisfies the
following properties:

i) Let g € domT+. Then f € X is a least-squares solution of T f = g if and only if the
normal equation 7*T f = T* holds true, see [63, Thm. 2.6].

ii) The space Y can be decomposed into Y = ran(T) @ (ranT)* if and only if the range of
T is closed, see [194, Thm. 2.1.8].

iii) The range of the Moore-Penrose inverse can also be represented by ran T+ = (ker )+,
see [63, Prop. 2.3].

iv) The Moore-Penrose inverse T is continuous and, hence, bounded if and only if the
range of T is closed, see [63, Prop. 2.4].

Based on these properties of the Moore-Penrose inverse, another characterization of ill-
posed problems is given. In [194, Ch. 2.1], it is stated that only the cases remain interesting
where 7 is unbounded.
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Definition 11.6 (Ill-Posedness (Nashed), [177]). Let X, Y be normed spaces and let
T:X — Y be a mapping between them. The problem (T,X,Y) is ill-posed according to
Nashed if ranT # ranT .

A large class of inverse problems is generated by compact operators.

Definition 11.7 (Compact Operator [224, Ch. X]). Let X, Y be normed spaces and
let T: X — Y be a linear operator. The operator T is called compact if T By is relatively
compact in 'Y, where By denotes the unit ball in X.

A linear operator T is called compact if the image of every closed ball in X is relatively
compact in Y. By means of basic functional analysis properties, it is easy to verify that
compact operators cannot have a bounded inverse if the range is infinite-dimensional. Thus,
at least one property from Hadamard’s characterization is violated.

Lemma 11.8 ([198, Thm. 4.18]). Let T: X — Y be a compact operator between two
normed spaces. In addition, let X be infinite-dimensional. Then T cannot have a bounded
1nverse.

Corollary 11.9 ([63, Prop. 2.7]). Let T: X — Y be a compact operator between two
normed spaces. In addition, let X be infinite-dimensional. Then T is a densely defined
unbounded linear operator with closed graph.

On the other hand, compact operators between Hilbert spaces provide us with a useful
tool for solving the inverse problem, that is the singular value expansion of an operator
given by the Spectral Theorem. The singular value expansion can be understood as the
infinite-dimensional analogue of the well-known singular value decomposition for matrices.
Therefore, we use SVD as its abbreviation.

Theorem 11.10 (Spectral Theorem, [63, Ch. 2.2]). Let X, Y be Hilbert spaces and
let T:X — Y be a compact operator. Then there exist an orthonormal system {fi}ren
of X, an orthonormal system {gi}tren of Y, and a decreasing sequence of numbers with
A1 > Ao > ... >0 and limg_ oo A\, = 0 such that

TF=Y_Xelf fu)xge  forall f€X. (11.1)

k=1

More precisely, /\i are the eigenvalues of the self-adjoint operator T*T and A are called
singular values of T. The set {fi, gr; Mk tren is called the singular system.

The expansion in Eq. (11.1) is called a singular value decomposition or sometimes a
singular value expansion. Note that the singular values are often assumed to be positive as
in Theorem 11.10. However, for a given expansion as in Eq. (11.1) that also has negative
values of \j for some (or all) k € N, we can always make the singular values positive by
flipping the sign of the corresponding orthonormal basis functions. In addition, {f}ren is
an orthonormal basis in (ker 7)* and {g}ren is an orthonormal basis in ran 7.

Corollary 11.11 ([63, p. 37]). Let X, Y be Hilbert spaces and let T: X — Y be a compact
operator with the SVD from Eq. (11.1). Then its adjoint operator T*: Y — X defined by

(Tf9)yy =T 9x for all (f,g) € X xY
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has the SVD
T g = Z )‘k<979k>gfk forall g €Y.
k=1

Recall that, according to [198, Thm. 4.12], the range of a bounded, linear operator between
two Hilbert spaces and the null space of its adjoint are related by

ker 7% = (ran 7))+, (ker 7)* =ranT~. (11.2)
Using the SVD, the Moore-Penrose inverse can be derived by inverting the singular values.

Theorem 11.12 ([63, Thm. 2.8]). Let X, Y be Hilbert spaces and let T: X — Y be
a compact linear operator. Let {fk, gr; Ak tken be the corresponding singular system and
g € dom Tt. Then the singular value expansion of T+ is given by

Trg=> X9 98)y o
k=1

Often, the condition g € ran T is hard to verify. However, g € ran T if and only if g € ran T
and a summability condition called Picard’s criterion is fulfilled.

Theorem 11.13 (Picard’s Criterion, [63, Thm. 2.8]). Let X, Y be Hilbert spaces and
let T:X — Y be a compact linear operator with singular system { fi,gr; M tken. Then
T f = g has a solution if and only if g € ranT = (ker T*)* and Picard’s criterion, that is

= 2
> A Hgs gr)yl” < oo,
k=1

1s fulfilled.

If the singular values decay faster, Picard’s criterion forces a stricter condition on the decay
of the Fourier coefficients of g, see, for instance, [63, p. 40]. This allows to characterize the
degree of ill-posedness of the problem 7 f = g. A problem is called mildly (modestly) ill-posed
if A, € O(n™%) for some a € R, and severely ill-posed otherwise, that is if A € O(e™"), see
also [148,214].
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12.1. Continuous and Star-shaped Problem

Now, we are interested in the solution of the inverse magneto-electroencephalography problem.
Again, in order to solve the inverse MEG problem as well as the inverse EEG problem at
once, we first consider the ill-posedness of the continuous/star-shaped VLI problem. The
inverse problem induced by the continuous/star-shaped VLI operator is the reconstruction
or calculation of the density f from a given potential V. Definition 11.1 presents a criterion
according to Hadamard to decide whether an inverse problem is ill-posed or not.

By means of the representation of 7 f in Theorem 7.26, we can prove that the operator T
is compact, even if the region Geyt is not compact. In [97], the compactness of a Fredholm
integral operator is shown using certain assumptions that are violated by the continuous/
star-shaped VLI operator. Via the alternative proof of the next theorem, this result can
be conserved due to the special structure of the integral kernel. Consequently, the inverse
problem 7 f = V is ill-posed.

Theorem 12.1. The continuous/star-shaped VLI operator T : La(Br) — La(Gout) s com-
pact and nuclear.

Proof. Due to [225, Ch. X.2], each nuclear operator is compact. Thus, it remains to prove
that 7 is a nuclear operator, that is 7 f has for all f € Lo(Bpr) in La(Goyt) the strongly
convergent representation

(Br) —
LoCr Y alfs Fidramm s
1=0

where {f;}ien, C L2(Br), {gi1}ien, C La(Gout), and {ci}ien, C R are sequences fulfilling

sup H91HL2(GM) < o0, SUP ||fl”L2 Br) < 0 Z | < oo.
1eNy le 1=0

Since Lo(Bg) is a Hilbert space, the operator 7 has the required series representation, see
Eq. (7.14). In our particular setting, the above stated conditions can be represented by

o SuPn,ng(()L,)n,jHM(BR) < 00,

o sup,, jl|(n+ )2 R (")) Yn,j ()15(Gone) < 00, and

Rtn n+3/2

e > 0L|(n+1)2m’ < 0.
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The first condition is immediately satisfied due to the normalization property of the or-
thonormal basis functions. The second condition is implied by the asymptotic behaviour of
the functions 7,, where n € Ny,. The last condition is fulfilled due to the assumptions on
the sequence {t}nen,, - Finally, the series from Eq. (7.14) has to converge strongly in the
Lo (Gout )-topology, which is established by Theorem 7.26. O

In order to find a ’solution’, we need to analyze this ill-posedness of the continuous/star-
shaped VLI problem in detail. Such a sought solution could be the best-approximate solution
of the inverse problem, for example. We start with the non-injectivity and characterize the
null space by means of the previous results. Recall the representation of the potential 7 f
from Eq. (7.14), that is

co 2n+1 Rtn+3/2 R - A
(TF)(y) =4WH;L ]Zl Gt Dy T3 00 md)mw)Ya; (@)

Note that the parameter ¢ is determined by the actual problem at hand. The density f has
the Lo(BR)-convergent Fourier expansion

oo oo 2n+1

3
f= Z Z Z Z f/\(iamanvj)gxz),n,j(R;')'

i=1m=0n=0; j=1
Obviously, only the summands for ¢ = ¢ and m = 0 occur in the representation of 7T f.
The other summands have no influence on the potential. Thus, the continuous/star-shaped
VLI operator T : La(Br) — La(Gout) is not injective and, hence, ker 7 # {0}. We can
characterize the orthogonal complement of the operator null space as follows.

Lemma 12.2. Let T: La(Br) — La(Gout) be the continuous/star-shaped VLI operator with
Gin = BR, then

(ker T)* = span {gg;fn,j(R; ) ‘ ne{n €Ny, yw 20}, j=1,....2n+ 1}. (12.1)

Consequently, (ker T)* is a proper subset of Lo(Bg) and T is not injective.

In order to find a representation of the best-approximate solution, one is interested in
the SVD of the operator 7, see Theorem 11.12. The SVD of the continuous/star-shaped
VLI operator exists because 7 is compact, see Theorem 11.10. However, we are not able
to formulate the SVD in this general setting, but we can consider the restriction of T
to a sphere S,. This particular case is of interest, since in many applications the data
is collected from (approximately) spherical sensor arrangements, such as satellite orbits,
magnetoencephalography devices, or electroencephalography sensor caps, see [87,108] and
the references therein.

Definition 12.3. Let r > infycg,,, ¥y > R be an arbitrary radius. Let for all k € Ny, the
functions v from Definition 6.1 be continuously extendable for y = r. Then the restricted
operator Ts,: La(Br) — La(S,) is defined by

. A0 .
Tls.f = ( / f@) ke >dw) . (12.2)
oo 2n+1 Rtn+3/2 N ‘ A

where k') is the continuous/star-shaped VLI kernel from Definition 6.1.
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It is possible that S, is not a proper subset of Gg,t. However, for the the calculation of the
direct solution and the convergence statements this is not a problem, since r > infycg, ., v > R.
Thus, Theorem 7.26 is still valid in this case. This also implies the uniform convergence of
the occurring series, which allows its pointwise evaluation in Definition 12.3. In addition,
the potential (7s, f)(y) only depends on the angular part of y since y = rg for all y € S,.
Hence, {Vn(7)}nen,, is only a sequence of constants depending on n.

By means of this definition, we are able to formulate the SVD of Ts,..

out

Theorem 12.4. Let Ts,: La(Br) — La(S,) be the restricted operator defined in Defini-
tion 12.3. Then

i) the orthogonal complement of the null space (ker Tlg,)* C Lo(BR) is given by

(ker T1s,)" = span {g{), ;(R;) [ n € {n' € No,q(r) # 0}, j=1,...,2n 41}
it) {gon]( 3 ) Fne (/€N |y, (r)#0} j=1,...2n+1 1S an orthonormal basis for the orthogonal
complement of the null space (ker T|s, )~ C Lao(BRr),
iti) an orthonormal basis for La(S,) is given by {rilYn,j}neNOJ:L_n,an , and
iv) the singular values of Tls, are given for allm € {n' € Ny, | v/ (r) # 0} independent of
J by

R3 Rtn
2, +32n+1

A = 47r

Y (7).

Eventually, we obtain an SVD of Tls,, that is

oo 2n+1 1
T‘S f Z(; z:l )\ <f gOnj ) >>L2(]BR);Yn’j.
n=0, j

Proof. The first statement is clear by combining the orthonormal basis from Lemma 5.38
with the characterization of the null space of 7, see Lemma 12.2. Due to Remark 2.27, an
orthonormal basis for La(S,) is given by {r~1Y;, j}neng j=1,... 2n+1. The forward operator has
the Fourier series

> 2utl Rtn+3/2 X
= 0 . " Yn N
e ; Z nrvar g3l L0 mr)Ye, (@)
Yn (r)#0
oo 2n+1 Rtn+3/2 ) .
A7ty ( 0y @), -
= X gy 0@
n (1) #0

By means of the Spectral Theorem for Ts, and the Moore-Penrose inverse, we are able to
further simplify the inverse problem of finding the density f € Lo(Bpr) for a given potential
V € La(S,) with V = Tls, f. For this purpose, we investigate the behaviour of the singular
values.
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Corollary 12.5. The singular values {An}ne (n'eNo, v, ()20} Of Tls, stated in Theorem 12.4
form a sequence of non-zero real numbers converging to zero.

Proof. Obviously, v,(r) # 0 for all n € {n’ € Ny, | v (r) #0} and R > 0. Thus, each
singular value ), is non-zero for all n € {n’ € Ny, | v,(r) # 0}. Due to the assumptions on
{tn}ne (nreno, v, (r20y and R, the estimate

Rtny T,
2t, +32n+1 pn+1460,,00n,0
R3 R™
< 4nr sup R» "I
B nENISL 2t, + 3 pn+1460,,00n,0

holds true for all n € {n’ € Ny, | v,/ (r) # 0}. The right-hand side converges to zero as R < r,
see Theorem 6.4. Using the Squeeze Theorem, we obtain lim, . Ay, = 0. ]

By means of the SVD, we immediately obtain a representation of the unique best-
approximate solution of the inverse problem.

Corollary 12.6. According to Theorem 11.12, the unique best-approzimate solution f of
Tls.f =V for a potential V € dom 'T|§T in the domain of the Moore-Penrose inverse T\gT
s given by

Fr= ﬂg 4
[e's] 2n+1
2tn —i— 3 2n+1 < 1
= V|ST,Y7<> g’ (R;-).
4m nz(; Z Rbnroy, (r r sy
Yn () #0

Due to the asymptotic behaviour of { A }ne {(n'€No, |, (r)#0} » we immediately obtain the lack
of continuity of the operator 7’|§T.

Recall that the domain of T|¢ is given by dom(7¢ ) = ran(Ts,) & (ran T|s,)*.
In order to reconstruct the density f of Tls.f =V, it is necessary and sufficient that the
potential fulfils V' € (ker T|§ ) =ranT]s, and that Picard’s criterion is satisfied.

Lemma 12.7. Picard’s criterion is given by

0o 2n+1 2

S>> A <V|ST, ,]> < 0. (12.3)
n=0, j=1 La(Sr)
Y (r)#0

The problem Ts, f =V has a solution if and only if V € ranT|s, and Eq. (12.3) holds true.

In this section, we analyzed the null space of the continuous/star-shaped VLI operator and
the SVD of its restriction onto a sphere in the outer region. For a harmonic VLI operator,
we are also able to find an SVD in a larger outer region. This is investigated in the next
section.
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12.2. Harmonic VLI Problem

In the previous section, we found an SVD of the continuous/star-shaped VLI operator
but only for the particular case of its restriction onto a sphere in the outer region. In
Theorem 12.4, the SVD is stated and the convergence of the singular values to zero is proved
in Corollary 12.5. Using the Spectral Theorem, the best-approximate solution f* is stated
in Corollary 12.6. These results naturally hold true for the harmonic VLI operator by setting
Yn(y) =Ty~ for n € N and ~g = 0.

In certain applications, it is not sufficient to analyze the restriction of an operator to a
sphere. For example, satellite orbits or the magnetometer sensor positions are not located on
a perfectly shaped sphere. However, in Section 12.1, we were not able to state a result for the
non-restricted operator, since we were not able to find a Hilbert space and an orthonormal
basis system for ran 7 in this general context, even though such a system must exist due to
the compactness of 7, see Theorem 12.1.

Therefore, we now consider the case of the harmonic VLI operator, where the set of
functions {7y, }nen is determined more precisely. If we additionally restrict ourselves to the
case of Goyy = Bt with R < r < oo, we are able to find appropriate orthonormal basis
systems and Hilbert spaces for ran 7 as well as for the operator mapping f onto the gradient
field of the potential T f, that is V(T f).

In order to find the SVD for the non-restricted operator 7, we first construct appropriate
Hilbert spaces in the domain and range of the operator. A Hilbert space in the domain of the
operator, that is Lo (Bpr), has already been used for the continuous/star-shaped VLI operator.
For the other Hilbert space, we construct an orthonormal basis by using a definition from
[88, Ch. 10.8] that is repeated in the next lemma.

Lemma 12.8. Let the outer space be given by the exterior of a sphere with radius r > R,
that is Goyt = Bt with R < r < 00. On the outer space B, the set of square-integrable
harmonic functions

Harm (W) = {F e C? (W) | F(y))? dy < 0o, AF =0 in B;ixt}

ext
Br

is a closed subset of La(BEXt). Moreover, the system that is comprised of the functions

2n — 1 —
Sp,j(rix) = n Hf;‘;(r;a:), x € Bext
formeN, j=1,...,2n+ 1 constitutes a complete orthonormal system in the Hilbert space
(Harm (B4, - SR

Proof. The definition of the space Harm(B&') can also be found in [88, Ch. 10.8]. Therein, it
is stated that the system of outer harmonics {H}, ext;( i) }neNj=1,..2n+1 constitutes a complete

orthogonal system in Harm(Bgxt). Note that the function HEX'(r;-) is not an element of the

space Harm(B¢x!), since it is not square-integrable with a finite norm. Thus, the system only
needs to be normalized. Forn,m e N, j=1,...,2n+1,and [ =1,...,2m + 1 we obtain
the identity

[e%) rner

<Hext( ) H,re?;(g( L2 Bext /Y 7] ) dW(ﬁj)\/r W"E2 dl‘

- mnéﬂm~ -
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Chapter 12. 1ll-Posedness of the VLI Problem

Now, we have all components of the SVD at hand.

Theorem 12.9. Let (Harm(B&xt), (-, )
T be given by

LQ(W)) be defined as in Lemma 12.8. Let the operator

T fo [ fl@) k() da
Br
with the harmonic VLI kernel k" from Definition 8.1. Then
’L) T: LQ(BR) — (Harm(B$Xt)7 <‘7 ‘)Lﬂ@)):
it) an orthonormal basis for the orthogonal complement of the null space (ker T)J‘ C La(Br)
is glm}eln’ by {go n ]( ; )}TLG {TZ’EN‘FTL/#O} ,J=1,....2n+1 >

iti) an orthonormal basis for (Harm(B&xt), (-, '>L2(lBeTt)) is given by means of the basis from
Lemma 12.8, that is {Syn ;(7;+) tneNj=1,...2n+1, and

iv) the singular values of T are given for allm € {n’ € N| ',y #0} by

r, Rtn+3/2
(2n+1)/(2t, +3)(2n — 1) r- /2~

Eventually, we obtain the SVD of the harmonic VLI operator T, that is

A o= 4w

oo 2n+1
TE= 30 3 (s () )y Salrs)
Ly #0
Proof. i) Theorem 8.7 provides us with the required smoothness and harmonicity of T f.

The integrability is proved in Corollary 7.3.

ii) This statement is obviously fulfilled by Lemmas 5.38 and 12.2. Note that 7, # 0
implies T',, # 0 for all n € N since v, (y) = Ty~ ™Y and y > R, see also Lemma 8.2.
Thus, ker 7 # {0} and, hence, T is not injective.

iii) This statement has already been proved in Lemma 12.8.

iv) Due to Corollary 8.10 and Lemma 12.8, we obtain an expansion of T f by

co 2n+1

Tf=2 > Vinj)H ()

n=1 j=1

oo 2n+1 T
_ A ; N
=323 Vi) 5 )
n=1 j=1

Note that V*(n,j) =0foralln e {n’ e N|[,y =0} and j =1,...,2n + 1. For all
ne {n eN|T #0} and j =1,...,2n+ 1, the coefficients are given by

<T.f7 Sn,] (7’; ')>L2(]B$Xt)

r, Rtn+3/2
Ten+ D)/, 13)2n _ 1) 12 (490 )>L2(BR>
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The singular values for all n € {n’ € N|T',, = 0} are, via Eq. (8.1), given by

Fn Rtn+3/2
(2n+ 1)/ (2t, +3)(2n — 1) rm— Y27

Ap = 4w

which are obviously finite non-zero numbers as inf,enr,20tn > —1. O

Now, let V = T f be the potential of f. Due to Lemma 8.9, V' is the unique solution of the
corresponding exterior Dirichlet problem. By means of Lemma 2.32, it can be represented
by an expansion in outer harmonics. Thus, we get

oo 2n+1

Viy)=>_ > Vn,)HS(ry), vy € Gou,
n=1 j—1

with VA (n,j) = (Vls,,7 Yo )iy, foralln €N, j =1,...,2n+ 1. Via Theorem 8.4 and
orthogonality properties of the outer harmonics, the coefficients V" (n, j) are given by

VA, ) = (THls,, HE (r5)ls, ),

Q(Sr)
T, Rt”+3/2 N
- 4 707 ) ]
Tontvags o ) wond)
2n —1
= i Aan(LaOanaj) (124)
r

forallme Nand j=1,...,2n 4+ 1. In addition, we have an relation between the Fourier

coefficients and the outer harmonics coefficients, that is

T .
(V3 8 (15 )y, @) = 4/ va(n,g). (12.5)

Furthermore, the SVD of T stated in Theorem 12.9 leads to the next theorem.

Theorem 12.10. Let T: Lo(Br) — (Harm(Be<t), (-, '>L2(W)) be the harmonic VLI operator
with the integral kernel defined in Definition 8.1. Then the inverse problem Tf =V of
finding the density f € Lao(BRr) to a given potential V € ranT is (severely) ill-posed, since
the singular values of T decay exponentially fast to zero.

Proof. The proof is mainly based on the SVD of 7. By means of the singular values A,, for
n € {n' € N| Ty # 0} and the estimate inf,enr,£0tn > —1, we obtain

|Fn| Rt"+3/2
(2n + 1)y/(2t, +3)(2n — 1) r71/2

T, R3 R"
<4 Rin—™ T —.
=57 <22§ ) on + 1 \/r(2tn +3)2n—1) m

Due to the assumption in Definition 8.1, the mapping n — I, is of polynomial growth in
n at most. Hence, via the Squeeze Theorem, we get lim,,_, ', (R/7r)" = 0. The singular
values are exponentially decreasing, which implies a severely ill-posed problem. O

0<|\| =4r
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Chapter 12. 1ll-Posedness of the VLI Problem

The singular values of the Moore-Penrose inverse operator are given by {\;!'},.cn, see
Theorem 11.12, which immediately implies its unboundedness.

By means of the SVD and the adjoint operator 7*, we are able to further characterize
the closure of the operator range ran7 = (ker 7*)*. The adjoint operator of a (Fredholm)
integral operator between two Lebesgue spaces can be easily calculated by using Fubini’s
Theorem. Thus, we obtain the identity

TV = Vk"(,y)dy.
Bex
Alternatively, the representation of the adjoint operator 7* given by

oo 2n+1

TV = Z Z )\n<V, Sn,j(r§ ')>L2(W)987)71,J'(R’ )

n=1 j=1
Fn7£0

is an immediate consequence of the Spectral Theorem for the SVD of the adjoint operator,
see Corollary 11.11. By means of the last formula, we get

(ker T*)* = span {S,, ;j(r;-) [n € {n/ €N [T,y #0}, j=1,...,2n + 1}. (12.6)

Another consequence of the Spectral Theorem for the operator T is Picard’s criterion, see
Theorem 11.13, which complements the investigation of the SVD.

Corollary 12.11. Let T : Lo(Bg) — (Harm(Bext), (-, ->L2(W)) be the harmonic VLI operator

with the integral kernel defined in Definition 8.1. In addition, let the potential V € (ker T*)*
be given. Then the inverse problem Tf =V of finding the density f has a unique best-
approzimate solution if and only if Picard’s criterion holds, that is

oo 2n+1 9
S AV Sui (5,
n=1 j=1
Ty 20
1 oo 2n+1 (2tn +3)(2n_ 1)(2n_|_ 1)2 p2n—1 9
- 1672 Zl ; 1"% R2tn+3 ’<V7 SnJ(T; ')>L2(@) < o0.
0 7

Then the solution f* is given by the Fourier series

1 & 2 oan+1 [(2t, +3)(2n — 1) p1/2 ,
AR IDDES 7 T VS (1), g 9. (B )

Proof. See Theorem 11.13 for a formulation of Picard’s criterion. Since V € dom T, we can
apply Theorem 11.12 to obtain the best-approximate solution

oo 2n+1
Z Z An V Sn ,J )>L2(]B$xt)g(()L,>yz,j(R§ )
n=1 j=1
I'n#0
1 X 2n+1 om+ 1 (2tn + 3)(2n _ 1) 7“”_1/2 »
T 4r Z_:l Z_:l T, R3 T VoS (15, @y Gon s (1) O
raz0 0
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12.2. Harmonic VLI Problem

Inserting Eq. (12.5) into the representation of the best-approximate solution f*, we obtain
the identity

oo 2n+1 _ n—1/2
Lo(Br) 1 2n+1 [(2t, +3)(2n—1)r , T .
PREEES o S RN D il N
1 241 26,137 .
= I > z_: T 3 EV (n,5)90.0,;(R; @) (12.7)

2n4+12t, +3 7" (z\" o .

in the sense of La(Bgr). Note that the factor 7 /R is related to the downward continuation
of the data from the outer region, where, for example, sensors are located, to the inner region,
where f1 is located. Similar results concerning the Spectral Theorem and the representation
of the unique best-approximate solution can be derived for the operator Bf := —V (T f) for
all f € La(B,,). First, we define an appropriate function space for the operator range, see
Definition 5.29.

Definition 12.12. The space of all vector outer harmonics of type 1 that are contained in
Lo (Bext) is denoted by

I. —
My, e,

Harm (W) = é harm(" (W)

n=1

and equipped with the (-, -) -inner product. An orthonormal basis for Harm (Bﬁ’“) 18

Lo (Bgxt)

2n+1
sng(ri) =\ = —hi(r)

forallneNandj=1,...,2n+ 1.

then given by

Due to the construction of Harm(B¢xt), it is clear that {s, ;(7;-)}nen j=1,. 2n+1 forms
an orthonormal basis for Harm(B¢*t). The normalization factor can be easily calculated.
For this purpose, let n, me N, j=1,....2n+1,and k =1,...,2m + 1, then

(R 5), i3 () = / hy i (i y) by (i y) dy

ext
B

Lo (Bgx)
7“”+m+2~<1> AN~ (1D)
= | e )90 dy

oo pnmA2 S (1) (a1 (g "
= /7« Wdy Syn,j(y)ym,k(y) dw(g)

_p2n+2 o
e IR
y=r
,
PR

Having a suitable basis at hand, we can find the SVD of the operator B.
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Chapter 12. 1ll-Posedness of the VLI Problem

Theorem 12.13. Let the operator B: Lo(Br) — Harm(BS), where r > R, be defined by
Bf ==V (Tf) for all f € La(B,,) with the harmonic VLI operator T from Theorem 12.10.
Then the operator B has the following properties:

i) B is not injective as

(ker B)* :span{g&)mj(R; ) ’ ne{n eN|I'y#0},j= 1,...,2n+1}.

it) The set {g&)n,j(R; )5 8ng (15°); AnFne (/eNT,,£0} j=1,...2n+1 18 the corresponding singu-

lar system with the singular values

A\ AT n+1 Rint3/2
n = 4ml (2n+1)2(2tn+3) rn—l—l/z .

iii) The corresponding Moore-Penrose inverse operator BT is unbounded.

iv) The closure of the operator range ran BB is given by

ran B =span{s, ;j(r;:) [ ne{n e N|I'\y #0},5=1,...,2n+ 1}.

v) For given V' € ran B, Picard’s criterion is given by

co 2n-+1

XN

n=1 j=1
T'n#0

2
< oQ.

(V,s0(r5))

Harm (W)

vi) The unique best-approximate solution f+ of the inverse problem is for all V € ran B
given by

Fr=p 2 2 MV s -)>Harm(w)98,1z,j,(R; ).

Proof. From Theorem 8.4, we get the expansion

i 2§+:1 \/ n+1 A )Rtn+3/2 0 (0 ( |
Bf = 4w j (e, 0,n,7 — hn,' ). 12.8
n=1 j=1 ( + 1)(2tn + 3) rntl J

i) Due to the construction of B, we immediately obtain {0} # ker7 C ker B. Eq. (12.8)
provide us with the representation of the operator null space.

ii) The SVD and the singular values are a direct consequence of the representation in
Eq. (12.8) and the choice of the orthonormal basis. The singular values are obviously
non-zero numbers with lim,, o A, = 0.

iii) The unboundedness of the Moore-Penrose inverse operator follows immediately from
the SVD and the asymptotic behaviour of the singular values, which converge to zero
as n — oo.
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12.2. Harmonic VLI Problem

iv) This is an immediate consequence of the SVD and the fact that ran B = (ker B*)=.
v) Inserting the SVD in Theorem 11.13, we get the desired result.

vi) The representation of the unique best-approximate solution can be achieved by using
Theorem 11.12 in combination with the SVD. O

In Theorem 8.4, the absolute and uniform convergence of the series in Eq. (12.8) is proved.
However, we are able to extend the operator onto Si, where the series converges in the

L2(Sg)-sense after all.

Theorem 12.14. Let f € Lao(Br) and let the coefficients Ty, fulfil

T < e (2n + 1)(2t, + 3)
= n+1

for an arbitrary ¢ € RS and for allm € N. Then (Bf)|s, € La2(Sg).

Proof. Via the definition of the vector outer harmonics, see Definition 5.27, we get

P (1Y) = s (Riy)

and h;l’)j(R; Nsp = RyS)J forallm e Nand j =1,...,2n + 1. Thus,

3 A oo 2n+1F n+1 N ) Rtn+3/2h(1)
( f)‘SR = WZ Z 2n—|—1)(2tn+3)f (¢,0,n,5) pntl n,j(rv')

n=1 j=1 Sk
oo 2n+1
n+1 1
4 A 0 Rtn n+1/2 - ~(1) (a .
Wr;gz:l G+, 13! LomI) RYna¥)

For the Lo(Sg)-norm, using a property of Parseval’s identity, see [198, Thm. 12.6], and the
fact that {R_l'gs’)j}i:1,273’n€NOi,jzl,‘_”gm_l is an orthonormal basis in La(Sg), we get the
identity

oo 2n+1 n+1

I(BF)lsr s, = 167 FN1,0,m, )2 R2n2m41
RIILy(SR) nzl JZI (2n + 1)(2t, + 3) ( )
2 o0 2n+1
- +1 .
< 167°R Rinn n AL O
= (igg ) nzl ]Zl (2n + 1)(2tn + 3) (F2(,0,m. 7))

5 9 - oo 2n+1
<167°c"R |sup R ZZ LOn])
n=1 j=1

neN

2
< 167%¢*R (sggRtn—n> ”f”iQ(BR) < oo. g
n
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Chapter 12. 1ll-Posedness of the VLI Problem

12.3. Uniqueness Constraints for the Continuous VLI
Problem

In Section 12.1, we prove that the continuous/star-shaped VLI operator has an infinite-
dimensional null space and formulate its expansion via an orthonormal basis. Indeed, the
null space also remains infinite-dimensional in the case of the harmonic VLI problem or the
scalar-valued analogues considered in Part IV. SVDs of the mentioned integral operators are
stated, which lead to the unique best-approximate solution by means of the Moore-Penrose
inverse operator. However, the best-approximate solution may not be the realistic density of
the problem. In certain applications, structures of the density are known a-priori that may
not be covered by the best-approximate solution. For instance, in Example 7.6, the sought
density has its support only inside a spherical shell.

In this section, we want to achieve a unique solution of the inverse problem by means of
additional constraints. Therefore, a solution of the inverse problem V = T f needs to exist.
Thus, we formulate the next proposition valid for this entire section.

Assumption 12.15. Let T be the vector continuous/star-shaped VLI operator and let the
outer space be given by Goyuy = B&Xt with r > R = sup,cg, ©. We assume that the potential
V =T f with density f € La(Gyy)

i) restricted to S, is an La(S,)-function,

i1) s harmonic in the outer space, that is AV =0 in Gy,
i11) s reqular at infinity, and
iv) satisfies Picard’s criterion.

From Theorem 7.26 and Corollary 7.19, two expansions of the potential are known if the
inner region is given by a ball with radius R; they are

oo 2n+1 Rtn+3/2 N . .
(TF)(y) :4WH§L ; @t D) =5 (60,7, )Y (Y) Yo, (9)

oo 2n+1 1

R
= An 2% Zl 1 < /0 Foy ()2 dx) V(Y)Y i (8).
n=0, j=

The spherical harmonics {Yn,j}nENoL,j=l,...,2n+1 are a set of linearly independent functions.
Hence, the harmonicity constraint on V' from Assumption 12.15 can only be fulfilled if for
eachn € Ny, j =1,...,2n + 1 the function y — v,(y)Y, ;(y) with y € Goys is a harmonic
function. However, only the inner and outer harmonics can satisfy this requirement. In
addition, V' needs to be regular at infinity. We arrive for all n € Ny, at

Iy
Yuly) = i for all y € Goyt

with some sequence {Fn}nGNOL C R. Due to convergence requirements, we need a polynomial
growth condition (n — |T'y|) € O(nM) for fixed M € Ny. This condition is similar to the one
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12.3. Uniqueness Constraints for the Continuous VLI Problem

for the harmonic VLI kernel. On the other hand, V solves the exterior Dirichlet problem,
see Corollary 8.10. It has, hence, the expansion

oo 2n+1
V=233 VMn)H ()

n=0 j=1

in Goyy with the abbreviation V" (n, j) = (Vs,, 7 'Y j)1,(s,)- The coefficients satisfy

N F Rtn+3/2 N
) =4 ] 12.
F 1
A ; = (t) tn+2 12.
Vi(n,j) = b i / fo (x)x dz (12.9b)

foralln € Ng, 7 =1,...,2n+ 1 and V"(0,1) = 0 in the case of : = 2, 3. Vice versa, the
density can be represented by means of the Fourier expansion, that is

F@) PET YT S 1 @yl (@) (12.10a)
3 o0
LQ(:R) Z Z Z Z f’\(i,m,n,j)gi,?,w(R; x). (12.10b)

Via Eq. (12.9), only information for ¢ = ¢ can be obtained. Additional knowledge is required
for the remaining two directions of the density f. To this end, assumptions on the directional
part of the function f are necessary. This will be discussed in Section 12.3.2. On the other
hand, only information for m = 0 is obtained by Eq. (12.9). Therefore, additional uniqueness
constraints for the radial part of f are required.

12.3.1. Radial Uniqueness Constraints

In order to apply radial uniqueness constraints to the problem, we decompose the density
into a radial and an angular part. The angular part is represented by (vector) spherical
harmonics, see Eq. (12.10) or Eq. (14.7). Depending on ¢ € {1,2,3} given by the underlying
problem, the function fT(LL)J is only given for n > 0,. In order to cover both cases for 0, with
one notation, we introduce the function D,, ; € L¥ ([0, R]), where w(z) := x?, which is defined
forallneNy,7=1,...,2n+1 by

f(b) in the vector-valued case for allm € Ny, j=1,...,2n+1,
= (12.11)

0 in the vector-valued case for all i = 2, 3 and (n, j) = (0, 1).

The introduction of this abbreviation has also an other background. In a forthcoming part
of this thesis, we will analyze an integral equation related to the continuous/star-shaped VLI
equation consisting of a scalar-valued density and scalar-valued integral kernel. Then, by
choosing the function D,, ; for all n € Ng, j = 1,...,2n + 1 appropriately, the additional
uniqueness constraints from this section can be immediately applied to the scalar-valued
case.
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Chapter 12. 1ll-Posedness of the VLI Problem

With the introduced notation, the outer harmonics coefficients of the potential V' are
eventually given by

r, 1 (B
p il
2n+1r" Jo

V" n,j) =4 Dy, j(x)2z™ 2 da, (12.12)
where the angular part does not occur. The remaining integral provides us with the part of
D,, ; that is parallel to Q" ""/* (R, -) since

R 2t, +3
42 g n  (tnt1/2)
/0 Dy j(z)x dx—\/ﬁ@wv 0 (R")>L;([0,RD'

See the proof of Lemma 7.24 for more details. However, by means of additional radial
uniqueness constraints, we are able to transfer information from the part of D, ; that is
parallel to Qg"“/ 2>(R, -) to the orthogonal part. The application of this approach to the
scalar-valued case has already been published by the author in [147,162].

The occurring radial uniqueness constraints are often motivated by structure-related
constraints. For example, it could be known a-priori that a density or a density deviation
only occurs in a particular layer (spherical shell) of the underlying body Bgr. Then, it would
be appropriate to assume that this density (deviation) has its support inside this layer. This
directly leads to the layer density constraint, which is a radial uniqueness constraint and is
presented in Example 12.17. However, we first state the general setting.

Lemma 12.16. Let each function D, ; € LY ([0, R]) with the weight function w(z) = z* be
a multiple of an LY ([0, R])-function By, ;, that is

Dnvj = d"?jBn7j7

with real coefficients dy, j € R for alln € Ng, j =1,...,2n+ 1. Then

V/\(n ) _ 4ﬂ_rndn,] ]'/RB ‘($)$tn+2 dz
J In+1rm Jy T '

The function D,, ;j can be represented for almost all x € [0, R] by

12n+1
Dy, j(z) = .

T~ I'y

R -1
T”V/\(n,j) (/0 Bnhj(ac)a:t”+2 da:) By, j(x)

if Bnj is not LY ([0, R])-orthogonal to Q§"/* (R, ).

We obtain a unique representation for f;l‘} and a unique representation for f if the density

with the minimum norm fulfilling Lemma 12.16 is sought. This implies fé’; =0 for i # ¢ and
forallmn e Ng,, j=1,....2n+ 1.

Proof. Inserting the identity D,, j = dp ; By ; into Eq. (12.12), we get

V) = dng e [ Bt dad,y.

Solving this equation for d,, j, we obtain the desired representation for D, ;. O
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A more detailed proof of this lemma for particular functions B,, ; can be found in [162].
In the scalar-valued case, see [147,161, 162], this approach is used to obtain the harmonic
solution, the quasi-harmonic solution, that is Az (F(z)z~?) =0 for p € Ry, a generalization
of the harmonic solution, and a layer-density. These are summarized in the next example.

Example 12.17. A few examples of additional radial uniqueness constraints are listed in
Table 12.1, which is also valid for the scalar-valued case if No, is understood as Ny.

Constraint B, j(x) Conditions Integral
. o Kn . 3 R nt+2 . Rtn+2

Generalized = gz infremg, in > =5 fo Buj(x)att?de = St s
Harmon-
icity
Minimum = % infpeng, th > —1 fOR ij(x)mt"JrQ dz = g::;
Norm

tn+3 _rtn+3
Layer Dens- = X[ r14/(x) 7,7+ € [0, R], fOR B j(x)zt" 2 dx = (TJF‘S)%—JFST
ity 0>0

TABLE 12.1: Several radial uniqueness constraints, which only need to hold in the LY ([0, R])-
sense, and their resulting integrals. Note that x denotes the indicator function, that is
xA(x)=0ifx & A and xa(x) =1 if z € A.

In the case of the generalized harmonicity constraint, the functions By, j and, hence, D, ;
have a singularity at the origin for negative values of k,, and at least a discontinuity in the case
of kn, = 0. However, in the sense of LY ([0, R]) this is not a problem if inf,en, kn > —3/2.

The name of the generalized harmonicity constraint is attributed to the scalar-valued case.
Here, for k, =n for all n € Ny, we obtain

co 2n+1 n

L2(Bg) x .
F(.’I}) 2:R Z Z dnJWYn’](m)’
n=0 j=1

which is harmonic due to properties of the inner harmonics. In the vector-valued case, the
harmonicity is only obtained for . = 3, since only these Morse-Feshbach vector spherical
harmonics are eigenfunctions of the Beltrami operator, see Corollary 5.16. The quasi-
harmonic solution in the scalar case is obtained for k, = n + p with fixzed p € R, which
is the background for its name. Here, Agz(F(x)x™P) = 0 and for p = 0 the density F is
assumed to be harmonic. However, this condition is not sufficient for the harmonicity of a
vector-valued density. This particular case is discussed in more detail in the next section.

The minimum norm condition is closely related to the best-approximate solution. In this
context, we assume that the sought density has the smallest norm among all densities fulfilling
Eq. (12.12). In [161], a descriptively proof for the connection between the minimum norm
condition and the particular radial uniqueness constraint in Table 12.1 is stated.

In addition, a surface density condition is presented in [147], which has its origin in
the scalar inverse gravimetric problem. Therein, time-variable fields with relatively short
time-scales have their main variation on the Earth’s surface or relatively small layers close
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to the Earth’s surface. So far, the volumetric density F' of the inverse problem has been
considered. The shift from a volumetric density to a surface density is not as straightforward
as the previous radial uniqueness constraints. For this purpose, the integral equation of
interest has to be understood in a distributional sense. The regular distribution induced by
the density is replaced by a singular distribution similar to the well-known Delta distribution,
that is

(Fosp)y = (F.¥) 1,

for all test functions ¢). Then, again a formula for the coefficients V" (n, j) can be found.
However, this approach does not fit perfectly to the context of the VLI equation and has no
relevance for the magneto-electroencephalography problem as our main application. Therefore,
it is not presented here in detail. For more information, see the author’s publication [147].

12.3.2. Directional Uniqueness Constraints

In this section, we concentrate on directional uniqueness constraints. Using knowledge of the
harmonic VLI operator, we obtain

V/\(n ]) — 4 Pn 1/Rf(t)< ) t"+2dx
’ 2n+17rm Jo
for all n € Ng,, 7 =1,...,2n+ 1 via the Fourier expansion of f in Eq. (12.10). Due to the
structure of the continuous/star-shaped VLI kernel, we are only able to obtain information
for f,(L”j in the case of i = +. The other two directions are in the null space of the operator.
Via the minimum norm condition, which yields the best-approximate solution, we can always
achieve a unique solution . Then f* is only non-zero in the direction of i = «.

By means of additional directional uniqueness constraints, we are, in certain cases, able
to transfer the information obtained for 7 = ¢ to other directions. By additional directional
uniqueness constraints we understand assumptions like f is a solenoidal (V - f = 0) or
irrotational (V A f = 0) vector field if f is sufficiently often differentiable inside Bp.

However, these additional directional uniqueness constraints alone do not yield a unique
solution. Since not all parts of f,(;)](m) for n € Ny, 5 = 1,...,2n + 1 can be obtained
by the stated Fourier coefficients relation in Eq. (12.12), we always need additional radial
uniqueness constraints. For the sake of simplicity, we choose the minimum norm condition
as the additional radial uniqueness constraint for all directional constraints. However, it is
possible to replace this constraint with every constraint in Table 12.1 and others.

Theorem 12.18 (Solenoidal). Let the density f € La(Br) be sufficiently smooth and let
the gradient be interchangeable with the series in Eq. (12.10). Then we can compute a unique
minimum norm solenoidal density fulfilling Tf =V.

Proof. First, we observe for each n € N, j =1,...,2n + 1 that
3 . .
0= Vo (L @)
i=1

3 (i) @,
3 (e e+ s 0

=1
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12.3. Uniqueness Constraints for the Continuous VLI Problem

(1)
S +Z< g ‘yiz‘?jw:))
:< Afy(a) | 2030) anf,f;(x))Y @

12.13
dx T T ( )

Here, we used the representation of the gradient in spherical coordinates, see Theorem 2.14,
the orthogonality relation from Eq. (2.6), and the definition of the Morse-Feshbach vector
spherical harmonics in Eq. (5.1). Due to the density being divergence-free, we obtain a relation
between the direction corresponding to the type ¢ = 1 and the direction corresponding to
i =2, see Eq. (12.13). From the divergence-free condition, we obtain for n = 0 the additional
equation

dfgi (@ ) . 2foa ()

dx T

=0, x € (0, R)].

This first-order homogeneous differential equation has, with a coefficient cf)l)l € R, the solution

(1)

€o,1
féli(x) =3 z € [0, R].

From the condition f € Lg(Bpr), Fubini’s Theorem, and the Jacobian determinant, we get
o1 € L¥([0, R]) with w(x) == 2. Thus, cf)l)l =0.
Now, let ¢ =1 be given. Then, f, <1)- is completely known by 7 f = V and the minimum

norm condition. Thus, we solve Eq. (12 13) for the unconstrained direction f %) This leads
foralln e N, j=1,...,2n+ 1 to the relation

1 (x dfy(x)

(2) —
Jaj (@) = n(n+1) dz

+2f5) (x)) . (12.14)

Eventually, if the normal vector field part of f is known, we are able to calculate the functions
fr(i;, which represent one tangential direction of f, from the knowledge of f,, W via Eq. (12.14).
Vice versa, for given ¢+ = 2, we obtain from Eq. (12.13) a first- order linear ordinary

differential equation for the normal direction of the density. Solving this equation for f;ll;,
we obtain, with some coefficients c<2) e R, forallneN, j=1,...,2n + 1 the solution

(2)
) = YD [ g (12.15)

x2

Due to the minimum norm assumption and 7 f =V, we already know that

@ @ a'n
f ( ) ’J Rthrl? 6 {07 R]’
with inf,en, .20t > —1 and some constants c< ) cRforallneN, j=1,...,2n+ 1,

see Table 12.1. With this representation and a lengthy calculation, We can prove that the

function f( L from Eq. (12.15) satisfies f(l) € LY([0, R]) if and only if ¢? ] =0 for all n € N,
j=1,. 2n + 1. Hence, under the assumptlon that f is the solution of Tf = V, that
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is solenoidal with the smallest Ly(Bg)-norm, the functions f,(Ll; and f,(f; are for all n € N,
7=1,...,2n 4+ 1 related by

| vnn+1) +1 2
F) = YD [y

(12.16)

In the case of « = 3, we directly obtain the minimum norm solution since the solenoidal
condition does not affect this direction of the density, see Eq. (12.13). O

As an immediate consequence, we obtain a comparable result under the assumption that
the vector field f is surface divergence-free, that is V* - f = 0.

Corollary 12.19 (Surface Divergence-free). Let the density f € Lo(Bgr) be sufficiently
smooth and let the surface gradient be interchangeable with the series in Eq. (12.10). Then
we can compute a unique minimum norm surface divergence-free density.

Proof. The proof is similar to the previous one. Therefore, we only concentrate on the
differences. Again, under the assumption that the differential operator can be interchanged
with the series, we get

3
0= v (z 79 (@) (@ >)

i=1
= (2£5(@) = Vfuln + DL @) Yoy @)

Hence, we obtain a one-to-one relation between f,, ; M- and I ) given by

(n+1)

foy = £ (12.17)

forallne N, j=1,.. 2n+1andfélf—0 O

Another tangential differential operator that occurs in the context of vector spherical
harmonics is the L* operator. Thus, the additional directional constraint discussed next is
L* f=0.

Lemma 12.20 (Surface Curl-free). Let the density f € La(Bgr) be sufficiently smooth
and let the surface curl be interchangeable with the series in Fq. (12.10). Suppose that
L* - f = 0. Then the functions ff; vanish for alln € N, j =1,...,2n 4+ 1 in the cases
v € {1,2} and in the case of v = 3 the problem T f =V does not have a solution.

Proof. Again, under the assumption that the surface curl gradient interchanges with the
series, we obtain with Eqs. (2.4) and (2.6) and Theorem 2.16 that

0=Lj- (Zf @)y (& ))

>~ (S @)L -yl (@)

(@)L -y, (&)

—yn(n+ 1) f75(2) Yo (&) (12.18)

Il
-
A\\Mw
© =

= Ja,

3
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12.3. Uniqueness Constraints for the Continuous VLI Problem

foralln e N, j=1,...,2n+1. Consequently, f - vanishes independent of the former results.
In addition, we neither gain further conditions on fn’ ; nor on fn’ I ]

In contrast, by means of the classical curl operator, we can obtain more information on
the density. This is shown in the next theorem for an irrotational, or curl-free, vector field f.

Theorem 12.21 (Irrotational). Let the density f € Lo(Bgr) be sufficiently smooth and
let the curl operator be interchangeable with the series in Eq. (12.10). Then we can obtain
further information of the irrotational density if v € {1,2}.

Proof. Due to the allowed interchanging, we obtain by means of Eq. (2.6) and Lemmas 2.17
to 2.19 that

0

3
V. A (z f,gi;<m>y£;3j<ﬁs>)
=1

1 " 3 .
+“‘E1;j;jij‘7m‘A-LA (f()( )Ya (m))
@ (4 o 2)
:<df7:i;()_ e | e >>y(3ﬁ>]@)
n(n—l—l)

_ f( ( ) (1) (:i:) <f(3)( ) df;:;(a:)) ’y(2)~

x dx

Hence, we get for allm € N, j=1,...,2n+ 1, and = € (0, R] the equations

fi(x) = (12.19a)

1 dfy ()

(1) _ n,J (2)
(3)

@) - «/ n(n+1) 1)
& =" / ) (12.19¢)
where the constant C(3) € R needs to be determined by further conditions for all n € N,
j=1,....2n+ 1. For example from the continuity of fn, ; at the origin, we immediately
obtalnc ;=0forallneN,j=1,...,2n+1. O

The last presented additional uniqueness constraint for the vector-valued case is neither
a pure radial nor a pure directional uniqueness constraint. In the case of a scalar-valued
density F' and the problem SF = V, we have already seen that the harmonicity constraint
for the density reduces to a solely radial constraint, see Example 12.17. This fact is based on
the chosen basis system for the analysis of the forward operator and Eq. (12.12). However,
an additional radial uniqueness constraint alone cannot be enough for the vector-valued
density to be harmonic since the Morse-Feshbach vector spherical harmonics of type i = 1, 2
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Chapter 12. 1ll-Posedness of the VLI Problem

are not eigenfunctions of the vectorial Beltrami operator, see Corollary 5.16. In contrast, in
Lemma 5.40 a characterization of the harmonic functions in Lo(Bg) is given. Now, we discuss
in detail the harmonicity constraint, that is Af = 0, for sufficiently smooth f € Lo(Bg).
The Morse-Feshbach vector spherical harmonics of type ¢ = 3 coincide with the Edmonds
vector spherical harmonics, which are indeed eigenfunctions of the vectorial Beltrami operator.
From the proof of Lemma 5.40, we immediately obtain by means of the fundamental system
that

(3) _ .06 —(n+1 5) n
foj(@) = e+ d e

where c;i)], d<5) eRforallneN, j=1,...,2n+ 1. Since f<3) € LY ([0, R]), we get 0(5) =0

for all n € N, ] =1,...,2n+ 1. The other coefﬁments remain to be determined.
Now, let « = 3 be given and let the density f be harmonic. Then the coefficients

{dsf7?7'}n€N,j=1,...,2n+1 of fr(f;-, which is given by
(3) _ ()
e = aa". (1220

are uniquely determined by Eq. (12.12). However, with this approach we are not able to
gain more information about the remaining two directions of the current. Therefore, the
minimum norm condition is additionally required to obtain a unique harmonic solution of
the problem 7 f =V.

For « = 1,2, we can uniquely determine the respective other direction from the information
on f;;)j obtained from Eq. (12.12). Since the Morse-Feshbach vector spherical harmonics of
type i # 3 are not eigenfunctions of the Beltrami operator, we convert the corresponding
density expansion into an expansion based on the Edmonds vector spherical harmonics.
From the proof of Lemma 5.40, a fundamental system for the vector-valued Laplacian is
known, that is {z"t1, 2=("*+2)} for i = 1 and {z"!,2="} for i = 2. Since the final functions
have to be elements of LY ([0, R]), we can reduce the possible ansatz functions to certain
linear combinations of the fundamental system. For all n € Ny, only 2! remains for i = 1,
whereas for i = 2 we have "~ ! for n > 1 and {1,27!} for n = 1. In addition, the function
T — QS)] () is only continuous if the angular part is constant, which is not the case for all
n € N, see Eq. (5.4b). The functions  +— x~ y@) (Z) are never continuous at the origin.
Thus, the candidates further reduce to "' for i = 2 with n > 1.

It is now the aim to combine the two directions f,(Ll; (z) and fff; (z) in such a way that the
corresponding part of the density f is parallel to an Edmonds vector spherical harmonic for
almost all z € [0, R]. Based on Eq. (5.4), we have two opportunities to combine these two
functions. We first choose for alln € N, j =1,...,2n + 1 the relation

(2) (1)
12.21

Then we get for alln € N, 7 =1,...,2n 4 1 the identity
Frj @)y (@) + foy (@)Y (2)

n

= Faj @)y (@) + £ (2)yy, ) (2)

2n—|—1 / g (@) n+1 (1)
n+1 2n—|—1 Yns 2n+1 Y
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12.3. Uniqueness Constraints for the Continuous VLI Problem

=\ R @ @),

where we used Eq. (5.4) in the last step. Based on the preliminary considerations, we
obtain a unique condition for the harmonicity of the right-hand side of the latter equation.
This condition is given for all n € Ny and = € [0, R] by f, <1)( ) = CS’)]-x”“. The remaining
coefficients {Cn,j}neNo,g:L...an are uniquely determined by Eq. (12.12).

On the other hand, there exist a second approach to combine Morse-Feshbach vector
spherical harmonics of type ¢ = 1, 2 to Edmonds vector spherical harmonics. Thus, we choose
foralln e N, j=1,...,2n+ 1 the relation

n+1

g =\ = —Tnj (12.22)

Then we get for alln € N, j =1,...,2n 4 1 the identity
Fay @)y (@) + fo @)y, (&)

”+1ﬂ”<wﬁx>+fm<> (@)

2n 2n+1 1 n+1 (2) . (1)
— () +4/
2n+1 Ynj 2n +1 ”’J

2n+1 R
= Foy(@)8, (@),

=\
where again we used Eq. (5.4) in the last step. According to the fundamental system, we
need to choose the function f(l)( ) = dii)jx”_l for all n € N with n > 1 and z € [0, R] to

obtain harmonicity. Here, the coefficients d(rf)j are for allm € N, j =1,...,2n + 1 uniquely
determined by Eq. (12.12). This preliminary considerations are summarized in the next
theorem.

Theorem 12.22. Let the continuous/star-shaped VLI operator for v be given. Let for all
neNy, j=1,...,2n+1 the radial assumptions

x ifo=1or
"t ife=1,
f< (z)=dp; 2™t ift=2,0r
"t if =2,
x™ ift=3

be satisfied, where we set dy; = 0 in the case of 2" forn =1 and . € {1,2}. If f is
assumed to be harmonic with minimum norm, then f € Lo(Bgr) is uniquely determined by
the potential.

Proof. We start with the case ¢+ = 3. Then, by means of the radial assumption, each function
T — f(3)( )ys)]( ) is harmonic, see Lemma 5.40. The coefficients {d j}neno, j=1,....2n+1
are unlquely determined by Eq. (12.12). Due to the minimum norm assumption and the
Lo(BRr)-orthogonality of the vector spherical harmonics, we obtain f = f(2) = 0 for all
n € Nyo,, 7 =1,...,2n 4+ 1 and, hence, a unique solution of the inverse problem Tf=V.
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Chapter 12. 1ll-Posedness of the VLI Problem

Consider the case ¢ = 1. Then for both stated radial uniqueness constraints, we obtain a
unique representation for the direction corresponding to the Morse-Feshbach vector spherical
harmonics of type t, that is fT(Ll;, by means of Lemma 12.16 or Eq. (12.12). If the radial
constralnt f ( ) = dpja"" ! is given, we immediately obtain a unique representation of
f . using Eq (12.22) such that f is harmonic. On the other hand, if the radial constraint
f(‘)( ) = dpjz" is used, we can calculate f,(f; by Eq. (12.21) in order to achieve a

harmonic density. The additional minimum norm condition yields f;f; =0 for all n € N,
ji=1,....2n+ 1.

Finally, the proof for : = 2 is the same as the one for 1 = 1 with permuted roles of i = 1
and ¢ = 2. O

The results achieved within this section are summarized in Table 12.2. Therein, based on
the chosen additional directional uniqueness constraint and the parameter ¢ corresponding to
the operator T, the directions of the density that are affected by the uniqueness constraints
are listed. For example, if + = 1 is given by the underlying problem and the current is
assumed to be solenoidal then f;f; can be calculated from knowledge of ffll; and their relation
is stated in Eq. (12.16).

Condition (=1 L =2 =3
_ (2) (1)
V.f=0 [, Eq (12.14) £y}, Eq. (12.16) -
* _ (2)
VE . f=0 [, Eq (12.17) fo), Ba. (12.17) -
L*-f=0 [ =0,Eq (1218) [ =0,Eq. (1218) [ =0, Eq. (12.18)
_ (2) (1) 3) _
VAf=0 [, Eq (12.19c) £y, Eq. (12.19b) f% =0 Eq. (12.19a)
[ =0Eq. (12.19a)  f,’) = 0 Eq. (12.19a)
_ (2)
Af=0 £, Eq. (12.21) £, Eq. (12.22)
=0 =0 £, Eq. (12.20)

TABLE 12.2: Computable radial functions for given fr(;; under the respective directional
condition
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Chapter 13.

Inverse Magneto-electroencephalography Problem

In the case of the multiple-shell model, where L is the number of shells, we derive a harmonic
VLI operator for the MEG problem in Chapter 9 as well as a linear combination of continuous
VLI operators for the EEG problem in Chapter 10. Recall that components of the magnetic
field B, such as the magnetic flux density, can be measured by the magnetoencephalograph
outside the head B,, . In addition, electroencephalography electrodes can measure electric
potential differences uy, on the scalp. Now, we combine these two problems in order to gain
more information about the neuronal current J¥ inside the brain B,,- The corresponding
integral equations are given by

ur(y) = /B JP(z) - kg(z,y) dz, Y €St 1ol
20

Uly) = . JP(x) - k(z,y) dz, y € BeA,
20

B(y) = 1oVy (/E IV () - k(e y) dw) ; y € Bg.
The precise problems are formulated in Problems 9.1 and 10.2.

We have already analyzed the well-definedness of the two direct problems related to these
integral equations by means of the continuous/star-shaped VLI operator. This includes the
integrability of the integrand and the evaluation of the resulting functions at the sensor
positions. Since a reconstruction of the neuronal current J¥ is desired, the corresponding
inverse problems are considered. Due to the compactness of the occurring integral operators,
see Theorem 12.1, we already know that these inverse problems are ill-posed. For the first time
this has been realized for general bioelectromagnetic inverse problems in living conductors in
[119]. Therefore, it is sometimes called the Helmholtz principle, see [115]. Since then it has
been extensively discussed in the literature, see [38,40-42, 4448, 50,51, 53, 55, 71-73, 75, 181].
Therein, by means of an inversion of the electric potential or the magnetic field, certain
parts of the neuronal current are reconstructed. The neuronal current itself is assumed to
be a collection of dipoles or a continuous dipole distribution. In [47], a survey over the
non-uniqueness is given. In general, the neuronal current is decomposed into a variety of
ways in order to achieve these results. An overview of these decompositions in comparison to
the Edmonds approach pursued in this thesis is given in Chapter 15.

Q0

An often pursued approach is a separation of the neuronal current into an angular and a
radial part. However, we use the Edmonds expansion of the angular part of the neuronal
current, which is new for this problem. This enables a more precise characterization of the
null space of the EEG integral operator and the possibility to combine the results of the
MEG and EEG null space characterizations. Besides a decomposition for the angular part,
we also use a generalized Fourier expansion of the radial part by means of Jacobi polynomials.
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This allows an even more precise characterization of the null spaces of both operators. For
the harmonic VLI operator, a representation of the null space is given in Theorems 12.9
and 12.13. Thereout, two problems concerning the non-uniqueness of the inverse MEG and
EEG problem arise:

(A) Not all directions of the neuronal current can be reconstructed, even if the measured
quantities are completely known;

(B) not all parts of the reconstructable directions can be calculated from the measured
quantities.

In summary, the dimension of the null space is infinite. Besides the non-uniqueness of the
inverse MEG and EEG problem, more challenges for the inversion emerge:

(C) The inversion of the MEG and EEG problem includes a downward continuation, which
makes them severely unstable.

(D) In the real data situation, the continuous fields and potentials cannot be measured as a
whole. Due to the construction of the magneto- and electroencephalograph, only about
170 discrete data points are obtained per measurement time point. This is known as
the lack of data.

(E) The obtained data is noisy. The white noise of the magnetometers and gradiometers
is at most 5fT Hz /2 or 5fT cm~! Hz /2, respectively, in the case of frequencies in
the magnitude of 60 to 70Hz for 96 % of the sensors and at most 10fT Hz~/2 or
10fT ecm—! Hz~ /2 for all sensors, see [62]. Typical neuromagnetic signals are in the
range 50 to 500 {T, see [108]. A typical adult human EEG signal is about 10 to 50 pV
in amplitude when measured from the scalp, see [10], whereas the root mean square
noise across all EEG sensors is smaller than 0.4 nV, see [62].

(F) Besides technical noise, the measured quantities can be influenced by certain effects,
such as head, eye, jaw, or neck movements, the magnetic fields generated by the heart,
particles attached or implanted to the body, and non-human outer fields and currents,
see [104].

Now, we analyze the ill-posedness in the sense of Hadamard, see Definition 11.1, of the
inverse magneto-electroencephalography problem in detail.

13.1. Non-uniqueness

First, we concentrate on the non-uniqueness of the inverse problem. To this end, we assume
that a solution exists and that the neuronal current fulfils Assumption 3.2 with the multiple-
shell model containing at least two shells. Then we are able to formulate its unique Fourier
series by

co oo 2n+1

3
I = Z Z Z Z JA[i’mvn’j]g$7n7j(Q0;')7 (13.1)

i=1m=0n=0; j=1

where the occurring vector-valued basis functions are defined in Definition 5.37. They consist
of Edmonds vector spherical harmonics and an orthonormal set of radial basis functions,
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see Definition 5.1. Note that the index ¢ denotes the direction of the current that belongs
to the Edmonds vector spherical harmonics of this type, whereas n is the degree and j
the order of the spherical harmonics. The summation index m belongs to the generalized
Fourier expansion of the radial part. More precisely, with ¢ =1, 2, 3, m € Ny, n € Ny,, and
j=1,...,2n+ 1, we have

~(i (@) () /A
i nj(00; ) = Qltn +1/2)(90;95)y§z,)j($) (13.2)
with
n+1l ifi=1,
tW=<Sn—-1 ifi=2, (13.3)
n if i = 3.

Note that the direction corresponding to ¢ = 1 is in the null space of Ty as well as in the
null space of 7. However, in order to state a complete orthonormal basis of La(B,,) and to
expand the neuronal current in Eq. (13.1) we need to determine {t{"},en,. We chose the
sequence of exponents in such a way that a characterization of the harmonic and anharmonic
orthonormal basis functions based on Lemma 5.40 is possible.

For solving the inverse problems, let us assume that the measured magnetic field B and
the electric potential uy are completely known. Then we get the representations

oo 2n+1
B(y) =Y > B/l (n,j)h,)(or;y),
n=0 j=1
oo 2n+1 2n+1 n
n+1 [y n QL> Aol N
ZUEDII <2n (2 e 1) (%) ubnd) Vi @)
where y € BZ’? in the case of the magnetic field and y € S,, | ,,] in the case of the electric

potential. The expansion coefficients are defined for all n € Ny, j =1,...,2n+ 1 by
Bnd) = [ Blesd) bl (ess 018) dw(@),
er,
1

uf (n,j) = o ur(orY)Yn,;(9) dw(y).
er

For the neuronal current, we eventually obtain by Theorems 9.4 and 10.3 BQ/L\ (0,1) =
u/*(0,1) =0 and for all n € N, j =1,...,2n + 1 the relations

, 1 [(2n+1)(2n+3) <gL>”+1 ,
JN3,0,n,jl = —— = B n,7j), 13.4a
[ ] uo\/ ” 2% or (1) (13.4a)
A 1 n 1 oL " A .
20 = [ o (%) wh o), (13.4b)

where the coefficients () are given in Eq. (4.18) for all n € N. Thus, we observe that not
all parts of the neuronal current can be reconstructed, even if the measured quantities are
completely known. Only the part of the neuronal current that belongs to the Edmonds
vector spherical harmonics of type 2 and the toroidal part belonging to the Edmonds vector
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spherical harmonics of type 3 are related to the measured quantities. The portion of the
neuronal current that belongs to the Edmonds vector spherical harmonics of type 1 can
neither be reconstructed from MEG nor EEG data. A comparable result is stated in [47],
wherein a decomposition by means of Morse-Feshbach vector spherical harmonics is used. The
advantage of Edmonds vector spherical harmonics over the Morse-Feshbach vector spherical
harmonics is a more precise characterization of the reconstructable parts, which will become
clear in Chapter 15.

As we have already mentioned, we further improve previous modellings by characterizing
the reconstructable parts by expanding the radial part of the neuronal current via orthonormal
polynomials. We can see in Eq. (13.4) that almost all summands of the series with respect to
m vanish. Only the summand corresponding to m = 0 contributes to the electric potential
and the magnetic field. In this case, the basis function of degree m = 0 for the radial part

reduces to
() 41/2) 25 +3 (2 \" 012 (27
Qp" (005 7) = 3() Py 2—5 -1
Qo €0 o0
- (i)
|2t +3 ($ )fn
93 ©0 7

since the Jacobi polynomials of degree zero are equal to one. The corresponding orthonormal
basis functions on the ball are for alln € N, j =1,...,2n 4 1 given by

- n+1/xz\" ! R

o (00; ) = \/? (00) v (@), (13.5a)
~ 2n+3 x\" _4 .

g((]s:;z,j(lgo;w) = \/? (Qo) yii)j(a:) (13.5Db)

(2)
07n7j

Due to Lemma 5.40, these functions are harmonic, that is Ag
Af]g):il,j(go;') = 0. Here, the Laplace operator is applied componentwise. Combining
this with the characterization of the solenoidality of the orthonormal basis function from
Lemma 5.40, we obtain the next result. Only the part of the neuronal current that is

solenoidal and harmonic can be reconstructed from MEG and EEG data.

(00;-) = 0 as well as

However, based on quasi-static Maxwell’s equations, there is no indication that the neuronal
current is harmonic. We summarize our considerations concerning the non-harmonicity of
the inverse MEG and EEG problem in the case of a multiple-shell model in the next theorem.

Theorem 13.1. Let Assumption 3.2 with L > 2 be fulfilled. Let the neuronal current be
expanded in the orthonormal basis based on the Edmonds vector spherical harmonics in
Eq. (13.2). Then only the part of the neuronal current that is solenoidal and harmonic can
be reconstructed. Hence, the reconstructable part is given by

3 oo 2n+1
TJE=3% > I 0,n,51g4), (005 )-

i=2n=1 j=1

The Fourier coefficients are uniquely determined by Eq. (13.4). This can be formulated, see
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Lemma 12.2, equivalently by

(ker’Tl\/[)L = span {gg‘f;j(go; ) ’ neN,j=1,...,2n+ 1},

(kerﬂg)L = span{g()n] 00; ’ neNj=1,. .,2n+1}.
The occurring operators are defined in Problems 9.1 and 10.2.

Besides the non-uniqueness of the reconstruction, we need to tackle more problems to
solve the inverse MEG and EEG problem. We have to handle the lack of data. In the case
of the inverse MEG problem, we do not measure the whole magnetic field B but only the
magnetic flux density B, at a small number of sensor positions. Here, v is the normal vector
of the sensor surface. Thus, a substantial amount of information on the magnetic field is lost.
In addition, typical MEG devices have about 100 magnetometers, which yield about 100
measurements of B,,. The same problem occurs in the case of EEG measurements, where
the sensor cap provides us with about 70 measurements of the electric potential difference.

13.2. Instability

According to Hadamard’s definition of ill-posedness, an inverse problem is stable if the
solution continuously depends on the data. Since compact operators cannot have a bounded
inverse, this is not fulfilled for the solution of the magneto-electroencephalography problem.
By means of the singular values of a compact operator, we are able to further characterize
the instability.

We have already found a Hilbert space and an orthonormal basis for the orthogonal
complement of the operator null spaces, see Theorem 13.1. For the image of the three
operators T, Tu, and Tg, we make the following considerations. The operator 7i7: La(B,,) —
Harm(BS**) mapping J P to the magnetic potential U is a harmonic VLI operator since the
integral kernel ky; is a harmonic VLI kernel, see Lemma 6.9. Thus, we can use the results
from Theorem 12.9 with ¢, := n and T, := (47)~'y/n/(n + 1) in order to state an SVD for
Ty with the singular values {\U},,cn. Since the magnetic field is given by the gradient of the
magnetic potential, that is Ty J¥ = V(T Jb), we can use the results of Theorem 12.13
for its SVD. The corresponding singular values are denoted by {AM},cn. Here, t, = n
and T, .= po(4m)~ty/n/(n +1). For the operator Ti: La(B,,) — Z, an SVD remains to be
found. In Theorem 10.4 a first expansion of the electric potentlal on the outer shell is stated.
This provides us with the idea for the definition of a new Hilbert space with an adequate
orthonormal basis.

Lemma 13.2. Foralln e Nandj=1,...,2n+1, let a system of continuously differentiable
functions be given by

n+1 y)%“ n (QL>”1 N
7. (y) = Y + oLy, S .
n,j (y) <2n 1 (QL 2n 1 y y n,J (y)’ y G [QL*Iv@L]

The space span {Zy, j}neN j=1,..2n+1 can be equipped with the inner product

(f,9)2 = <f’SQL’g‘S‘9L >L2(SQL)'
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Chapter 13. Inverse Magneto-electroencephalography Problem

The completion of span {Z,, j |n € N,j =1,...,2n+ 1} with respect to the norm induced by
this inner product is the Hilbert space

Z(Siop_1,00]) =2 =span{Z,; [n €N, j=1,...,2n+ 1}\H|z,7
where {Zy j}neN,j=1,. 2n+1 @S an orthonormal basis.

Note that the space Z is isometrically isomorphic to the space La(S,,).

Proof. 1t can easily be verified that (-,-)z is an inner product on span {Z, ;}nen j=1,. 2n+1,
since (-,-)z is a symmetric bilinear form over span {Z, j}nen j=1,. 2n+1 and (F,F)z > 0
for all F' € span {Z, ,j}nEN,j 17 20t We get for all F' € span {Z, j}nen,j=1,..2n+1 the
representatlon F=N Z] 1 jZn . From 0 = (F, F)y, we immediately obtain 0 =
Fls o = N Z?ZJ{l CnjOr Yn,]. Since the spherical harmonics are linearly independent,
we get ¢,; = 0 for alln < N and j = 1,...,2n + 1 and, consequently, F' = 0. The
system {Zn7j}n€N’j:1’...72n+1 is, due to the construction of Z, obviously a basis. For the
orthonormality, we obtain

1 . . .
(Znjs Zmn)s, / 5 Vi (9)Ymk(9) dw (@) = 0nmdj- O
SQL QL

Note that this is no contradiction to the well-known statements according to which
harmonic functions are uniquely determined by their boundary values. In the case of
harmonic functions over the shell S,, | ,,1, the fundamental system is given by the set of all
inner and all outer harmonics. The boundary of the shell is given by the two spheres S,, |
and S,, . However, in the subspace Z the inner and outer harmonics are not independent.
Therefore, the information obtained on one boundary is sufficient to determine a function in
Z.

By means of this Hilbert space, we are able to find an SVD of the EEG forward operator
Te.

Theorem 13.3. The EEG forward operator Tg maps from La(By,) to Z. In addition,
the singular system of Tg is given by {go,nj(go, ), Zn.js /\E}neN,jzl,...,ZnH with the singular
values
n+1/2
2n +1
AE = B 2 5<L>, neN, j= S, 2n + 1.

Note that B # 0 due to Lemma 4.4. In addition, lim, .o A\E = 0.

Proof. From Theorem 10.3, it is known that only the system {Q&L’j(go; ) }neN,j=1,...2n+1
contributes to the electric potential. In addition, H, # 0 for all n € N. Thus, the set
{ggfgvj}neN,j:LanH is an orthonormal basis for (ker E)L. Eq. (10.5) provides us with a

Fourier expansion of TgJ', that is

co 2n+1

=33 wl(n,5)Zny(y),

n=0 j=1

where the coefficients are given by means of Eq. (10.4). This eventually yields the desired
representation of the singular values. Since gg < or and B € O(n™1), we get lim,, ;00 AE =0
exponentially fast. O
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T  ONB for (ker 7)™ ONS forran7 SV A,
n 3 n
To Ao (00:)}, twi=n {Snj(er; )} \/(n+1)(2n+1)g2°(922+3)(2n_1) ()
"o n+1
To @0} t=n  {msajlon))  moy /it (2)

Te {9(0231,](@? I}t =n—1 {an} (2n + 1)\/@70ﬁ(L) (

oL

TABLE 13.1: The SVD of the operators occurring in the inverse MEG and EEG problem.
Here, the range of the parameters isn € N and j =1,...,2n+ 1 in each set.

By means of this SVD, we obtain for the adjoint operator Ty : Z — La(B,,) the represent-
ation

Tour = [ un(y)ke(.y)dy

SQL
oo 2n+1

= Z Z Avuf (n, §)as, (o3 ).

This implies by means of AZ # 0 for all n € N that
ran Ty = (ker Tg)* = 2. (13.6)

For the familiar special case of a homogeneous spherical brain model, we get the next
result.

Example 13.4. In the homogeneous case, see Example 6.11, with the constant conductivity
o9, we obtain for alln e N, j=1,...,2n+ 1 the Fourier coefficients

. 00 \" [oo 1 .
U[//\(n,j) = (QL) ;;OJA[2707TL7.7]

Eventually, for the forward operator restricted to the sphere S,, as well as for the operator
mapping onto the electric potential on the shell S,, | ,,1, we are able to state an SVD. Note
that in all three cases, that is {\Y}nen, {AM}en, and {AE}, oy the singular values are
independent of the order 5. We summarize the SVDs in Table 13.1.

Now, we analyze the asymptotic behaviour of the singular values. Recall that 3% € O(n™1)
as n — 00, see Lemma 4.2. For the inverse MEG and EEG problem, we immediately obtain
with g9 < g1, the limits

and u/*(0,1) = 0.

lim )\ = lim )\ = lim )\E
n—oo T’LHOO n~>oo

Concluding, in all three cases the corresponding Moore-Penrose inverse operator is not
bounded. This is not surprising due to the compactness of the forward operators. However,
the singular values of the three problems all have the factor (go/0r)™ in common. Due to this
factor, the singular values decay to zero exponentially fast. Thus, the corresponding inverse
problems are severely ill-posed. This factor is generated by the upward continuation from the
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7 RHS ranT Summability Condition
— -2
To U Ham(Bg) S S5 (W) (U Snslers )}, g < 0
— -2
Tu B Harm (BGT) 32N () B o (00 e <
-2
Te u 2 X (M) G, Zog)? < o0

TABLE 13.2: Picard’s criterion for the continuous magneto-electroencephalography problem.

activity inside the cerebrum with radius gg to the measurement positions on and outside the
head. Note that in the case of the downward continuation of spaceborne gravity data, the
ratio of the mean radius of Earth’s surface ggatn to the satellite altitude is approximately
OBarth/ (0Earth + 450km) ~ 0.9340, see, for example, [91]. In contrast, in our synthetic
test case, see Eq. (19.2), the ratio of the approximated scalp radius to the radius of the
cerebrum is go/or, ~ 0.8353. In addition, the ratio of the approximated human head radius
to the radius of the magnetoencephalograph sensor Runge sphere Sg,_, is even worse, that is
00/ Rsen =~ 0.6676.

Due to the instability of the MEG and EEG operators, the level of noise, see Item (E), and
the defective data, see Item (F) on page 174, have a major impact on the solution. Therefore,
a regularization method is needed to solve the inverse problems properly.

13.3. Existence of a Solution

By means of the Spectral Theorem for linear compact operators, we can use Picard’s criterion
as a necessary and sufficient criterion for the existence of a solution. This criterion consists of
two requirements. First, the measured quantity has to be in the orthogonal complement of the
adjoint operator null space. For the operators of the inverse magneto-electroencephalography
problem, we collect the results from Egs. (12.6) and (13.6) and Theorem 12.13. Therein,
the closure of the ranges is characterized by the closure of the span of certain orthogonal
basis functions. In addition, the singular values of the operators Ty and Ty are non-zero for
all n € N. Thus, the span contains all orthogonal basis functions of the particular Hilbert
spaces. Eventually, the closures of the ranges coincide with the whole Hilbert spaces. This is
summarized in Table 13.2. The second requirement of Picard’s criterion is a summability
condition and also listed in Table 13.2. It regulates the asymptotic behaviour of the measured
quantity’s Fourier coefficients. For this purpose, the singular values of the operators are
needed and stated in Table 13.1.

However, this result obtained by Picard’s criterion is merely a theoretical result. We can
only apply Picard’s criterion to our problem if the measured quantities or their Fourier
coefficients, respectively, are completely known. In the actual inverse magneto-electroence-
phalography problem, only a few noisy measurements of the electric potential and the
magnetic field are known, see Problems 9.1 and 10.2.

Concluding, in Sections 13.1 to 13.3 we established that the reconstruction of the neuronal
current by means of MEG and EEG data is severely ill-posed, since the solution is not
unique and the singular values decay exponentially fast to zero. In order to get rid of the
non-uniqueness, certain additional uniqueness constraints are presented in the next section.

180



13.4. Additional Uniqueness Constraints

For the purpose of handling the instability, we use regularization methods to solve the inverse
problem. An introduction to the theory of regularization methods is given in Section 16.2.
The regularization methods also help to handle the lack of data and to manage the noise in
the data.

13.4. Additional Uniqueness Constraints

By means of our previous considerations, we see that the reconstruction of the neuronal
current from MEG and EEG data is not unique, see, for example, Theorem 13.1. However,
we obtain a unique best-approximate solution of the inverse magneto-electroencephalography
problem by means of the Moore-Penrose pseudoinverse operator if we restrict the domains of
the operators to the orthogonal complements of their null spaces, if the electric potential and
magnetic field is completely known, and if we assume that Picard’s criterion, see Table 13.2,
is fulfilled. Thus, further solutions of the inverse problem can be generated by adding
elements from the null space to the best-approximate solution. In this setting, two types
of non-uniqueness can be distinguished. First, not all directions of the current can be
reconstructed and second, the reconstructable direction contains silent parts. Thus, we need
additional uniqueness constraints in order to achieve a unique representation. In Section 12.3,
we present additional radial and directional uniqueness constraints for the continuous VLI
equation, which are adjusted to the inverse MEG and EEG problem here.

In the MEG as well as the EEG direct problem, after a separation into an angular and a
radial part of the neuronal current we get for alln € N, j =1,...,2n + 1 the integral

o ()
(i)~ ty, +2
/0 i (@) dz

with ¢! given in Eq. (13.3), see Theorems 9.2 and 10.3. In both cases, infinitely many
choices of the function J¢ )] lead to the same value of the integral, see also [161,162]. Thus,
for each ¢ = 2,3 we can choose additional radial uniqueness constraints from Table 12.1,
such as the generalized harmonicity constraint or the layer density constraint. In order to
obtain a unique reconstruction, we furthermore need to assume J,, (1) = 0 for all n € Ny,
j=1,....2n+ 1.

Theorem 13.5. Let Assumption 3.2 with L > 2 be fulfilled. Let the magnetic field and the
electric potential fulfil Picard’s criterion summarized in Table 13.2. Let the neuronal current

be of the form

with given functions D - that are not LY ([0, 0o])-orthogonal to QO +1/2)(QO§ -), see also
Eq. (13.2). Then the neumnal current can be uniquely reconstructed from the magnetic field
and the electric potential by

P L2 ]BQ() oo 2l 1 ©o (2) n+1 o @) g (&
> 2 (2n+1)3 P dug (n, ‘7)</ D@ dx) D (218052
n=1 j=1 n 6 °
oo 2n+1 -
2 1
XX e ([ et ar)  opwe)
P J ‘ MO P P ’
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Chapter 13. Inverse Magneto-electroencephalography Problem

Proof. From Eq. (13.4), we have for alln € N, j =1,...,2n + 1 the relations

) n 1 (o \" )
JM2,0,n, 4] = @n+ 120 30 (Qo) uM(n, 7), (13.7a)
1 /Cn+1)(2n+3 n+l
JAFi(Ln,j]:-—x/(TZ+')(71+-) <9L) B, (n, ). (13.7b)
Ho noo 00

For i = 2, 3, the left-hand sides of these two equations can be reformulated by means of
Eq. (7.13) to

Q2t£f>+3

J/\ b)O) 7- 07
(6,0, S5

e ()
_ ()~ () i) +2
_/0 Iy (@) dz.

()

n?]’

) Qgtsbrg @ @ia 0\ A
K j = W( ; Dn’j(a:):v" da:) J™i,0,n, j].

Inserting these results into the expansion of the neuronal current, we obtain the stated
result. O

Due to the assumption Jr(f)f = K;S)jD we obtain for the coefficients

The layer density constraint has been used before in the case of the scalar inverse MEG
and EEG problems in [73], that is

D;:)J (.’B) = X[r,m+4] (:U)7 T [O, Qo]

with [, 7+ 6] C [0, go].
Besides this radial uniqueness constraint, we discuss further additional uniqueness con-
straints, such as the minimum norm approach and the harmonicity constraint.

Minimum-Norm Estimate

The minimum norm solution is a widely discussed approach for several non-unique inverse
problems. It occurs in the inverse gravimetric problem, see, for instance, [161] and the
references therein. Therein, a novel proof for the uniqueness under the minimum-norm
assumption is presented. This approach is transferred by the author in [147,162] to a more
general setting that also covers the scalar inverse MEG and EEG problems.

A disadvantage of using the minimum norm approach for the scalar MEG and EEG
problem is the lack of a physical or medical indication. Due to the principle of stationary
action, certain physical quantities minimize their action, see [70]. However, this does not
necessarily hold true for certain arbitrary scalar parts of the neuronal current. Therefore,
the minimum-norm estimate (MNE) makes more sense for the vector-valued reconstruction
of the entire neuronal current, which is not a new tool to the MEG and EEG reconstruction,
see [108,115,216]. Classically, a discrete problem is analyzed. This can be achieved by
evaluating the lead field at the sensor positions and expanding the neuronal current as a
linear combination of these lead fields. Then, the problem can be reduced to the inversion
of an ¢ x f-matrix, where ¢ is the number of measurement positions. Thus, the MNE
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13.4. Additional Uniqueness Constraints

yields the neuronal current with the smallest overall amplitude, see also [109]. This can be
transferred to the continuous setting by searching for the neuronal current with the smallest
L (B, )-norm fulfilling the measurements. This situation coincides with the best-approximate
solution, which is obtained by the Moore-Penrose inverse. There also exists a discrete variant
of the Moore-Penrose inverse and the resulting solution is known as the minimum-norm
pseudoinverse (MNP), see [96]. The best-approximate solution obtained from the magnetic
field and the electric potential is stated in the next theorem. Besides this, a variety of
uniqueness approaches exists for the discrete case, such as the weighted MNE, the Tikhonov
regularization, the maximum likelihood approach, and the Backus-Gilbert approach. Without
additional knowledge of the neuronal current, they all result in the MNE solution, see [115]
and the references therein.

Theorem 13.6 (Best-Approximate Solution). Let Assumption 3.2 with L > 2 be fulfilled.
Let the magnetic field and the electric potential fulfil Picard’s criterion summarized in
Table 13.2. Then the unique best-approximate solution J* of the neuronal current JP s
given by

2n+1 n
LQ(BQ = Vn (gL> _
+ 0 (UL 7 > g(2) -(Q m)

) , 0,n, 05
= 25 e Oyma i

oo 2n+1 +1
(2n+1) (2n+3) (QL>n ~(3)
+ — B, sy j(oL; - ext) 90 (00; T)-
L2 e \w) Bl g ons(ene)

Proof. In order to state the best-approximate solution J* of the joint problem, we define
for (y,z) € B‘Z’zt X S[g_1,01] the corresponding forward operator by

T: Lo (By) — Harm (BgY) x 2, (TJ) (y,2) = (Tud) (v), (Ted)(2)) .

The space Harm(BS<') x 2 is a Hilbert space equipped with the inner product (f,g) =
<vagH>L2(W) + (fz,92)2 for all functions of the form f = (fy, fz) € Harm(Bg') x Z.
Orthonormal basis functions are given for all it =2, 3, n € N;and j =1,...,2n+ 1 by

: 0,Zn.(2)) ifi=2
WO (y,2) = 4 s ’ ,Z) €EBSY xS :
nj (Y, Z) {(Sn,j(QL; y),0) ifi=3, (y,2) oL lor—1.01]
Thus, based on the results collected in Table 13.1, we obtain an SVD of T by
oo 2n+1
(%)
TJ = ZZ Z A < On](gm )>L2(IBQ())vvn’j7
i=2n=1 j=1
where \? = AE and A\ := AM. Picard’s criterion for the joint problem is fulfilled if

Picard’s conditions for the two problems are fulfilled separately, see Table 13.2. According
to Theorem 11.12, the corresponding Moore-Penrose generalized inverse operator has the

representation
3 oo 2n+l1 .
T (Bou) =33 S A{(B,ur), Wi )al (o)
i=2n=1 j=1
oo 2n+1 oo 2n+1
Z Z )‘2> uL7ZnJ>ZgOnJ(QO’ + Z Z )‘<3 B SN,J(QLv')>L2(BQXt)gE)>TL7J(QO’ ) 0
n=1 j n=1 j=1
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Harmonicity Constraint

In the case of the inverse gravimetric problem, see [161], or the scalar-valued inverse MEG or
EEG problem, see [162], the harmonicity constraint yields a unique reconstruction. In these
cases, the reconstructable quantity is assumed to be harmonic in the interior of the observed
body. However, in the case of the reconstruction of the vector-valued neuronal current, we
are not able to achieve a unique solution by means of the harmonicity constraint alone. In
this case, we assume that the neuronal current is harmonic, that is AJY = 0, where the
Laplacian is applied componentwise. The direction of the neuronal current belonging to
the Edmonds vector spherical harmonics of type 1 is silent for the magnetoencephalograph
as well as the electroencephalograph. Due to Lemma 5.40, this direction of the neuronal
current has a harmonic part. Nevertheless, if the harmonicity of the current is assumed, we
cannot reconstruct this part. However, if we additionally assume that the neuronal current is
solenoidal or does not have a direction belonging to the Edmonds vector spherical harmonics
of type 1, we can obtain a unique harmonic reconstruction.

Theorem 13.7 (Harmonicity Constraint). Let Assumption 3.2 with L > 2 be fulfilled.
Let the magnetic field and the electric potential fulfil Picard’s criterion summarized in
Table 13.2. In addition, let the current be solenoidal and harmonic. Then we obtain a unique
reconstruction that coincides with the best-approximate solution given in Theorem 135.6.

Proof. Via Lemma 5.41, we immediately obtain a characterization of the solenoidal basis
functions. We see directly that all orthonormal basis functions corresponding to ¢ = 1 are
not solenoidal. By means of Lemma 5.40, we obtain a relationship between the orthonormal
basis indices and the harmonic basis functions. Thus, only the orthonormal basis functions
from Eq. (13.2) with ¢ = 2, 3 and m = 0 contribute to the harmonic solution. A comparison
with the representation of the neuronal current in Theorem 13.6 yields the desired result. [
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Chapter 14.

Scalar Continuous VLI Operator

In the previous parts, we studied the vector continuous/star-shaped VLI kernel and its
corresponding integral equation extensively. In contrast, many applications, such as the
inverse gravimetric problem, are given by scalar-valued integral kernels. However, this setting
can easily be covered by the vector-valued case.

For the analysis of the inverse magneto-electroencephalography problem, these correspond-
ing scalar-valued integral operators are also of interest. In the literature, see, for instance,
[47, 48,50, 71-75], several approaches for solving the inverse magneto-encephalography are
presented. In most of these approaches, the occurring densities and integral kernels reduce
to scalar-valued functions. Since we want to compare our vector-valued approach to these
scalar-valued approaches, further calculations and adaptations of the methods in the literature
are required. This comparison can be found in Chapter 15.

To this end, the analysis of a scalar continuous/star-shaped VLI kernel and its induced
integral equation is necessary. As a welcome side effect, we confirm existing results concerning
the inverse gravimetric problem using this approach, which also validates our results. For
this purpose, we first define the scalar continuous VLI kernel.

Definition 14.1 (Scalar Continuous VLI Kernel). Let Gi, C R? be a compact (inner)
region containing the origin with supgeg, © = R. Let Gy C R3 \ Gin be the unbounded
outer region with infycg,,, v > R. The scalar continuous VLI kernel is defined by

K(@,y) =Y w@a"*Pu(@ ), (z,y) € Gin x Gou, (14.1)
k=0

where the occurring quantities fulfil the same three assumptions formulated in Definition 6.1:
i) The real sequence of exponents {ty}ren, fulfils infren, v 20tk > 0.
ii) The asymptotic behaviour of {ty}ren, can be characterized by supey, R™* % < co.
i1i) Each function v with k € Ny is continuous and for all y € Goyy it holds that

['g
h’k(yﬂ < yk+1+5k,0’

where {T'k}ren, C ]RE]F is a sequence of non-negative constants. In addition, let M € Ny
be fized such that (k+— T}) € O(kM).

Recall that P denotes the scalar Legendre polynomial of degree k € Ny. In analogy to
the vector-valued case, we can also define a star-shaped version of this kernel.
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Definition 14.2 (Scalar Star-shaped VLI Kernel). Let Ggar C R? be a compact star
domain with vantage point zero and sup,eg,,, T = R. Let Goyy C R3 \ Gstar be the unbounded
outer region with infycg,,, y > R. We define the scalar star-shaped VLI kernel K by

K(wv y) = i ’Yk(y)xtkpk(ﬁ; : .@)a ($7 y) S (Gstar \ {O}) X Goug-
k=0

The sequences {ti}tren, and {Vi}ren, fulfil the assumptions of the scalar continuous VLI
kernel. As an extension, the sequence of exponents {ti}ren, s only required to satisfy
inf tk > —1.
k€Ng, v, #0

In previous works of the author, see [147,162], a particular case of the scalar star-shaped
VLI kernel formulated in this chapter is used and analyzed in detail. More precisely, the case
v = Ty~ B+ where k € Ny, is considered therein. Here, we summarize the generalization
of these previous considerations.

However, we start with some examples that demonstrate that scalar continuous/star-
shaped VLI equations of this type arise in different applications. The already mentioned
famous example, the inverse gravimetric problem, of such an integral kernel is presented
first. This problem first appears in [204] and is discussed extensively in the literature
[16, 168,183,189, 196, 204, 220]. An overview of potential theory, which is closely related to
the inverse gravimetric problem, can be found in [135], for instance. Of course, this problem
is also covered by our approach in [147,162].

Example 14.3 (Inverse Gravimetric Problem — Part I). Let v, (y) == vy~ *+Y, where
v > 0 is the gravitational constant, and let t, =k for all k € Ny. Using Eq. (2.2), we obtain
for the integral kernel

In addition, let Giy be the Earth. Then the gravitational potential V outside the FEarth is
given by Newton’s Law of Gravitation, that is

V(y):V[G' |£(_$L| z,

with the mass density distribution ¢ € La(Gin) to be found. Let R be the radius of the Earth’s
Bjerhammar sphere. Then the mapping y — (R/y)**1 is sometimes called the transfer
function because it transfers information from the FEarth’s interior to the measurement
positions.

Now, additional examples of these integral kernels are presented. Two of them are listed
in the next example and discussed in more detail in Chapter 15. Therein, the corresponding
derivations are executed. These integral equations are improvements of results from [73].

Example 14.4. In the context of medical imaging, the following two examples are analyzed,
where parts of the neuronal current inside the brain B,, are reconstructed from data outside
the head. In both cases, the functions y; are given by vi, = Iy~ D for all k € Ny.
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i) The inverse MEG problem by means of the Hodge decomposition: Ty, :== k/(4w) for all
k €Ny, ty =k—1 forallk €N, and to = 0. See Theorem 15.3 for more details.

it) The inverse EEG problem by means of the Helmholtz decomposition: in this case, the
potential consists of the sum of two integral equations, where the first is given by a
scalar continuous VLI equation and the second by a scalar star-shaped VLI equation.
See Eq. (15.14) and Theorem 15.6 for more details.

i1i) The homogeneous inverse EEG problem restricted onto the scalp by means of the
Helmholtz decomposition: Ty, == (2k+1)/(4wook), where og is the conductivity inside the
cerebrum, ty, =k for all k € N and I'g =ty = 0. See Lemma 15.22 and Example 6.11.

The results obtained for the vector continuous/star-shaped VLI kernel can also be trans-
ferred to the scalar continuous/star-shaped VLI kernel. For this purpose, we consider the
vector continuous/star-shaped VLI kernel for the case ¢ = 1. By applying the og)—operator,
which is only a multiplication operator, we immediately obtain

o k(x Z% 2t (0l pl(2,9))

=t (1) Ao
= K(:c,y), (14.2a)

oV K(z,y) = kM (z,y). (14.2Db)

Thus, the scalar-valued integral kernel is linked to k¥ via the multiplication with &. This
connection immediately yields the following result.

Theorem 14.5. The following results hold true:

i) The scalar continuous VLI kernel is bounded and the occurring series converges abso-
lutely and uniformly in Gin X Goyt.

it) The series from the scalar star-shaped VLI kernel converges absolutely and pointwise
in (Gstar \ {0}) X Gout-

iti) The scalar continuous/star-shaped VLI kernel is continuous in Giy X Gout o7 (Ggtar \
{0}) x Gout, respectively.

i) The scalar continuous/star-shaped VLI kernel is an La(Gin X Gout)-function, or an
La(Ggtar X Gout)-function, respectively.

v) The differential operators from Theorems 6.17 and 6.18 can be interchanged with the
occurring series if the assumptions on {ti}ren,, {Vk}ren, stated therein are satisfied.

Proof. See Lemmas 6.5, 6.7, and 6.16, Corollary 6.12, and Theorems 6.6 and 6.17 to 6.18
combined with Eq. (14.2) for the proofs. O

A scalar-valued counterpart to the continuous/star-shaped VLI operator can easily be
obtained.
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Chapter 14. Scalar Continuous VLI Operator

Lemma 14.6. Let G € {Giy, Ggtar}, the scalar density F € La(G), and the scalar continu-
ous/star-shaped VLI kernel K be given. We define the corresponding scalar continuous/
star-shaped VLI operator S: La(G) — La(Gout) by

- [ Fe)K(@.y)dz.  y e Cou.
G

Moreover, we consider the vector-valued analogue, that is k" (z,y) = 03’ K (x,y), which is
a vector continuous/star-shaped VLI kernel, and we define f(x) := oA)F( ). The relation
between the scalar-valued and the vector-valued integral equation is given by

(SE)(y) = (TF)(y)-
Proof. The function f satisfies f € Lo(G) if and only if F' € Ly(G), since

11, = [, F@)
- [ @F@)- (@F(@) do
_ /F
- HFHLQ(G> -

Thus, we are able to apply the operator T in the case of + = 1 from Definition 7.1 or
Definition 7.2 to f. We get

/ f(x) kY (z,y)dx
= /60@ F(z) 0y K(z,y)dx

= /G F(x)K(z,y)dx
= (SF)(y)

and the range of the operator S coincides with the range of the operator 7. O

Due to the connection between the operator S corresponding to the scalar-valued case
and the operator T of the vector-valued case, we can transfer properties from one pair of
potential and density to the other.

Corollary 14.7. Let G € {Gin, Gstar} and let the scalar continuous/star-shaped VLI operator
S be given as defined in Lemma 14.6. Then

i) the operator S maps from La(G) to La(Gout);
it) the operator S maps from La(G) to C(Gout);
it1) S: La(G) — La(Gout) s a bounded and compact operator.

Proof. By means of ran S = ran T, see Lemma 14.6, combined with Corollary 7.3 and Theor-
ems 7.8 and 12.1, we obtain most of the desired result. In order to prove that ran S C C(Goyt)
in the case of the star-shaped VLI, we use the uniform convergence of the series representation
of 7 f from Theorem 7.26 and the fact that each summand is continuous in Ggyg. O]
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Next, we assume that the inner domain is given by the ball B with radius R. Then a
function F' € Ly(Bgr) can be represented by a Fourier series, that is

co oo 2n+1

Fx)=>Y_ Y Y FNmn,j)Gmn;(R;z)

m=0n=0 j=1

oo 2n+1
=2 D Fuj@)Yo (@) (14.3)
n=0 j=1
with the abbreviations
FNm,n, j) = / F(2)Grmn i (R; @) de, (14.42)
Br
Foj(xz) = | F(x)Yyj(x) dw(z). (14.4b)
S

For a definition of the used basis functions see Definitions 2.22 and 5.35. The stated Fourier
series can be used for the potential obtained by the operator §. The next corollary is a
generalization of a former result stated in [162]. In the case of the inverse gravimetric
problem, this result is also stated in [79, 85, 154, 155].

Corollary 14.8. Let F € Lo(Bg), then SF is given by

oo 2n+1 1

_ B (et de (4
SR =Y Y 5o ( | Fustaratr2a >vn<y>yn,]<y>

oo 2n+1 Rtn+3/2

:4 F/\ 0’ , . Y a
ano; (2n+ 1)y/2t, + 3 (0,7, 7)%(¥)¥n,5(9)

for all y € Gout. The series converges absolutely and uniformly on Gow and in the sense
of La(Gout). The series converges in the La(Sg)-sense on Sg if the following additional
conditions are fulfilled:

i) The sequence of functions {Vn}nen, s evaluable for y = R and

it) these functions fulfil the additional condition
|7 (R)| < T, R~ (n+1+0n0)

where

T, < /(20 + 1)2(2t, +3)

for all n € Ng with a fived c € R{ .

Proof. Corollary 7.17 provides us with the expansion

oo 2n+1 1

= : W (z)zinT? da (Y
(Tf)(y) _477;) ]z:l m 41 </O fmj( ) * d >7n(y)yn7](y)

191



Chapter 14. Scalar Continuous VLI Operator

for the operator 7. Note that the vector-valued function f and the scalar function F' are
related by f(x) := o\’ F(z). This implies the case ¢ = 1. The functions fr(:; are given by

z

fff;(l’) - i A m,n, QY YA (R; )

m=0

v o (.. (tat1/2)( .

= 3 (£ gl (B)y g, @D (i)
o0

=3 [ f@) g, (R de Qi (Ri)
m=0"Br o

=S / F(@)Gon i (R; ) dz Q) (R; )
—0”/Br

= Z (F,Gmn,j(R; ‘))LQ(BR)Q%"H/Q)(R% x)
m=0

= > FMm,n, QP (R; x)
m=0

_ /S F(x)Y, (@) dw (@)
= ij(l')

forallm € Ng, 7 =1,...,2n+ 1. And, hence, f*(1,m,n,j) = F"(m,n,j) for all m, n € Ny,
j =1,...,2n 4+ 1. Thus, the last identity of the corollary is obtained by Lemma 7.24
and properties of the scalar basis functions on the ball. The statements concerning the
convergence are proved in Theorems 7.20 and 7.26. O

For the characterization of the ill-posedness of the scalar-valued problem, we start with
the uniqueness of the density reconstruction and the null space of the integral operator,
respectively.

Lemma 14.9. Let S: La(Br) — La(Gout) be the scalar continuous/star-shaped VLI operator,
then

(ker S)* = span {Go;(R;-) [n € {n' €Ny | v Z0},5=1,...,2n+1}. (14.5)
Consequently, S is not injective.

Proof. Lemma 12.2 provides us with a separation of the Lg(Bp)-orthonormal basis functions
belonging to the null space of 7 and its complement. Due to the construction of S, we
conclude that G, j(R;-) € ker S if and only if g\ (R;-) € ker T O

m7n7‘7

So far, the operator null space has been characterized by means of the orthonormal basis
used in the SVD. However, from certain applications, such as the inverse gravimetric problem,
the null space of such an integral operator can be characterized by means of a differential
operator. Now, we want to transfer this result to the scalar continuous/star-shaped VLI
operator in order to achieve an alternative characterization of the null space. For this purpose,
we consider a particular case of the scalar continuous VLI operator. For the scalar case
considered here, this result has already been published by the author in [147, 162].

192



Corollary 14.10. Let v,(y) == Doy~ "D with T, # 0 and let t, = n + k for alln € Ny
with arbitrary k € [—1,00). We define the differential operator < by

0?2 290
Qo F(x) = <8x2 +

Then the orthogonal complement of the null space of the scalar continuous VLI operator is
equivalent to

z 0

+ ;A;) (z7"F(x)) .

(kerS)* = [F € C2(Bp) | OF = 0] =%,
Proof. Let F € C?(Bg) C La(Br) be given. Then, we get the relation

92 20

OuF(w) = (8 Dt 1A> (¢ F (&)

z O
Thus, we obtain for all F' € C?(Bg) with Theorem 2.14 the equivalence relation
OxF(x) =0 & Ay (z7"F(x)) = 0.

Recall that a scalar-valued orthonormal system of La(Bp) is stated in Definition 5.33.
However, we first use the system {Gp nj}mneNo,j=1,....2n+1 defined in Definition 5.35 with
t, '=n+ K for n € Ng. It is easy to verify with an appropriate normalization factor ¢, that

GuConi(@) = cnu ((;)nﬂ ymj(ﬁ:))

() )

=0

forall m € Ng, j = 1,...,2n + 1. In the last step, the harmonic property of the inner
harmonics is used, see Corollary 2.29. In addition, the functions {G57n7j(R; ) bneNo,j=1,....2n41
form a basis of the space of all harmonic functions on Br. This is, for example, stated in [79,
Rem. 3.68], where the unique solution of the interior Dirichlet problem can be represented
by a Fourier series expansion in terms of inner harmonics. Then, the following equivalence

relation holds true, which has already been published by the author in [162],
0=A; (x7"F(x)) forallzeBp

—K 1 ..
& (e a "F(x)) € span{Go,nJ(R, )}nENo,jzl,...,2n+l
n
< (x+— a2 "F(x)) € span {m — ann](aAc)}
R n€Np,j=1,....2n+1
xn—l—n

&  (x— F(x)) € span {zv — R"Yn’j(i)}
n€Np,j=1,...,.2n+1

&  F(z) € span {Gon (1 ‘)}nGNO,j:1,...,2n+1 :
Thus, we conclude via the the fact that I';, # 0 for all n € Ny and the representation of the
operator null space from Eq. (14.5) the stated result, that is

(ker T)* = {F € C%(Bg) | OF = 0}. O
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Chapter 14. Scalar Continuous VLI Operator

Note that we obtain ) = A for k = 0. This case is related to the inverse gravimetric
problem, see Example 14.15. Further interesting differential operators can be obtained by
setting k = —1, where

0? o 2 1
F =|lz=—s+4—+—-+-AL|F
OF () <$8x2 + Ox + x + x w) (),
and k = 1, where
T \zox2 " 3T '

For the restriction of the operator S onto a sphere S, with fixed » > R, we directly obtain
an SVD of S|s, by means of Theorem 12.4 combined with Lemma 14.6.

Theorem 14.11. Let Sfs,: La(Br) — La(S,) be the operator S with range restricted to
Lao(S,). Then

i) the set {Gonj(R;")}bne (neNoly, (1) #£0} j=1,...2n+1 builds an orthonormal basis for the
orthogonal complement of the null space, that is (kerS\gr)L C Lo(Bgr),

i) an orthonormal basis for La(S,) is given by {r='Y, j}neng j=1.. 2n+1, and

iii) the singular values of S|s, are given for allm € {n' € Ny | v, (r) # 0} independent of

J by
R3 R
n =4 —— (7).
S TR
Eventually, we obtain an SVD of S|s,, that is
oo 2n+1 1
SIs, = Y > Al Gogns (B Ny Vo

n=0 j=1

In addition, via the relation f(z) = oy’ F(x), we observe for alln € Npand j = 1,...,2n+1
that

R R
| @t de = [ Fy@at 2 e,
0 0

<f’ gé)l}L,](R’ .)>L2(BR) = <F7 GO,TZJ'(R; ')>L2(BR)'

Via Lemma 7.24, we eventually get

R2tn+3
2t, + 3

R
| Fustwat 2 az = FA0,n, )
0
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forallm € Ngand j =1,...,2n+1. Thus, the Fourier coefficients of the potential V' = S|s F’
are given by

1
V/\(naj) = <S|STF7 Yn,]>
r La(Sr)

R3 Rtn
2t, +32n+1

R
'yn(r)r/o Fpj(x)x 2 da. (14.6)

=47r Yu(r)(F, Govn»j(R; ')>L2(BR)

B 47
Con+1

The latter formula has already been stated in [147] for the particular case of y,, = Ty~ ("+1)
for all n € Ny. In analogy to the previous theorem, Theorem 12.9 combined with Lemma 14.6
provides us with the next theorem.

Theorem 14.12. Let (Harm(Bext), (-, '>L2(W)) be defined in Lemma 12.8. Let the operator
S be given by

S: F— F(x)K(x,-)dx
Br

with the scalar continuous/star-shaped VLI kernel K. In addition, let vy = Ly~ D with
I'y €R forall k € N and v = 0. Then

i) S: La(Br) — (Harm(BE), (-, ), gy,

it) an orthonormal basis for the orthogonal complement of the null space is given by

{Gon,j(B: ") bne (neNIT,, #£0} j=1,...2n41

iti) an orthonormal basis for (Harm(Bext), (-, '>L2(W)) is given by means of the basis from
Lemma 12.8, that is {Sy ;(7;+) bneNj=1,...2n+1 s

iv) the singular values of S are given for alln € {n’ e N| T,y # 0} by

T, Rtn+3/2
(2n+1)/(2t, +3)(2n — 1) - 1/2"

Ap =47

and

v) the closure of the range is given by

ranS =ran7 =span{S, ;j(r;:) |[ne{n e N|T\y #0},j=1,...,2n+ 1}.

Eventually, we obtain the SVD of the scalar continuous VLI operator S, that is

co 2n+1

= Z Z A (F, Go i (R ')>L2(BR)Sn,j(r§ ).

n=1 j=1
I'n#0

The Fourier series of the unique best-approximate solution F* of SF =V is given by

oo 2n+1

= > > ANV S s )1 ey Gon (B ).

n=1 j=1
Fn7£0
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Chapter 14. Scalar Continuous VLI Operator

In Section 12.3, we consider additional uniqueness constraints for the vector-valued equation.
Now, we want to transfer these constraints to the scalar-valued case. The additional radial
uniqueness constraints for certain scalar integral equations have already been published by
the author in [147,162]. The results are summed up in the next corollary. For this purpose,
we restrict ourselves to a similar setting as in Section 12.3, where we state conditions for
the existence of a solution in Assumption 12.15. Now, let these assumptions also hold true
for the scalar continuous/star-shaped VLI equation. With the same argumentation as in
Section 12.3, we assume that Goy = B and v, (y) == Fny*("ﬂ) for all n € Ny, where the
sequence has to fulfil the polynomial growth condition (n — |T',|) € O(nM) for fixed M € Nj.
Note that Corollary 14.8 is used for this argumentation. In addition, the next result is an
immediate consequence of Corollary 14.8 for this particular setting.

Corollary 14.13. Let S be a scalar continuous/star-shaped VLI operator. Let, in addition,
Gout == Bt and y,(y) == Loy~ "D for alln € Ny be given, where the sequence {Tn }neng
has to fulfil the polynomial growth condition. Then, for the potential V = SF, the following
holds true:

V/\ . 4 Fn Rtn+3/2 F/\ 0 -
(na])— 7r<2n+1> 2tn+3 rn ( 7n7,7)7
VA(n,j) = 4r In 1 /RF (z)x' T2 da
’ n41rm g ™

forallm € Ny, j =1,...,2n+ 1, where the density F' € Ly(Bg) satisfies

oo 2n+1

F(a) “E" SN Fuj(a)Ya(@) (14.7a)
n=0 j=1
oo oo 2n+1

Lz(]:BR) Z Z Z FA(m,n,j)Gm,n,j(RQ‘)- (14.7Db)

m=0n=0 j=1

If I'y # 0 for all n € Ny, only additional radial constraints are necessary for the scalar-
valued case. If certain degrees are vanishing in the latter expansion of F' and if I';, = 0 for
particular values of n € Ny, then also angular constraints can be required.

In this chapter, we only consider radial uniqueness constraints, which are meaningful in
the scalar-valued case as well as in the vector-valued case. For this purpose, we consider the
auxiliary function D,, ; defined in Eq. (12.11) and add another case to it, that is

F, ; in the scalar-valued case for allm € Ny, j =1,...,2n +1,
D, ;= 7(;)] in the vector-valued case for all n € Ny, j =1,...,2n + 1,
0 in the vector-valued case for all ¢ = 2, 3, and (n,j) = (0, 1).

With this abbreviation and the observation that the result in Corollary 14.13 is similar to
the one in Eq. (12.9), Lemma 12.16 immediately holds true for the scalar-valued case.

Finally, we can analyze the problems of Example 14.4 more precisely. We are mainly
interested in the two medical imaging examples because they correspond to the main problem
of magneto-electroencephalography.

Example 14.14. By means of the results achieved in this chapter, we can solve the two
examples directly. Here, the radius of the ball modelling the cerebrum is given by oo and the
potentials are measured on S,, .
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i) The inverse MEG problem by means of the Hodge decomposition yields an integral equa-
tion, see Theorem 15.3, that fits into our general setting. Here, ~,(y) == n/(4m)y~ "D
and t, =mn — 1 for all n € Ng. The magnetic potential V' is expandable into outer
harmonics since it is the unique solution of the EDP. Thus, we obtain with Eq. (14.6)
the relation

. n 1 Qo
VA(”J) = o+ 1£%A $n+1Fn,j(I) dx

Iy - <QO)nFA(Onj)
(2n +1)° \oL e

it) The homogeneous inverse EEG problem restricted onto the sphere Sy, by means of
the Helmholtz decomposition, see Lemma 15.22 and Example 6.11, can also be solved
with, this approach. In this case, v,(y) = (2n + 1)/(4moon)y~ "tV and t,, = n for all
neN, I'g=ty=0, and D := AV. Thus, we calculate the Fourier coefficients of the
electric potential ur, for allm € Nand j=1,...,2n+1 as

3 n
uf(n,j) = nio 251 3 (52) D0, n, )
and u(0,1) = 0. Of course, in this particular case, we expand the potential in outer
harmonics with respect to the surface Sy, . This yields the additional damping factor
(00/0L)" for alln € N. Thus, we obtain a relation between the coefficients of ur, and D.
However, we are interested in a relation between the electric potential and the function
V. For this purpose, Poisson’s equation D := AWV with adequate boundary conditions
remains to be solved. In order to avoid this, another approach for the solution of the
(homogeneous) inverse EEG problem is presented in [71, Prop. 4.1] and will be repeated
in Theorem 15.23.

Finally, the famous inverse gravimetric problem discussed in detail in [161] and summarized
in [160] is also covered by this approach. We include these results in our setting and collect
them in the next example.

Example 14.15 (Inverse Gravimetric Problem — Part II). The problem consists in
finding the mass density distribution o inside the Earth given the gravitational potential V
via the integral equation

Vi) = Sl ) =1 [ 22 de, yes,

see Example 14.3. The gravitational potential V is a harmonic function in Geoy that is
reqular at infinity, see Lemma 8.9. The formula for the Fourier coefficients of V' is given by

, | R3 4m R\"
VA(”:]) =7 o+ 320 + 1 (T‘) <F7 Goﬂ,j(R; ')>L2(IBR)

dry 1 (R

see also [23, 24, 147, 154, 160-162, 168, 189, 196]. Sometimes, the coefficients V"(n, j) are

called Stoke’s coefficients, see, for instance, [26, 30] and the references therein. Obviously,
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Y 1 -1 x Y -1 -1 @
(a) PREM density (b) PREM density disturbed by Faist

FiGURE 14.1: The PREM model and its disturbance generate the same gravitational potential

Sls, (FprEM) since Fyist is contained in the null space of Sls,. Both are plotted on a plane
inside the Earth, see also [147].

the corresponding singular values of the operator S|s, are exponentially decreasing, which
implies the severe (exponential) ill-posedness of the inverse problem. This damping factor is
often associated with the downward continuation of the satellite data onto the Farth’s surface.
The null space of the operator is given by

ker S|s, = span{Gpn;(R;-) |meN,n € Ng,j=1,...,2n+ 1}.

Only the functions

n R 2n+3 fz\" R
Gy (i) = Q2 (Ri) Yoy (@) = Gy (Riw) =252 (1) Yas(@)

which are harmonic, are not in the null space of the operator
kerS|s, = {F € C¥(Bg) | AF =0} *,

see Corollary 14.10. Thus, the inverse problem does not have a unique solution or density,
respectively. The non-uniqueness of the density is comprehensively discussed in the literature,
see [18, 14, 16, 154, 161, 188, 204, 206]. For example, let Fprem be the Earth’s density obtained
by the PREM model, see [60], plotted in Fig. 14.1. Let the disturbance Fyist be a linear
combination of orthonormal basis functions Gy j(R;-) withm € N,n € Ng, j =1,...,2n+1
and arbitrary mounting points z; € Br for alll =1, 2, 3, more precisely

3 100 2n+1
Fdist(w) = Z Z Z (0.95)1+nG17n’j(R; w)Gl’n’j(R; zl), b S IBR.
I=1n=0 j=1

Then the potential generated by Fprem coincides with S|s, (FrreEM + Faist)-
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By means of the best-approximate solution FT, we immediately obtain that the harmonic
solution of the inverse gravimetric problem is the best-approximate solution, that is

oo 2n+1 om + 3

F+
) 471'7

(2n+1) ( ) VA(n, 5)Gon (R y)

provided that Picard’s criterion is fulfilled. Due to Kaula’s (empirical) rule of thumb

2n+1
Z VN, j)* € O n?) (as n — o0)
j=1

for a constant q € (0,1] related to the Bjerhammar sphere, Picard’s criterion is satisfied,
see [134, 199]. Hence, the harmonic solution coincides with the minimum norm solution.
Certain satellite missions using satellite-to-satellite tracking like CHAMP and GRACE [132],
or SGG yield data from which derivatives can be derived, such as the negative first radial
derivative of the gravitational potential. The gradient of the gravitational potential is given
via Eq. (5.15), Theorem 7.26, and Lemma 14.6 by

oo 2n+1
(n+1)R3 A N Ry
F)(y)) = —4 E E F0
Vy((SF) e S Ve +r1)@2n+3) (07.3) B (¥):

This result is also stated in [156], where a linear combination of the Morse-Feshbach vector
spherical harmonics is used instead of the Edmonds vector spherical harmonics. A similar
result concerning Y - Vy((SF)(y)) can also be found in [155].
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Chapter 15.

Previous Scalar Approaches for the
Magneto-encephalography Problem

In this chapter, we present other decomposition approaches for the MEG and EEG problem
that have been extensively discussed in the literature, see, for instance, [47,48, 50, 71-75].
We compare these approaches with the Edmonds approach pursued in this thesis in order to
give a broad overview of the magneto-electroencephalography problem. We also discuss the
advantages and disadvantages of the Edmonds ansatz in comparison to the other approaches.

Almost all of these approaches lead to scalar continuous/star-shaped VLI equations, such
that the previous chapter will help us to handle these integral equations.

15.1. Hodge Decomposition

In many other works considering the magnetoencephalography problem, the Hodge decom-
position of the current J¥ is used instead of the Edmonds expansion, see, for example,
[47,71-75]. It is given by

I (@) = T (@)% + é (ViG(@) + LyF(x)), @ c B, \ {0} (15.1)

Here, J", G, F': B,, — R are scalar-valued functions on the ball. The Hodge decomposition
is unique, up to additional constants for G and F, see [75], and is named after W.V.D. Hodge,
because the Hodge star operator is used for its derivation. Sometimes, this spherical
decomposition is named after Hansen because the idea is based on the classical Hansen
decomposition, see [111,112,205]. Here, we stick to the mainly used nomenclature and call
the decomposition in Eq. (15.1) the Hodge decomposition. In order to solve the magneto-
electroencephalography problem, we need some assumptions on the scalar-valued functions.
These are in fact stronger conditions on the neuronal current than those required for the
Edmonds approach, which is a disadvantage of the Hodge decomposition.

Assumption 15.1. Let J", G, F: B,, = R be scalar-valued functions with J" € La(By,)
and G, F € Cl(IBBQO). In addition, let a similar normalization assumption as in Theorem 5.19
be fulfilled, that is

/S Ga) dw(@) = /S F(a) dw(@) = 0.

Since B,, C R3 is compact, we immediately conclude that the neuronal current is an
Lo(Bpr)-function. The possible singularity at the origin occurring in Eq. (15.1) vanishes
by means of the Jacobian determinant for spherical coordinates. Due to the normalization
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Chapter 15. Previous Scalar Approaches for the Magneto-encephalography Problem

assumption, we indeed obtain a unique Hodge decomposition. For the angular functions G
and F', we obtain with the abbreviation H € {F,G} the expansion

In addition, with Eq. (2.11), we obtain for almost all z € [0, go] the identity

o:/SH(a;) dw(@)

co 2n+1

= VI [33 Hug (@)Y (@)Y, (&) dw(@)

n=0 j=1

= \/EHOJ(J}).

15.1.1. Hodge Decomposition for MEG

Especially for the MEG problem, the Hodge decomposition has some advantages. Here, we
use the Hodge decomposition in combination with the multiple-shell model, whereas it is
used in [47,71-75] for the three-shell model. Inserting the Hodge decomposition presented
in Eq. (15.1) into the formula for the magnetic potential U, see Problem 9.1, we get for all
y € B the identity

Uly) = /B (J’”(a;) i(V*G(w)—i—L;F(w)))~k:M(a:,y)d:1:. (15.2)

Q0

Due to Eq. (2.6a), the summand depending on J” vanishes. Applying Eq. (2.9a) to the first
summand and, vice versa, applying Eq. (2.9b) to the second summand, we obtain

U) = [ 1G@V; ku(z.y)de

QO:U

i ) (55 (Sr@)) (OO ,{ﬁ)kaPk(:w)) de.  (153)

=

Note that the integral kernel is sufficiently smooth, which is proved in Theorem 6.22. From
this theorem, we also obtain that the first integral vanishes. Obviously, Assumption 15.1 is
not sufficient for this calculation. This is the reason why we need to assume a higher order
of smoothness, that is F' € CQ(BQO). Now, we apply Theorem 2.16 to the integrand and
eventually obtain for all y € BS*' the magnetic potential

U = |

This is a slight improvement of the results in [73] because we prove that the zeroth summand
of the kernel does not contribute to the magnetic potential, and, hence, we can neglect the
singularity of the integral kernel at the origin that occurs otherwise.

An advantage of this approach, in the case of the inverse MEG problem, is the reduction
of the vector-valued problem into a scalar-valued one, see Eq. (15.4), which may significantly

o k-1 o
(A?CF(QC))’;WP k(2 - g) de. (15.4)

Q0
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15.1. Hodge Decomposition

reduce the computational costs. In addition, we can immediately see that the parts of the
current depending on J” and G are invisible to the magnetoencephalograph. Hence, only the
function F' contributes to the magnetic field and potential. A similar result is also obtained
by [72, Eq. (7)], [73], and [162]. It is restated in the next lemma.

Lemma 15.2 (Hodge Decomposition for MEG, [73, Thm. 2.1]). Let the functions
of the Hodge decomposition in Eq. (15.1) fulfil Assumption 15.1. In addition, let the function
F € C%(B,,) be given by the La(B,,)-convergent series

oo 2n+1
n=0 j=1
where the summability condition
oo 2n+1
DD Fa@)]n?* <o
n=0 j=1

for some € > 0 and for all x € [0, go] is satisfied. Then fory € BSXt the magnetic potential
is given by

k-1

U) == [ (85F() S Gy e )

In addition, if the magnetic potential is represented by

+ 1y

Q0

ext oo 2n+1

QL Z ZV/\nj n+1 7](3)),

n=0 j=1

then for alln € N, j=1,...,2n+ 1 the following relations hold true:

Q0
@2n+ D)V Nn,j)=n [  Foj(x)2" " de (15.6)
0

and V"(0,1) = 0.

The summability condition implies Picard’s criterion, but we later see that the summability
condition is unnecessarily strong. The assumption F' € C?(B,,) obviously implies F' € La(B,, ).
By means of the proof in Theorem 7.26, we immediately obtain the stated spherical harmonics
expansion of F'. Recall that this smoothness condition is required in order to derive Eq. (15.4).

We are able to get rid of this strong smoothness condition by using a novel derivation
of the solution via the Hodge decomposition. We also start with Eq. (15.2) and apply the
same integral theorem stated in Eq. (2.9b) but switch the roles of the function L*F and the
integral kernel. Thus, for all y € B we get

1 1 > ¥
U :——/ “F(ax) (L LY. P& 9) | dz
1 1 > zk
= —-F Af§7PA-A dx. 15.
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The smoothness of the integral kernel is sufficient and has already been proved in Theorem 6.22.
In addition, this theorem provides us with the possibility to interchange the series with
respect to k and the Beltrami operator. The Beltrami operator applied to the Legendre
polynomials is calculated in Eq. (2.14). Combining these thoughts, we get

1 X kgk1 o
Uy) = —/ F(x) Z —r (@ 9) | de, Yy € IB%eXt (15.8)
4T JB,, =Y

The problem stated in Eq. (15.8) yields the same solution as given in Lemma 15.2. We
eventually obtain by means of the scalar continuous VLI operator, see Corollary 14.8, an
outer harmonic expansion of U, that is

co 2n+1

1
n+1 ~
=X X ma </ Fagl® dx) ST Y (9)-

n=0 j=1

This is exactly the same result as in Lemma 15.2. Note that this series converges uniformly in
@. This novel proof provides us with two advantages. First, a lower order of smoothness of
the function F' is required. Second, we can weaken the summability condition. Accordingly,
we can lessen the requirements of Lemma 15.2 and reformulate the statement.

Theorem 15.3. Let the functions of the Hodge decomposition in Eq. (15.1) fulfil Assump-
tion 15.1. Then, for y € B, the magnetic potential is given by

oL’

V) = [ Fla)y

4r JB,, oz |z — y|
1/ >, kaht

=—— F(x —— P (2 -y)dx.
i o, P Al )

In addition, if the magnetic potential is represented by

Bext oo 2n+1

IS v g) ot Y (),

n=1 j=1

then for alln € N, j =1,...,2n+ 1 the following relation holds true:
00 L
(2n+ 1)V (n,j) =n Fp j(z)z" ! dx. (15.9)
0
The problem of finding a solution F for given magnetic potential U has a solution if
oo 2n+1

SN n? sup |Fy ()] < oo (15.10)
n=0 j=1 z€[0,R]

Proof. We have already derived the integral equation containing the series representation

of the integral kernel in Eq. (15.8). The closed representation of the integral kernel via the
Newtonian kernel is given by the term-by-term derivative of Eq. (2.2) and Theorem 6.22.
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15.1. Hodge Decomposition

The range of the operator is contained in La(Bg:') for which an orthonormal basis is stated
in Lemma 12.8. Thus, for all n € Nand j = 1,...,2n + 1 we need to calculate the inner
product, which is straightforward and not presented here in detail, and obtain

n— 1
(U, Sn.j(oL; ')>L2(]Be)zt) V2n — VA(” ]) 12 / y2n dy
e oL
1 n
= ———V"(n,j)e," .

Van —1

Inserting this combined with Eq. (15.9) into Picard’s criterion, see Tables 13.1 and 13.2, we
get the condition

2 (n+ )20+ 1220 +3)2n — 1) [op\*" 9

Z Z 3 N (U’ Sn,j(QL; ')>L2(Bex:)
n=1 j=1 noporL o] er,
00 2n+1

n n 2 n
_ Z Z + 1 (2 ";1) (2 +3) 952"_3(VA(n,j))2

n=1 j=1
co 2n+1

2
=> > nn+1)(2n+3) —2"3</ Fj(x ”+1dx) < 00.

n=1 j=1

Via the estimate

0 2 o 0
< ’ Fj(z)z™ ! d:c) < / ’ (Fn](.r))2 da:/ ’ 2 dg
0 0 0

su F 2 27’L-{-47
2n+3xe[0p | ()]
Picard’s criterion is satisfied if the summability condition in Eq. (15.10) is valid. O

Now, we prove that the results in Lemma 15.2 or Theorem 15.3, respectively, coincide
with our result from the previous section, which is stated in Theorem 9.4.

Corollary 15.4. With the requirements from Assumption 15.1, we get

2
(2n+1)V"(n,j) = n/ F,j(z)z" ! dz,
0

©0
& Uy (nj) = yn / "I () d 15.11
N e STCTE el SR -1y

forallneN, j=1,...,2n+1.

Proof. First, we calculate J(3) forallm e N, j=1,...,2n+ 1 and for almost all = € (0, go]
by means of the Hodge decomposmon in Eq. (15. 1) that is

I8 (@) = (I (), 9,
1 Y. (2)dw(@
mm/gmmm@m( ) dw(#)

_ MF,LJ(:C). (15.12)

T

>L2(S)
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Here, we used Eq. (2.6a) and Corollary 2.21 in the first step and Lemma 2.23 and the
definition of F), j for all m € N, j = 1,...,2n + 1 in the last step. Since we use a slightly
different expansion for the magnetic potential than in [72], we need to transform the related
coefficients. The corresponding representation of the magnetic potential is given by

L ext) oo 2n+1

U(y) S Y Vi %yiilynw.

n=1 j=1

Comparing this formula with the outer harmonic expansion from Theorem 9.4, we get
UQL (n,j) = V™(n,j)o;". Inserting the representations of V"(n,j) and F, ; for all n € N,
j=1,...,2n+ 1 into Eq. (15.6), we get the desired result. O

Note that with Eq. (15.12) a one-to-one relation between Jffy and F}, ; is given for almost
all z € (0,00] and alln € N, j=1,...,2n+ 1.

For the sake of completeness, we state the relation between the vector outer harmonics
coefficients of type 1 of the magnetic field B and the spherical harmonics coefficients of the
function F.

Corollary 15.5. Let the magnetic field B be given as in Theorem 9.4. Let Assumption 15.1
be fulfilled. Then

A _ —Hom n+1 90 11
Byb(n.d) = s 2n+1/ (@) da (15.13)

holds true for allmeN, j=1,...,2n+1 and BQQ(O, 1)=0.

Proof. The identity can easily be seen by inserting Eq. (15.12) into the representation from
Theorem 9.4. O

We directly see that the Hodge decomposition is as good as the Edmonds approach in
the context of uniqueness results. In both cases, there exist infinitely many choices for
the integrands = — F, j(2)z""! and z — Jﬁ;”(m’)x"“, respectively, in order to satisfy
Eq. (15.13) if the coefficients B, (n,j) are given for alln € N, j =1,...,2n + 1.

15.1.2. Hodge Decomposition for EEG

To the knowledge of the author, the Hodge decomposition has not been used for solving the
inverse EEG problem so far. One possible reason is that the electric potential uy, on the
scalp would then depend on a linear combination of J" and G.

From Eq. (10.1), a continuous/star-shaped VLI equation of the electric potential is known.
Therein, we insert the Hodge decomposition of the neuronal current from Eq. (15.1). For the
next calculation, we use an appropriate representation of the integral kernel from Eq. (6.5).
We split the gradient by means of spherical coordinates, see Theorem 2.14, and use the
orthogonality results in Eq. (2.6) in order to simplify the formula. The integral identity in
Eq. (2.9) combined with properties of the Legendre polynomials in Eq. (2.14) yields for all
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Y € S[g;_,,0p] the result
1
() = [ (7@t (ViG@) + LiF@) - kele,y) da
o

1 ' 0 [ P (6 d
_E/E 8<Z2k+1Hk Pk(w.y)>dm

Q0

1 o0
b [ ViG@) V(L Ok D) R 9) ) de
4 By, L 1

= % J" () (Z(% + DkHy(y)z" " Py(@ - @)) da

k=1

+ 1 @ (i(% k(K + 1) Hy(y)a*2Py(z - @)) da. (15.14)
k=1

In analogy to the MEG case, the integrand reduces to a scalar-valued one. In contrast, we
obtain two different scalar star-shaped VLI kernels depending on different components of the
neuronal current. Thus, we cannot separate the parts of the electric potential generated by
J" from the parts generated by G. A result that is similar to the next is stated in [52] for
the homogeneous spherical head model.

Theorem 15.6. Let J¥ fulfil Assumption 15.1 and be represented by means of the Hodge
decomposition. In addition, let the electric potential uy, be represented by the in Sy, | ]
uniformly convergent series

xR 2n+1 "
. n —+ 1 Yy n QL) 1 B
Z Z uilr <2n+1 ( ) + 2n + 1) ( y Yo i (9). (15.15)

n=0 j=1

Then the relation between the outer harmonics coefficients of the electric potential and the
current is given by u/(0,1) =0 and for alln € N, j=1,...,2n+1 by

2n + 1)8

ulM(n,j) = </OQO (l‘.],;](l') + (n+ 1)Gn7j(:n)) " dx) ( 7 (15.16)

Proof. We start with Eq. (15.14). We define v, (y) := 4=(2n 4+ 1)nH,(y) and t, :==n — 1 for
all n € N. Furthermore, we set 79 = 0. Consequently, the zeroth summand vanishes and the
sequence of exponents fulfils inf,en ,20%, = —1. Then, Corollary 14.8 yields for the first
integral the expression

oo 2n+1

>y (/ J7 @)zt d:r) 0 Ho (9) Yo 5 (8).

n=1 j=1

For the second integral, we analogously define vo = 0, y,(y) == ﬁ@n + Dn(n+1)Hy(y) and
tn == n — 2. We obtain inf,en ,20tn > —1 and

oo 2n+1

S5 ([ Gustara de) ntn + ), ()50

n=1 j=1
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Combining these results, we get
oo 2n+1

u) =3 3 ([ (0750 + (04 DGoy(o) 2" do ) 0 ()Y (0)

n=1 j=1

Together with u/\(n,j) = (utls,, » Q%Yn,ﬁz and the representation of the functions H,, in
Eq. (4.20), we arrive at the desired result. O

Theorem 15.7. Let J decomposed by means of the Hodge decomposition fulfil Assump-
tion 15.1. Then the representation of the electric potential from Theorem 15.6 coincides with
the one obtained by the Edmonds approach presented in Theorem 10.4.

Proof. From Theorem 10.4, we obtain

‘ 1 [(2n+1)3 LU
uf ) = o[ EE g [* I @ e

First, we calculate J§;~ by means of the Hodge decomposition. For almost all z € (0, go]
and alln € Nand j=1,...,2n + 1, we get the expression

(2),~ _
@ = [

S (Jf(m)fc + % (ViG(z)+ L;F(m))> 5% (@) dw(®).

Note that for alln € N, j =1,...,2n 4+ 1 the Edmonds vector spherical harmonics of type 2

are defined by
72, = n_wo g [0t 1 .
ni T\ oy 1Ynd T\ 2 11 Yna

see Eq. (5.4b). Hence, we split the integral into two parts. For calculating both integrals, we
use the orthogonality relations from Eq. (2.6) and Corollary 2.21. The first part is given by

(ViG(a) + LiF (@) ) -yl (@) do(@)

 —

N
<
—
)
(R
+

SN

For the second part, we get with Theorem 2.16 and Lemma 2.23 the identity

/s (‘]r(m)‘% + % (VaG(z) + LEF(T»))) -y (&) dw(@)

]' *
= ST | (vic(@)
_vnn+1) / Gx)Y,
x S

_ émc;n,xx)-

-V3Y, (@) dw(2)

§(@) dw ()

),
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Combining these results, we get for allm € N, j =1,...,2n + 1 the relation

J,(L2;~(:c) = 1/2711 0 (J,CJ (x) + nIlGn](x)> for almost all z € (0, go].

Inserting this into the previously stated representation of u/*(n, j), we get the same repres-
entation as in Theorem 15.6, that is

) 1 S +1
up'(n,j) = 97(2?1 +1)B” /0 (sz,j(l‘) + nxGn,j(UC)> 2"t d. O
L

Thus, if the functions Jy ; and Gy ; are given, we can uniquely determine the functions
Jffy forallmeN, j=1,...,2n 4+ 1 but not vice versa.

Now, we summarize the results obtained by the Hodge decomposition. We see that the use
of this decomposition for the magneto-electroencephalography problem has some advantages
and disadvantages. In both cases, the vector-valued integral operators reduce to scalar-valued
problems, see Lemma 15.2 and Eq. (15.14). This has an advantage in numerical calculations.

In the case of the MEG problem, we are able to weaken the existing assumptions for this
decomposition, which is advantageous since the real smoothness of the neuronal current
is unknown so far. By means of this improvement, this approach yields a result that is
comparable to the result obtained by the Edmonds approach in the context of the uniqueness
considerations. However, for the Edmonds approach we still need less smoothness than
required for the Hodge decomposition.

In the case of the EEG problem, we see that the Hodge decomposition is not as suitable
as the Edmonds approach. The outer harmonics coefficients of the electric potential uy,
depend on the spherical harmonics coefficients of J” and G. Hence, infinitely many different
combinations of these two functions can generate the same electric potential. Accordingly,
the Hodge decomposition is not the first choice decomposition for solving the inverse EEG
problem.

15.2. Morse-Feshbach Vector Approach

The aim of the inverse MEG and EEG problem is a vector-valued reconstruction of the
neuronal current. Hence, only a decomposition of the neuronal current by means of vector-
valued functions yields a direct reconstruction of the current without additional computations.
A possible decomposition is provided by the Morse-Feshbach expansion, which is introduced
in Assumption 7.14. In this setting, the current J¥ € Ly(B,,) has the unique Morse-Feshbach
expansion

co 2n+1

L (B ) [3 [3 A
TP(@) =TS ST I @)y (@), (15.17)
i=1n=0; j=1

see Theorem 5.15. A similar decomposition is used in [47, 48] for the reconstruction of the
neuronal current from given values of the magnetic and electric potential. Therein, complex
scalar-valued spherical harmonics are used as a foundation for the Morse-Feshbach vector
spherical harmonics. Based on the definition of the (Edmonds vector) spherical harmonics,
see Definitions 2.22 and 5.9, we can use the real as well as the complex spherical harmonics
for the Edmonds approach. However, in the case of complex spherical harmonics, the used
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R3-inner products must be replaced by C3-inner products. Since the neuronal current is a
real and not a complex current, we stick to the real version of the Morse-Feshbach vector
spherical harmonics.

For the sake of comparability, we need to mention that in [48] a non-normalized version of
the vector spherical harmonics is used. The factor occurring therein (i.e. 4w(n + 5)!/((2n +
1)(n —j)!) with n € Ng, j = 1,...,2n 4+ 1) draws through to their result for the Fourier
coefficients.

15.2.1. Morse-Feshbach Approach for MEG

In Chapter 9, we derive a relation between the magnetic field and the neuronal current by
means of the Edmonds approach. We know that only the direction of the neuronal current
belonging to type ¢ = 3 of the Edmonds vector spherical harmonics is not silent for the
magnetoencephalograph, see Theorem 13.1. Due to the definition of the Morse-Feshbach and
Edmonds vector spherical harmonics, see Definitions 5.8 and 5.9, we also know that the type
i = 3 functions of both systems coincide. Eventually, the Edmonds and the Morse-Feshbach
approach are the same for the MEG problem. This has already been mentioned in Remark 9.3.
Both results are comparable with the one in [47, 48] keeping the different normalization factor
in mind.

15.2.2. Morse-Feshbach Approach for EEG

In [48], the complex Morse-Feshbach vector spherical harmonics are also used for the EEG
problem, but only for the homogeneous case. This special case is discussed in Examples 6.11
and 13.4. Keep in mind that in this case the coefficients 3" are given by 85" = 0 and for
all n € N by

1

(L)
/Bn 00(2n+ 1)'

(15.18)

In addition, in [48] the scalp is only modelled by the sphere S,,. Note that in this reference
a slightly different expansion of the electric potential is used. Their result is summarized in
the next theorem.

Theorem 15.8 ([48, Ch. 5]). Let Assumption 3.2 be fulfilled with constant conductivity
oo on each region, that is the homogeneous case. Let the electric potential on the scalp be
given by the La(S)-convergent series

. LQ(S) oo 2n+1 N . 1 R
ur(orLy) = Z Z v (n’j)inﬂyn,j(y)'
n=1 j=1 g00y,

Then foralln e N, j=1,...,2n+ 1 we get

. eo /n+1 n
v (n,j) = /0 (Jf;;(x) + nJS}(ac)) 2" da.

Now, we can formulate a generalization of this statement. For this purpose, we consider
our case of the multiple-shell model with different constant conductivities on each shell, that
is the inhomogeneous case. Furthermore, we do not restrict the electric potential onto S,, .
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Theorem 15.9. Let Assumption 3.2 with L > 2 be satisfied and let the electric potential on
the scalp be given by means of the Fourier expansion with respect to the orthonormal basis
from Lemma 13.2, that is

oo 2n+1

up = > up(n,§)Zn;

n=0 j=1

ForallneN, j=1,...,2n+ 1 the following relations hold true:

1 2o 1
ult(n,j) = 97(272 + 1) /0 (JS;(JS) + 4/ n:Jﬁf;(@) 2" dz (15.19)
L

and u/*(0,1) = 0.

Proof. Due to the assumption on J¥, the current can be expanded as in Eq. (15.17). From
Theorem 10.4, u/*(0,1) = 0 and a relation between the coefficients u ;" (n, j) and the Edmonds
coefficients JT(LQ;N is known for alln € N, j = 1,...,2n + 1. Thus, we calculate JS;~ in
terms of the Morse-Feshbach coefficients J;Ll; and Jf; We directly obtain for all n € N,
j=1,...,2n 41 the relation

T / TP (@) - §2)(@) dw(#)
oo 2k+1 TL—|—1
_ZZ Z‘]lgl yklﬁ: < yn]:i: ) ﬁ:)
i=1 k=0; I=1 2n+1
n—+1 (2)
15.20
on + 1 ) o 1 17 (15.20)

The interchanging of the series and the integration is allowed due to the strong convergence
of the series in Eq. (15.17). Inserting this into Theorem 10.4, we arrive for all n € N,
j=1,....2n+1 at

20
ui (L) ) @) n+1
L (n,j) = R B /0 (\/ﬁJnj(x) +vn+ 1Jn7j(x)) 2" de. O

We continue by restricting our result from Theorem 15.9 to the sphere S,, in order to
obtain a comparable solution. We immediately gain the following corollary.

Corollary 15.10. The result from Theorem 15.9 coincides in the homogeneous case with
the result in [48] repeated in Theorem 15.8.

Proof. The restriction of the electric potential onto the sphere S,, yields, by means of
Theorem 10.4, for alln € N, j =1,...,2n + 1 the expansion

oo 2n+1

r(019) ZZuLnJ (@), @ES.

n=1 j=1

In addition, Theorem 15.9 provides us with

1 20 T1
uf(n.g) = Cn+ 150 [ (Jii,;(w) R >> 2 da
L
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and u/(0,1) = 0. Since we consider the homogeneous case, we obtain with Eq. (15.18) the

relation
Ao Looreo (g n+1 o nt1
up'(n,j) = oodt o Jnji(@) + T‘Jn,j(a”) " dw. (15.21)
L

With our notation, we get u/\(n,j) = v"\(n,5)og  o;". Accordingly,

00 1
v (n,j) = /0 (J;lz(x) +14/ L:; Jf}(az)) 2" dax.

Eventually, the result in Theorem 15.8 coincides with the one in Theorem 15.9. O

Thus, we come to the conclusion that the Morse-Feshbach approach is as good as the
Edmonds approach in the case of the MEG problem. Both provide us with the same
appropriate decomposition because they separate the reconstructable direction of the neuronal
current from the directions in the null space of Ty;.

In contrast, the Morse-Feshbach approach is as inappropriate as the Hodge decomposition
for the inverse EEG problem. The Morse-Feshbach coefficients of the electric potential wy,
depend on two radial functions of the neuronal current decomposition. Thus, the part of the
neuronal current reconstructable from electric potential data is in the subspace spanned by
{Hﬁiw(R; ')yii)j}m,nGNo,j:l,...,2n+1 U {Hr(,i?w(R; ‘)yi)j}meNO,neN,jzl,...,znﬂ7 where the set
{H ) (R; ) bme No,n€No, j=1,....2n+1 1S & suitable basis for the radial part. The considerable

m7n7j
advantage of the Edmonds approach is a precise characterization of this subspace.

15.3. Helmholtz Representation

Inspired by classical electromagnetism, the Helmholtz decomposition is often used for the
analysis of the inverse EEG problem, see, for instance, [47,50,71,73,74]. The Helmholtz
decomposition of the current J* € C'(B,,) is given by

J'=VU 4+ VA (15.22)

The scalar potential ¥ € CQ(BQO) is unique up to an additive constant. The induced part
VV is called the irrotational part. The solenoidal part of the current is given by V A A with
the vector potential A € C?(B,,). If V- A =0 and J¥(x) € O(x72) as x — oo, then the
function A is also unique up to an additive constant, see, for instance, [4,8]. The adjustment
V - A = 0 is sometimes called the Coulomb gauge.

In order to compare this approach with the former ones, we decompose the irrotational
and solenoidal part of the current by means of the o-operators for i = 1, 2, 3. For the
irrotational part, we obtain with Theorem 2.14 the equation

w9 1

_ 1,@ _
V¥ (x) = o, am\ll(:n) + =% U(x)

For the splitting of the solenoidal part, a few more easy but technical calculations are needed.
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Theorem 15.11. Let the vector potential A € Cz(EQO) be represented by
3 .
A(x) => 05 A (x), (15.23)
i=1

see Theorem 5.19, then the solenoidal part has the alternative representation

Vm A A(w) = %OQ)A;}A@ (:1:) — og) (8850 + ;) A(3)(x)

+ 0 <—;A“)(m) + (86:n + 1) A@)(:c)) -

X

Proof. For this result, we need to calculate the curl of the vector potential in Eq. (15.23).
Note that this expansion is unique if A® and A® have no constant parts, see Theorem 5.19.
We start with the first summand. With Lemma 2.18 and Az = 0, we get for all x € R3\ {0}
the identity

1 ..
Vi A (og)A“)(m)) = —EogA(l)(a:).

For the second summand, using the definition of the surface curl gradient and Lemma 2.17,
we obtain

0 1
VA (o(;)A@’ (w)) = og’)%A@)(m) + EV; N (VEAP ()

-5 (24 D) 4o

oxr =«

And lastly, for the third summand, we obtain by means of Lemma 2.19 and Eq. (2.5) the
equation

1 1
V. A Og)A(S)(w) — E:%A;:A(S)(m) _ V;: (w + ({i) A<3>(:E)-

Inserting these calculations into the curl of the vector potential, we obtain the desired
result. O

An immediate consequence of Theorem 15.11 is the following representation of the neuronal
current for all € B, \ {0}:

JP(z) = o (aé;\ll(:c) + iA;wa)) o chp(m) - (ai + i) A<3>(m)>
+ o} <—iA<“(w) + (;x - i) A<2>(;c)) : (15.24)

Now, we further decompose the (scalar-valued) parts of the current into La(B,,)-convergent
spherical harmonics series.

Assumption 15.12. Let the neuronal current be decomposed by means of the Helmholtz
decomposition, see also Eq. (15.24). In addition, let all parts of the scalar and vector potential
be twice continuously differentiable, that is ¥ € C%(B,,) C L2(By,), A® € C*(B,,) C La(By,)
fori=1, 2, 3.
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Due to the square integrability of the particular functions, we can expand them into
spherical harmonics, where we stick to the notation from Eq. (14.3).

Corollary 15.13. Let Assumption 15.12 be satisfied. For alln € N, j=1,...,2n+ 1, and
€ (0, R], the identities

hold true. Furthermore, JSI{ =,

Proof. For all n € Ny, j = 1,...,2n 4+ 1, the Morse-Feshbach coefficients of type 1 on the
sphere with radius z € [0, go] can be calculated with Eq. (2.6) by

T = [ I7(@) -y (@) dw(@)

- / <('“)x )+ A*A<3>(x)> Yo (&) dw(@)
/ (&) dw(@) + ~ /A<3> VALY, (&) dw(#).

In the last step, Green’s second surface identity for the whole sphere is used, see Theorem 2.20.
In order to calculate the first integral, we interchange the integration and the derivative
with respect to z. The theorem of differentiation under the integral sign, see [19, Cor. 16.3],
provides us with the required tool. The assumptions of this theorem are automatically
fulfilled by Assumption 15.12 and Fubini’s Theorem for Lebesgue-integrals. Thus,

e ax / U(z)Y,,;(2) dw(@) — n(n+1) / AD(2)Y;, (&) dw(@)

= L) - (”; 1)A§i;(x).

For the Morse-Feshbach coefficient of type 2, we obtain for alln € N, j =1,...,2n+ 1 by
means of Egs. (2.6) and (2.9) and Corollary 2.21 the identity

0) = [ I(@)u(@) dol@)

= [ (Gr@ - (5 + 1) 4%@)) @) duta)
_ _H(;H)/S (x\p@;) _ (i x) A (g )) ALY, ;(#) dw(@)
w(n+1) (;q/n,j(m) - (ddx 4 i) Ag;(z)) .

The interchanging of the derivative and the integration is valid due to the theorem of
differentiation under the integral sign and the argumentation above. With analogous
calculations and the fact that 0®Y,, ; = \/n(n + 1)y" )37 we obtain the desired result in the
remaining case. ]
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15.3. Helmholtz Representation

Since the Helmholtz decomposition is unique by means of the Coulomb gauge, we proceed
by analyzing the gauge condition.

Corollary 15.14. Let Assumption 15.12 hold true. Then the Coulomb gauge V - A =0
implies

AL AP () = (z;; + 2> AW (x), x € By, \ {0}. (15.25)

Consequently, it yields for alln e N, j =1,...,2n 4+ 1 the identity

T d 2
9 A(l)- .
n(n+1) dz (z)

A () = _
i (@) n(n+1) ™/

1)
An,j (:E) +

Proof. With Egs. (2.4), (2.6), and (2.8), we immediately obtain for all x € B,, \ {0} the

relation

V.- A ( ; 1vw) (o AV(@) + 0 A (@) + 0 A (@)
aa V(@) + L (V5 (840(@) + V3AC(2)))
xr
?

2 A0 (@) + %(2A(1)(w) +ALA® () = 0.

This is equivalent to the first statement of this corollary. Furthermore, we get with the same
argumentation as in the proof of Corollary 15.13 that

/S éA@(w)A;yn,j(;@) dw(@) = _8833 /S A (@)Y, (&) dw(@)
2 ! (&) dw(@
-2 [ AV@)Y(@) del@)
n(n+1)

d 2
(@) 1) @
> SPEEUAR (@) = - Al (@) - SAY @)

foralln € N, j =1,...,2n+ 1. Solving the equation for A®. we obtain the final result. [

n]’

Thus, due to the fact that A is assumed to be divergence free, we immediately obtain that
A*A® € CH(B,,) if AY € C2(B,,).

As the previous corollary shows, the Coulomb gauge affects only the parts of type 1 and 2
of the vector potential. Combining this result with the one from Corollary 15.13, we see that
the adjustment only affects the MEG reconstructable part of the current J¥, see Theorem 9.4.
Hence, for the EEG problem this adjustment is dispensable.

15.3.1. Helmholtz Decomposition for MEG

The Helmholtz decomposition is first used in [50] for the MEG problem and a characterization
of the Fourier coefficients of the magnetic field is given in [71]. By using the adjustment
V - A = 0, one can only achieve a relation between the radial component of the vector
potential A of the neuronal current and the magnetic field or magnetic potential, respectively,
see Theorem 15.15.
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First, we present a simplified integral equation for the MEG problem using the Helm-
holtz decomposition. The advantage of this decomposition is then easy to see. The MEG
problem, that is the reconstruction of the neuronal current from given values of the normal
component of the magnetic field, reduces to a scalar-valued problem. The normal component
of the magnetic field only depends on the radial component of the solenoidal part of the
neuronal current. Note that, in this particular case, we observe the radial component y - B(y)
with respect to the magnetic field at the sensor position y, not the normal component
v - B with respect to the sensor surface of the magnetoencephalograph, which is actually
measured. Thus, this approach does not fit as well to the multiple-shell model as the previous
decompositions.

Theorem 15.15. Let the current J* be decomposed by means of Eq. (15.22) under the
Coulomb gauge and let Assumption 15.12 be fulfilled. Then the radial component of the
magnetic field has the representation

v B = [ (8, AV @) Lde, yemgy

4r JB,, |z — y|

Proof. We introduce an abbreviation for the integral kernel by

1 e I’k ~ A Xt
Ku(z,y) :E’;mpﬂm'y% (z,y) € By, x By,

Using the alternative representations of the integral kernel from Eq. (3.4), for the magnetic
potential we get the integral equation

Uw) = [ J7(@)- LiKu(e.y) do.
€0

We insert the representation from Eq. (15.24) into the integrand. Using the orthogonality
relations in Corollary 2.21, Eq. (2.9b) in the first step, and Theorem 2.16 in the second step,
we arrive at the representation

Uy) = — /B ) (L;L; . <og> (—;wa) + (;; + ;) A<2>(a,-)>)) Ky(z,y)dz  (15.26)

== [ a3 (5@ + (g + ) A% @) ) Kulay) da

Bog

Note that, theoretically, we need a higher order of smoothness of A® in this case. This is in
fact satisfied with the assumed Coulomb gauge, see Eq. (15.25). In this case, A*A® € C1(B,,)
if AV € CY(B,,). Inserting this into the previous calculations and using Theorem 2.14, we
obtain for the magnetic potential the expression

Uly) = /Bgo <iA; + (0 + 1> <$6aa: + 2)> AV (z) Ky (z,y) dx

oxr =«

1 0? a0 2
ZA* - .z 1)
< Ay +ao5+4—+ ) AV (x)Kp(z,y) de

— /B (A (2AD (2))) Ky (2, y) d. (15.27)
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15.3. Helmholtz Representation

For the radial component of the magnetic field, we need to interchange a differential operator
with the integration. This is valid due to Theorem 7.11 combined with Lemma 14.6.
Afterwards, we interchange this differential operator with the series of the integral kernel
due to Theorem 14.5. It follows that

y-B(y) = uoy(%U(y)

o k

_ _Ho N x o

Due to Eq. (2.10), the identity in Eq. (15.26) also holds true if the summation of the kernel
Ky is started by zero. All further calculations in order to achieve the latter representation
for y - B(y) are independent of K. Thus, it holds also true if the summation is started by
k = 0. With the closed representation from Eq. (2.2) of the last series, we obtain the desired
result. O

The operator derived in Theorem 15.15 is the one used in [71], where another derivation is
presented. An enhancement of this integral equation for the case that the brain is modelled
by a bounded domain with sufficiently smooth boundary is also stated in [47] but not solved.
In addition, A.S. Fokas proves the following result in [71].

Theorem 15.16 ([71, Prop. 4.1]). Let the current J* be given by the Helmholtz decom-
position in Eq. (15.22) and let Assumption 15.12 be fulfilled. Then the radial component of
the magnetic field has the representation

90 dAS,)j 1) Yn,;(9)
y- B(y) = —puo Zl > o1 | 20—y (00) = (n = 1) A5 (00) AT
n=1 j=1

where the series is Lo(BSX')-convergent.

In order to prove that this result coincides with the previous one, we need to calculate the
integral occurring in Theorem 9.4. Differentiating the last identity in Corollary 15.14 with
respect to x, we get

d e,y 3 dog z A
dxA"’j(x) S n(n+1) de ng () + n(n+1) da? i (©)-

Inserting these representations into the expression for J;f; (x)2™*2 from Corollary 15.13, we
obtain the identities

) 1 d n
T @) = a4 1) (5 (A2 @) - AL @) + £ AZ ()] a2
xn+2 i

= ——|=(2- 1)AW. 4— AW AW,
SCESD) <$( n(n+1))4, (@) + PR (x) +x 2 Ay (:U))

Vi (dd; (A @) =20+ 1) (A;z,;u)xw))
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foralln e N, j=1,...,2n 4+ 1. Regarding the complete integral, we obtain

20
(3) n+2
/O O (2)2" 2 da
1 Qo d2 (A<1)

TVt D) Jo da? T
= (o (AT @) 200+ 1) (A (002 ?)

(@)a™) — 2(n + 1)% (A, @)a™*2) da

©o

’I’L(n + 1) =0
1 dAmj s 00
= = 3~ 1VAD ()22
n(n+1) < dz (z)e (n —1)4,;(z) -
1 dAy), .
BNCCESD < do (@)oo = (n = 1A, (e0) | o™ (15.28)

Corollary 15.17. If Assumption 15.12 is satisfied, then the solution of the inverse MEG
problem obtained by the Edmonds approach stated in Theorem 9.4 coincides with the one in
[71], which is repeated in Theorem 15.16.

Proof. From Theorem 9.4, a representation of B Q/L\(n, j) given by the vector outer harmonics
expansion is known, that is

A —MO e T (g2
B, (n,j) = 2n+1 2" da.
With the results from Eq. (15.28), we get
1 dA“) 0 n+1
B\(n,j) = — —(n—1)A%, (0) . (15.2
or (1, 7) MOQO\/(2n+1)(n+1)< 1o (00)eo — (n = 1)A;5(00) o (15.29)
Hence,
oo 2n+1
y-Bly) =) > B, (nj)y-h,)(er;y)
n=1 j=1
oo 2n+1 +2
. L (o \"™ ) -
=22 By iy o () Uy (9)
n=1 j=1

oo 2n+1
1 fn+1 1 - n
— A ; (1) A~ (2) (o
n=1 j=1

oo 2n+1 n+1
_ A n+1 op o
-5 3 i >F et
n=1 j=1

and with Eq. (15.29) we eventually arrive at

oo 2n+1 dA(l) o Q8+2
Y- ) = —to 00)oo — (n—1)A, " (00 Yo, (9). 0
nzl]zl%ﬂ(d (e~ (0= DAL @) B0
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For the sake of completeness, we summarize the result for the magnetic potential obtained
via Eq. (9.7), that is

U, N(n, j 0% A4 1)AY )" 15.30
o 00) = s (e — (= DA ) ) (£) (50
foralneN, j=1,...,2n+ 1.

Now, we are able to generalize this result. We analyze the normal component of the
magnetic field with respect to the sensor surface, that is v - B, with the aid of the results
from the Edmonds approach. Starting with Eq. (15.29), we immediately obtain

co 2n+1
v(y)-B(y) =Y Y B, (njwv(y)- h(er;y)
n=1 j=1
oo 2n+1 (1)
1 dA 0 n+1
__ —(n-1)AY <°)
o3 3G (e = - ) (2
x v(y) - hyi(or;y)- (15.31)

As a generalization, we can choose to neglect the Coulomb gauge. This allows to combine the
Helmholtz decomposition with alternative gauges, such as the Lorentz gauge, the Weyl gauge,
or the multipolar gauge, in order to solve the inverse MEG problem. Unfortunately, this
generalization has one disadvantage. The (vector) spherical harmonics coefficients depend on
two components of the solenoidal part, the functions A and A®. However, this may be
fixed by another gauge. For instance, the multipolar gauge, sometimes called the Poincaré
gauge, that is x - A(z) = 0 for all € B,,, implies A" = 0.

Theorem 15.18. Let Assumption 15.12 be fulfilled. Then the (vector) outer harmonics
coefficients of the magnetic potential and field, respectively, have for all n € Ny, j =
1,...,2n + 1 the representations

. n ©o n n
U n3) = ey (= [ (A0 + 4 DAZ @) 2 o+ A7 0015 )

A ) pon | n+1 ) @) n+1 @) n-+2
B ) = By 5 () (A0 + o ) o ao - A7 e ™).

Proof. Theorem 9.4 implies U, (0,1) = B,(0,1) =0. Foralln € Nand j =1,...,2n +1,
the insertion of Corollary 15.13 into the integrands in Theorem 9.4 yields

2 % (1 d
(3) +2 _ (2) (1) (2) +2
\/717-1'1/ 2" dr = /0 <x (Amj(x) - An’j(x)) + dxAn’j(x)) 2" dx.

In addition, it holds true that

d n d n+2 n
= (A2 (w)an?) = (dxA;i;(x) $12 A;;>j<x>) 2,
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Thus,
L7 (5 (45 - A0 @) + A% @) ) o 2 do
_ / “ (AL, (@) + (0 + DAL(2)) 2" da

2 /1 +2 (2) d (2) ) n+2
—i—/o ( . Ay () + —dxAnJ(:c) 2" dx
Q0 o0 d
_ (1) (2) n+1 (2) n+2
_ /0 (AL (@) + (0 + DA (2)) 2 dx+/0 — (A2 @)a"2) dz
©o0
= / (A;(@) + (n+ DA (2)) 2"+ dz + AT (00) 0 2.
0 i b I

Inserting this into the formula for the coefficients from Theorem 9.4, we obtain the desired
result. O

An immediate consequence of this general result is a relation of the Fourier coefficients in
the case of the Poincaré gauge.

Corollary 15.19. Let Assumption 15.12 and the Poincaré gauge, that is - A(x) = 0 for all
x € B,,, be fulfilled. Then the (vector) outer harmonics coefficients of the magnetic potential
and field, respectively, have for alln € Ny, j =1,...,2n+ 1 the representations

Ugé\(naj) W < (n+1) / A< 2"l de + Ai)j( )Q61+2> ,

n [n+1 4y
B, n, j) = 5}1 ot ((n—i— 1) /O A9 ()" do - Ag}j(go)ggn) .

We saw before that a unique reconstruction of the neuronal current can be obtained if
JY € (ker Typ)*. Now, we analyze the behaviour of the functions occurring in the Helmholtz
decomposition under this assumption.

Theorem 15.20. Let the neuronal current J* be decomposed by the Helmholtz decomposition,
see Eq. (15.22), and let Assumption 15.12 be fulfilled. In addition, let the neuronal current
fulfil J¥ € (ker Ty)". Then the neuronal current is given by

co 2n+1

P LQ(B@O 3 (3)
nzl jzl 2 +390n’](90’ )

Coulomb Gauge: A one-to-one relation between the coefficients {cn j}nen j=1,. 2n+1 and the
magnetic potential coefficients is given for alln e N, j=1,...,2n+1 by

Uyl (n,j) = VI Dens (20"
eL (n+1)2n+1)(2n+3)

The radial components of the scalar and vector potential of the Helmholtz decomposition
aredgiven foralln e N, j=1,...,2n4+1 by ¥, j(x) = 9y 2", Aiz)](x) =pa"/(n+1),
an

n—1 / . n+1
AL (@) = an (gj) 4 Ve & Denoo (x> - (15.32)
J “ \ 0o 2(2n + 3) 00

The coefficients {1n j }neN j=1,..2n+1 and {an j}neN j=1,. 2n+1 remain to be determined.
Due to the chosen gauge, Ai)j is given via Corollary 15.14.
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Poincaré Gauge: A relation between the coefficients {cp j}nen,j=1,.. 2n+1 and the magnetic
potential coefficients is given by

n(n+1) gg+3
n+1)2n+1)(2n+3) o}

Ugé\(nv.]) = Cn,j(

The radial components of the scalar and vector potential of the Helmholtz decomposition
are given for alln € N, j =1,...,2n+1 by ¥, j(x) = ¢y jz", A%l’)j =0, Ai)](.%‘) =
Yp "™ /(n+ 1), and

A? (7) = %0 1 <x>n+1 ) %,
d Vnn+1)n+2 00 x z

The coefficients {¢n,j}neN,j:1,,,,,2n+1 and {an,j}neN,jzl,...,2n+1 remain to be determined.

Corresponding to the solution of A" achieved by the Helmholtz decomposition for the
MEG problem, we can always find functions ¥, A®, and A® such that the resulting neuronal
current satisfies the condition J* € (ker Tyy)*.

Proof. Due to Theorem 13.1, the condition J¥ € (ker 73;) can be split into the three
conditions J;Ll; = Jff; =0 and Jf;’;(m) =cpj(x/op)" forallm e N, j=1,...,2n+ 1, and
x € [0, go]. From the requirements on J,(;; and Corollary 15.13, we immediately get for all
neN,j=1,...,2n+ 1 the relation

T d

A(3)' — — U,
() nin+1) dz "™’

Inserting this into the condition for the function J%, we obtain the Euler-Cauchy differential

n,j°
equation
1 1 d 1 d T d?
= W () = Wy (1) — W (1) — —————— W, (x),
0 x () nin+1) dz "™’ (z) nn+1)de ™’ (z) n(n+1) dz2 "™’ (z)
d? d
s 0=2"—=T, (v) + 22—, ;(z) —n(n+ 1), ;(z).

dz2 ™™ dz

The fundamental system of this second-order homogeneous linear ordinary differential
equation with variable coeflicients is given by W, j(x) = 1y, ja" + ﬁnyj:n_("ﬂ), see [11, Thm.
5.18]. Via Assumption 15.12, we obtain TEn,j =0forallneN, j=1,...,2n+ 1. Thus,
U, i(z) = ¢p 2™ and AS’)](m) =tYpa"/(n+1)forallneN, j=1,...,2n+1.

From the third condition, which affects the function in}, we get
1 d x\"
(2) (1) (2) — .
n(n+1) (x (An,j (x) — Anvj(x)) + dxA"’j(x)> = Cnj (QO) . (15.33)
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i) By means of the Coulomb gauge and Corollary 15.14, the left-hand side of this identity
reduces to

e (a)
= (o A @+ 2D 4 )

n+1) de” ™ n(n+1)
d x d 2
el AW AD. )
+ dzx <n(n +1) de ™ (z) + nin+1) ™/ (z)
_ 4 i 1) (:c) + 2— n(n + 1) (1) ( ) x d72A(1) (:c)

Cn(n41) de”t ™ n(n+ 1)z ~ ™I n(n+1) da2” ™

Eventually, Eq. (15.33) is equivalent to

> 4 d o €) gt

x @And(x) + 4xaAn7j(x) +(2—n(n+1))A4,(x) = cpjy/n(n+1) o
which is a second-order inhomogeneous linear ordinary differential equation with variable
coefficients. According to [11, Thm. 5.18], we solve this Euler-Cauchy equation trough change
of variables. Thus, the characteristic polynomial corresponding to the homogeneous Euler-
Cauchy equation has two distinct real roots, which are n—1 and —(n+2). A particular solution
of the inhomogeneous differential equation is given by /n(n + 1)c, j/(2(2n + 3)of)x™ L.
Eventually, we have

n—1 —(n+2) / 1 . n+1
A () = anj <x> + G j (x) 4 Vo + Denjo (x) :
7 “ oo “ oo 2(2n +3) 2
For the spherical harmonics expansion of the scalar-valued functions A® based on Eq. (14.3),
it is necessary that A® € Ly(B,,) for ¢ = 1, 2, 3. This implies a,; = 0 for all n € N,
7=1,...,2n+ 1. Thus, we obtain
—1 1
A =g () 4 T Doty (5
J “\ 0o 2(2n + 3) 00
According to Eq. (15.30), the corresponding magnetic potential coefficients for all n € N,
j=1,...,2n+ 1 have the form

2 dA; n
Ugn(n:) = (n+ 1)9(0271 1) < do (@)oo —(n = 1>A%(90)> (52)

_ % )"
C (n+1)(2n+1) (QL)
n(n+ 1)3cy ;00 vn(n+1)en 00
8 (a”’j(” DT sy Y ("’”’j M IO ))
B odv/n(n+ 1)ey (gg)"
oL '

(n+1D(2n+1)(2n+3)

ii) By means of the Poincaré gauge, that is 0 = x - A(x) = A®(x) for all € B,,, the
identity in Eq. (15.33) reduces to

1 d x\"
Va1 (A% @) + - A%@) = e ()
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A formula for the solution of a first-order inhomogeneous linear differential equation with
some boundary conditions is stated in [297 Sec. 10.3.3]. With the arbitrary boundary condition
A(z) (00) = apj foralln e N, j=1,...,2n+ 1, we get in our particular case the solution

(L 700) (L sy () o () e
exp [ — - exp ~ds an,j
00 00 (n+1 o0 S "
. T t n+1
z \ynn+1) Jo \00
00 Cnj 1 2 N
= —_— —_ Qa. .
T n(n+ 1) n—+ 2 TL+1 Q0 n,j
et (w)“*l o),
Vnin+1)n+2\\ao x "

Now, we calculate the auxiliary integral

2o o Cn,j 00 1 2\ oo 00
AP ()" T de = / . <> —Z ) ta, = | 2" de
0 717]( ) 0 TL(TL + 1) n + 2 00 T n,J T

Q0 Cn,j 00 1 ( 2n+2

o Va2 \ gt @ox”> + anjoor” do
_ Cn,5 00 1 ( 1 o 1 > + QA 5 Qn+2
nn+1)n+2\2n+3 n+1 n+1)°°

\/ n(n+1)32n+3 n+1

Via Corollary 15.19, we get the identity

(2)
An,j (CC)

Ugg(nhy) - QL(Q’I?, + 1 ( nt 1 / A(Z) n+1 d * AS’)J(QO)Q8+2>

n n+1 Cn,j 00 o2
t2n+ 1)V n 2n+3)(n+1)°°

The representation of the neuronal current follows immediately with Definition 5.37. O

The essential statement of the foregoing theorem is the following: if the magnetic potential
is completely known, then under the assumption that J¥ € (ker Ty)* the neuronal current
can be completely reconstructed, see also Theorem 13.6, but the measurable components of
the Helmholtz decomposition cannot be determined uniquely without additional assumptions.
This can be seen in Eq. (15.32), where the coefficients {an j}nen,j=1,. 2n+1 cannot be
determined by the data. To the opinion of the author, this is a disadvantage of the Helmholtz
decomposition. Note that the same statement can be made if the magnetic field is known
completely, due to the relation in Eq. (9.7).

Via the Helmholtz decomposition, we are able to decompose the neuronal current into parts
belonging to a scalar and a vector potential, where only the vector potential contributes to the
magnetic potential or field, respectively. This approach is often used in the literature, see, for
instance, [71] and the references therein, since the direct problem reduces to a scalar-valued

223



Chapter 15. Previous Scalar Approaches for the Magneto-encephalography Problem

problem, see Theorem 15.15. In addition, for the direct problem an integral-free relation
between the spherical harmonics coefficients of the magnetic field and the reconstructable part
of the neuronal current, see Eq. (15.29) and Theorem 15.16, can be achieved. The integral-free
representation reveals the non-uniqueness of the solution, since only values of A® and its
derivative at the boundary of the cerebrum influence the magnetic field. This problem could
be solved by additionally assuming that A®" is a harmonic function, but this assumption
has no physical or medical indication. Eventually, the Helmholtz decomposition only allows
a reconstruction of scalar-valued parts of the vector potential. If a reconstruction of the
whole vector-valued current is desired, a (numerical) differentiation is required afterwards.
However, for the Helmholtz decomposition of vector fields and for the derivation of the scalar
MEG forward operator in this case, a higher order of smoothness for the neuronal current,
see Assumption 15.12, is required than for the Edmonds approach, where J¥ € Ly (By,) is
sufficient.

In addition, we generalize the existing results of [47,71] in two aspects. First, we can
transfer the existing results for the function y - B(y) to the magnetic flux density v - B,
which fits better to the multiple-shell model. Second, in [47,71] the Coulomb gauge is used.
Now, we are able to state a more general relation between the (vector) outer harmonics
coeflicients of the magnetic field or potential, respectively, and parts of the vector potential
A. This relation is derived by means of a gauge-free ansatz. This enables us to choose a
gauge, which is required for a unique Helmholtz decomposition, afterwards. An example of
another gauge is given in Corollary 15.19, where the Poincaré gauge is applied. Note that
the reconstructable part depends on the chosen gauge.

15.3.2. Helmholtz Decomposition for EEG

The Helmholtz decomposition is often used in the analysis of the EEG problem. In order to
compare our calculations with the ones in [47,50, 71,73, 74], we need to consider the same
assumptions as therein. The authors in the previous references use Gaufi’s Theorem, see
[219], in order to obtain an integral equation for the electric potential. To get rid of the
occurring boundary term, they make the following assumption.

Assumption 15.21. In addition to Assumption 15.12, we assume that

0 1.,
%\I’(a}) + EA@A(B')(:B) =0 for all x € S,,.

Lemma 15.22. If Assumption 15.21 holds true, then the EEG integral equation for the
electric potential from Eq. (10.1) can be written as

1 - -
uL(y) = _E/IB Z 2]{2 + 1 Hk )xkpk(l‘ . y) dx, (TS S[QL—LQL]'

Q0

Proof. Using Gauf’s Theorem for the integral in Eq. (10.1), we get for all y € Sier_1,0,) the
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representation

2kt 1y ok Pe - §) de

uL(y):/B ' mz

Q0

:_1/ (Vo I (@ )ZHk )2k + 1)k Py(& - ) da
B

47 2

+417T/S ) )Z Y) (2K + 1)2* Py (@ - §) dw(@).

The divergence of the current is given by V - J¥ = AU, see Eq. (15.22). Using Eq. (15.24),
the expression & - J¥ () reduces for all = € B,, to

0

& -JV(x) = B

1
SoU(@) + —AGAY (@),

The restriction of this identity onto the sphere S,, and Assumption 15.21 provide us with
the desired result. O

Note that with the abbreviation s, = (2n + 1)Hy (o) for all n € N the integral equation
in Lemma 15.22 coincides with the one in [71]. Therein, the following result is stated.

Theorem 15.23. [71, Prop. 4.1] If Assumption 15.21 holds true, then the electric potential
on the sphere Sy, has the representation

oo 2n+1
Sn n dv,, R )
r(oL®) Z Z o+ 19 1 (Qo L 7 (09) — nW ,j(QO)) Y, (9), g €S.

Eventually, we obtain for the EKG problem combined with the Helmholtz decomposition
the following result.

Theorem 15.24. Let Assumption 15.21 be fulfilled. Then the result in Theorem 15.28 from
[71] coincides with the result obtained by the Edmonds approach restricted to the sphere
So.,- The corresponding spherical harmonics coefficients of the electric potential have the
representation

N 2n+1 dv,, ; on !
uLA(n,J) ﬁ<L) (n\I/ j(00) — 00 dx’](go)> Zn (15.34)
L

forallneN, j=1,...,2n+ 1 and u/*(0,1) = 0.

Proof. This result can also be proved by using the Edmonds approach. We calculate the
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integral from Theorem 10.4 by means of Eq. (15.20) and Corollary 15.13:
00
(2),~ n+1
/ Jpj (x)z" " dz
00
(1) (2) n+1
_/ (‘/2n+1 n] w )a: dx
[ | (5 ¥ns(@) = nln )24 @) )
2n +1) d:c g mn nj ¥
+nn—|—1)( xlfm()—< ) A ﬂ "t dz
x
d

_ 2n+ /QO da; (@) n+1) n(n + )di (A(S)( ) n+1) da

- m (”‘I’ i(e0) —n(n+1)A}7; (o )) ontt. (15.35)

For the next step, we use Assumption 15.21 and get for all points on the sphere with radius
00, that is © € S,;, the relation

d 1
_ A% 4@
0= axlll(w) + AwA ()

=22

oo 2n+1
(d\IJ J
n=0 j=1

1 (3) * 2
)+ AT ()AL ) Vi (@),

Thus, we get for alln € N, j =1,...,2n 4+ 1 the equation

dv,, ; n(n+1)

— »J (3)
0= W(QO) - An,j(Qo)- (15.36)

Inserting this identity into Eq. (15.35), we eventually obtain for the coefficients from The-
orem 10.4 the relation

. 2n +1 dv,, ; ot
ult(n,j) = n — By (n\l’ ,j(00) — 00 d;L,J (Qo)> 2)% )

This result coincides with the one in Theorem 15.23 if the potential uy, is restricted onto the
sphere S,, using the fact that

2n+1)?% ., 1

sn = (2n+ 1)Hy(or) = V= (15.37)
n oy
for all n € N, where the formula for H,, can be found in Eq. (4.21). O

We already know that the inverse EEG problem is not uniquely solvable, see Theorem 13.1,
and that the minimum norm assumption on the neuronal current J' is a quite natural
condition in order to obtain uniqueness, see Theorem 13.6. Therefore, we analyze whether
the minimum norm assumption is consistent with the result obtained by the Helmholtz
decomposition.

226
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Theorem 15.25. Let the neuronal current J© be given by the Helmholtz decomposition from
Eq. (15.22). In addition, let the neuronal current, the scalar potential ¥, and the vector
potential A fulfil the following conditions:

i) The neuronal current fulfils J* € (ker Tg)*;

it) the conditions of Lemma 15.22 are fulfilled, that is the neuronal current is sufficiently
smooth such that Gaufl’s Theorem can be applied and the boundary condition

0

1 *
ax\ll( x)+ ;AiA(:”)(m) =0  forallz €S,

1s satisfied.
Then J¥ =0

Proof. Recall that we can expand the neuronal current in terms of our orthonormal basis
system such that

2n+1

3 oo
@SS 3 Ay @)

i=1n=0; j

Now, we start with the condition J¥ € (ker 7g)* from Item i). Based on Theorem 13.1, this
condition can be subdivided as follows:

i.c) JV7 () = cpj(x/00)" " with some constants ¢, ; € R foralln € N, j =1,...,2n+ 1.

From Corol_lary 15.13, we obtained a relation for all n € Ng,, j =1,...,2n + 1 between the
function J“) and the functions ¥, ; and A%fj fori=1, 2, 3.

Note that J, (3; =J, (3) Thus, we immediately obtain via Item i.b) a constraint for the
functions A( ) and A(Q) Note that these functions only affect Jfl”f for 4 = 3. Thus, without
impact on the other dlrections, we can choose Ag; = ASZ = 0 in order to fulfil Item i.b).

However, other choices for Afj )] and Aff >j are also valid as long as they satisfy the differential
equation

n(n+1) (i (A,(f;(x) AS;(@) + (iCAf)](a:)) =0.

For the condition in Item ¢.a), we use the relation stated in Eq. (7.16) and obtain the

equivalent condition
1) _ (2
Jn,]("r) - n -+ 1Jn,j( )
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for almost all = € [0, go] and all n € Ny, j =1,...,2n+ 1. Inserting Corollary 15.13 into this
equation, we get for almost all = € (0, go] the differential equation

o) = "L A0 @) =0 (1 (0se) - A5) - A @),

dx x 1 dz ™7
d n n? d
g E‘I’w'(x) - ;‘I’w’(x) = ?AS,)]'(»’U) - WEAS,;(@-
This equation can be transformed into two first-order inhomogeneous ordinary differential
equations with variable coefficients. Hence, we formulate for alln e N, j =1,...,2n + 1,
and some F), ; € C((0, go]) the conditions

d n

a\yn,j(x) = E\Pn,j(x) + Fn,j(x)a (15.38&)
d .. n . 1

A (@) = A (@) = —F(w). (15.38b)

The solution of these differential equations is uniquely determined under the boundary
conditions ¥y, ;(00) = ¥n,; € R and AP (go) = an; € Rforalln e N, j=1,...,2n+ 1.

n,j

According to [29, Sec. 10.3.3], it is given by

U, (o )-exp(/odt> (/QOFM exp( /Qods> dt+¢w~>
( ) ( Foj(t) <@0> dt+¢w~>, (15.39a)
A9, (z) = exp (/mtdt) (- [ 2rs@en (- [ 2as) it o)
_ <) (_/QO Foj(t (QO> dt—i—aw-). (15.39b)

If ¥, ; and A - are chosen according to Eq. (15.39), then Item ¢.a) is fulfilled. Consequently,
using Eq. (15.20) we get for the remaining function ny the identity

n,J
d n+1 (n+1)2% . i .
_ 2n+ U, () — (n+1)(2n + )A(ri)j(x)_" n+ Foi(a)

T

—z Unil
_ 2”; ! ;)n (/Q:F S0 <i“>n dt+wn,j> + Foj(@)
_ (A 1)En+]) (x)n (—Tll /: Fj(t) (é;o)n dt + an,j)
2 e (B ([ (3

n
00
X

+ () (nthnj — n(n + Lag;) + :an,j(:v)) :

00

2n+1
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In the first step, we used the relation between J;f;” and J;LI; and J;f; In the second step, we
used Corollary 15.13 and replaced the occurring derivatives in the third step via the relations
in Eq. (15.38). In the last step, we used the solution of the ordinary differential equation from
Eq. (15.39). According to Item i.c), we have the requirement J,(L2;~(m) = &y5(z/00)" "t with
some constants &, ; € R foralln € N, j =1,...,2n+ 1. Thus, with &, ; = \/n/(2n + 1)cy j,

we get
z\" ! 2n—|—1( z\" z oo \"
et () 22 (e (2)' ([ Pt () 1)

n (;)n (nthnj — n(n+ an;) + an’Ax)) :

This is equivalent for all z € (0, go] to

’ 2\" 2 NCn,j 00
(2n+1) ( " F, ;(t) (t dt ) + (nn; — n(n+ 1)a, ;) + FFTLJ(:U) = o1
This equation can also be transformed into a first-order linear ordinary differential equation
with variable coefficients:

Y2

0 20
(n+ Q)x%F"’j(x) + xnﬂngJ(x) =0, x € (0, o).

The solution of this homogeneous differential equation is given by

Fpj(z) = fuj (Qo)n+2, (15.40)

rl
where the coefficients {fy j}nenji,...2n+1 C R remain to be determined by additional condi-

tions. In order to insert Eq. (15.40) into the representation of Jﬁ}’~, we first calculate the

integral

x n x 2n—+2 . 2n+1
Fpj(t) (QO) dt = fnj/ <QO> dt = — Jni% <90> ~1).  (15.41)
w ™ t 7 ], \t m+1\\z

Consequently, we have

s =  ((2)7- ()

v (x)n (nfnj =+ D)an;) + fr; (f)””)

2n+1 [z \" ! npj —n(n+1)an,;
= N fTL,] + ‘
n 00 00

Eventually, the condition in Item i) is satisfied and the neuronal current has the representation

oo 2n+1 3
L2(Bgy) 0 N ; —n(n+1)an;\ -
TP (@) =YY T?(fn,ﬁ Yn Q(O ) ])gffjm(go;a:). (15.42)
n=1 j=1
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Now, we need to determine the constants f, j, ¥ ;, and a, ; foralln € N, j=1,...,2n + 1.
To this end, we analyze Item ii). For the boundary condition, we need a representation of
W, ;, which according to Egs. (15.39) to (15.41) is given by

b= () ([0 (8 woo.)
B (@)

In the proof of Theorem 15.24, more precisely Eq. (15.36), it is shown that the boundary

condition reduces foralln e N, j =1,...,2n+ 1 to
dw,, ; nn+1
0= W’”(go) - (QO)AS’)J'(QO)' (15.44)

Thus, the derivative of ¥, ; is required, which is given by

d o ( ) fnJQO ( n 1) 1 <Q0>n+2 N n ( T )n_l N nwng ( T )n—l

—VU, i(x)=——1|(n — | = — | — —= | —

dz ™ 2n+1 00 \ 00 \ 00 2 \0o

. n+2 n—1 ) n—1
S (1 (A (QO> +n <x> 4 MWng <x> :
2n+1 x 0 0 \0o

We insert this representation into Eq. (15.44) and use the fact that ASZ(QO) = ap,; for all

neN,j=1,...,2n+ 1 to obtain

npj —n(n+ 1)an,;

0= fn;+
00

Inserting this into Eq. (15.42), we eventually obtain J¥ = 0. O

The essential result of Theorem 15.25 is that an almost everywhere non-vanishing neuronal
current obtained by the Helmholtz decomposition cannot fulfil the minimum norm condition.
In other words, every neuronal current J¥ obtained via the Helmholtz decomposition under
the model assumptions of Theorem 15.24, or [71, Prop. 4.1] repeated in Theorem 15.23, has
parts in the null space of 7. In the opinion of the author, this is a profound disadvantage of
this method.

As in the MEG case, the EEG direct problem reduces to a scalar-valued integral equation of
the first kind by means of the Helmholtz decomposition, see Lemma 15.22. For the derivation
of this integral equation, however, a higher order of smoothness of the neuronal current is
required than by the Edmonds approach. Furthermore, an additional boundary condition is
required for this derivation. The electric potential is only affected by the scalar potential
of the Helmholtz decomposition. Therefore, the result can be obtained independently of
the chosen gauge. Similar to the MEG case, there is an integral-free representation of the
direct problem available, see Theorem 15.23. Note that, in this section, we generalized the
representation of the electric potential derived in [71] from the sphere S,, to the scalp shell

S[QL—LQL}'
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Chapter 16.

Preliminaries

In Chapter 13, we analyze the ill-posedness of the electroencephalography and the magneto-
encephalography problem in detail. We discusse the non-uniqueness of the solution of both
problems as well as their instability. Due to the exponential decay of the corresponding
singular values, small variations of the measured data have a major influence on the recon-
structed current. In Items (E) and (F) on page 174, we mentione that the data obtained by
the magnetoencephalograph and the electroencephalograph is noisy due to several reasons.
For ill-posed problems, the best-approximate solution obtained from the noisy data is not
suitable for the reconstruction, since the Moore-Penrose generalized inverse is unbounded if it
exists, see [63, Ch. 3.1] or Corollary 11.9. In particular, numerical algorithms for the inversion
become unstable if the solution does not continuously depend on the data, see Definition 11.1.
This can be handled by regularization methods, see the monographs [63,102, 148, 194], and
[192] for a short overview including the references therein.

Before we give a broad overview of regularization methods in Section 16.2, we introduce
vector-valued Sobolev spaces over the ball in Section 16.1. The concept of Sobolev spaces is
required for an aspect of regularization methods presented in Section 16.2. In Section 16.2,
we see that regularization parameters play an important role in the context of regularization
methods. Thus, the choice of these parameters is momentous. Therefore, we present several
parameter choice methods in Section 16.3.

16.1. Sobolev Spaces on the Ball

In Chapter 5, we introduce several orthonormal bases for a variety of Lebesgue spaces. Formal
orthogonal expansions converge only in the according strong sense. However, by means of
Sobolev’s Embedding Theorem, certain formal orthogonal expansions converge uniformly to
a function in the ordinary sense. This can be characterized by means of certain Sobolev and
reproducing kernel Hilbert spaces (RKHS). Scalar, vectorial, and tensorial Sobolev spaces
on the sphere are analyzed in detail in [81]. Scalar Sobolev spaces are generally introduced
in [6]. Scalar Sobolev spaces for functions on the ball are also considered in [3,158]. This
is adapted by the author to the basis functions from Definition 5.35 in [162]. Here, we are
mainly interested in vector Sobolev spaces on the ball. Therefore, we construct a Hilbert
space H(BR) as a subspace of La(Bpg), where the topology on H(Bg) affects the decay of
the Fourier coefficients. In Definition 5.37, two possible basis systems for the construction of
Sobolev spaces are presented. Here, we use the Morse-Feshbach vector spherical harmonics
since this system is more common. However, the construction by means of the Edmonds
counterpart is straightforward.
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16.1.1. Definition and Basic Properties

The idea of vector Sobolev spaces on the ball presented in this thesis is based on vector
Sobolev spaces on the sphere, see [80], and scalar ones on the ball, see [3, 6, 158], or more
adapted to our particular setting [162]. Based on [81, Ch. 12.4], we split the space of
all vector-valued arbitrarily often continuously differentiable functions on the ball, that is
C>®(Bg) = @f’:lC(l)"x’(BR), into three (orthogonal) subspaces. In this context, orthogonal
is meant with respect to the (-, )1, ®y)-inner product. To this end, based on Eq. (2.3)
and Corollary 5.6, we define the spaces

C(l)’oo (BR) = {f e C™® (BR) | Ptanf = O} ,
CO (By) == {f € C* (Br) | OY f(m) =0 iti#j}, =2 3

The idea behind this decomposition is the spherical Helmholtz decomposition, see The-
orem 5.19.

Definition 16.1 (Sobolev Space). Let R > 0 be a given radius, i € {1,2, 3}‘ be fixed, and
leta = {a%),n}meNo,neNoi be a given real sequence. We define a functional £ : C(z)’OO(IB%R) —-R

by

2n+1 9

E(f) = Z Z (a() ) < szn,j(R; .)>L2(BR)

(m, n)GNo xNo, j=1
am n#o

and, consequently, the space £ (a,BR) is given by

S(i)(a,BR)::{feC(i)’oo( )’<fgmw( )> =0, ifall), =0, andé'(f)<oo}.

L2(Br)

The space is equipped with the inner product defined for all f, h € €Y (a,Br) by

2n+1

(fiR)g) = > > (“ z)n) < G (B )>L2(BR)<h’g(ni1)’n’j(R; .)>L2(BR)‘

(mn)GNOXNo J=1
ag;?,n?éo

We call the completion of €Y (a,Bg) with respect to ||-||qc) the Sobolev space H'™ (a,Br),
that is

H (a,Br) = EO (a,Br)

In addition, we define
H (a,BR) : @f}f“ a,BRr) .
i=1

The double series in the definition of the space £" (a,Bg) has to converge absolutely,
which is fulfilled automatically if the series converges. Thus, by means of Cauchy’s theorem
of double series, the two corresponding iterated series also converge absolutely.
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Lemma 16.2 (Cauchy’s Theorem of Double Series, [120, Thm. 45.2]). Let the
sequence {amntmnen, be a double sequence. If one of the iterated series

£ (E) E(E)

m=0 n=0

converges absolutely, then the other iterated series and the double series

§ Am,n

(m,n)eNgxNg

also converge absolutely. In addition, it holds true that

S =3 (a3 ().
(m,n)eNgxNp m=0 n=0

In other words, the double series can be split into an iterated series and the summation
order can be interchanged. Note that in the general setting of scalar Sobolev spaces on the
sphere the occurring sequence is allowed to depend on the order j. However, in this thesis
the singular values of all considered operators are independent of the order j. Thus, the
restriction to sequences independent of j is sufficient for our requirements.

With the same ansatz, scalar-valued Sobolev spaces on the ball can be defined, where the
basis functions Gy, n j(R;-) from Definition 5.35 are used. More details on these scalar-valued
Sobolev spaces are stated by the author in [162].

Remark 16.3. A second set of vector-valued Sobolev spaces on the ball called f}C(”(a,BR) 18
based on the Edmonds vector spherical harmonics gmjw. and can be defined analogously to
f}C“) (a, BR):

3
H (a,Bgr) @ aIBR

If the sequence a is independent of i, then H (a,Br) = H (a,Bg).

An already known Sobolev space is obtained if each element of the sequence a equals one,
that is af, , = 1 for all i = 1, 2, 3, m € Np, and n € Ny,. In this case, we get the identity
H ({1} ,Br) = L2(Bg).

The next corollary transfers a relation between two sequences to their induced Sobolev
spaces. It can be proved by estimating one norm with the other.

Corollary 16.4. Let i=1,2,3 be arbitrary. Let a = {ay),} andb:= {b}),} be two real
sequences with af) , < b)), and af),, # 0 # b)), for allm € Ng and n € NO,L.. Then

I (b, Br) C HD (a,Bg).

For the construction of reproducing kernel Hilbert spaces later, we need to classify whether
a sequence is summable in an appropriate sense or not. Therefore, we lean on the definition
of summable sequences from [81]. However, we need to adapt this definition since we
consider vector-valued Sobolev spaces on the ball. For all i =1,2,3, m € Ny, n € Ny,, and
Jj=1,...,2n+ 1, the function gm n;j(I%;-) depends on an arbitrary real sequence {ti; )}nGNo
with infneNoi t{ > —3/2, which is reflected in the next definition.
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Definition 16.5. Let a = {a}) , }meNgnen,, and b= {bf}) , }menynen,, be two given real
sequences. The sequence a is said to be b-summable with respect to {t%)}neNOi if

. 2m+1
b 2(@2n+1) (m + 0 + %) "
> o] (m!)? < o0
(m,n)eNoxNp, m,n :
@) #0
In the case b;j%n =1 forallm € Ng, n € Ny, and j = 1,...,2n + 1, we also say a is

summable with respect to {t) }nen,, -

A comparable definition of summability for scalar-valued Sobolev spaces on the ball is
stated by the author in [162].

Now, we prove Sobolev’s Embedding Theorem for the vector-valued Sobolev spaces on the
ball. The proof is based on its scalar-valued counterpart on the sphere, see [81, Lem. 5.2.2].

Theorem 16.6. Let the sequence a be b-summable with respect to {tgll')}neNoi for eachi=1,
2, 3. In addition, let b}), # 0 for all (m,n) € Ng x No,, t{ > 0 for all n € Ny,, and t;’ > 0.
Then each function f € H(a/b,Bg) is also continuous.

In this context, the quotient a/b is understood as the elementwise division of the sequences
a and b, that is a/b == {af) /b5 bmeNg neNo, -

Proof. Each function f € H(a/b,Bg) can be represented by a Fourier series converging with
respect to the [|-||gc-norm. Recall that this norm is given by

2n+1 )n 9
=y v () (), <

i=1 (m,n)eNgxNp, j=1
aly) ,#0

m,n

The next estimate proves that the iterated Fourier series also converges uniformly, due to the
Cauchy-Schwarz inequality for series, a corollary of the Addition Theorem, see Corollary 5.25,
and properties of the radial part of the orthonormal basis functions, see Lemma 5.3. Thus,
the following estimate holds true for each ¢ = 1, 2, 3 and all x € Bg:

2

00 oo 2n+1

S 3 S )y S i)
m M n=0; j=1
amnfo

o oo 2n+1 a(z 2 2

(4)

S| 23 () (Retn,
m=M n=0; j=1 m,n 2\PR
alf) n#0

2

[e%¢} oo 2n+1 2
m M n=0; j=1
amnyﬁO

m
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2
s 2n+1 b () 2
<IIfll3c| > ( (QSﬁf +1/2)(R;1:)>
m= M n=0; amn
am'rﬁéo
00 0 2 i 2m—+1
2n—|—1 (m+t8 +1/2)
2 m,n n
il w 5, 50 () M
M 0 m,n M
), #0

The right-hand side converges to zero as M — oo due to the summability condition. Hence,
this iterated series converges uniformly and each summand is continuous in B as a com-
position of continuous functions. This implies the continuity of the limit function. This
estimate also implies the absolute convergence of the iterated series. Due to Cauchy’s theorem
of double series, the absolute convergence of the iterated series suffices for the absolute
convergence of the double series, see Lemma 16.2, and their limits coincide. This implies the
continuity of f. O

16.1.2. Reproducing Kernel Hilbert Spaces on the Ball

A particular case of these Sobolev spaces are the RKHSs, which are widely discussed in the
literature, see, for instance, [9,57]. For an introduction to scalar reproducing kernels and
scalar reproducing kernel Hilbert spaces on the ball, see [6, 7].

Besides the pointwise evaluability of functions in such reproducing kernel Hilbert spaces,
the RKHSs have another valuable property. They provide us with the existence of reproducing
kernels. The classical definition of a reproducing kernel is as follows, see [9]. Let X(G)
be a scalar-valued Hilbert space over a region G C R?, then a kernel K: G x G — R is a
reproducing kernel if K(x,-) € X(G) for all # € G and (K(x,-), F)x = F(x) forall z € G
and ' € X. In this case, the Hilbert space X(G) is called an RKHS. If {Gj}ken, is a complete
orthonormal system in X fulfilling a summability condition, then the reproducing kernel is
given for all ¢, y € G by Mercer’s expansion, that is K(x,y) = Y00 K" (k)Gk(x)Gr(y),
see [158, Thm. 6.2].

In vector-valued Hilbert spaces, this definition leads to a problem. If a kernel k(x,-) is a
function of this Hilbert space, then the inner product of k(x,-) with another function of the
Hilbert space yields a scalar-valued quantity. Therefore, the definition of reproducing kernels
needs to be adapted for vector-valued Hilbert spaces. Scalar-valued RKHSs on the sphere
are, for instance, presented in [81] and generalized to vector-valued RKHSs. Therein, the
reproducing kernel k is constructed by the tensor product of Morse-Feshbach vector spherical
harmonics. Then by means of the adjoint operators in Corollary 5.6, a reproducing property
is formulated.

However, we want to use the reproducing kernels in the numerical implementation. More
precisely, the reproducing kernels are used as trial functions for a reconstruction. For
this purpose, we want to avoid tensor-valued kernels and work with vector-valued ones.
The construction of vector-valued RKHSs presented here is based on the vector kernels in
[20, 21, 25].
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Definition 16.7 (Reproducing Kernel). Let i = 1, 2, 3 be fired. A function kg : Br %
Br — R3 is called a reproducing kernel of H(a,Br) if

i) the kernel is an element of the Hilbert space for every fized y € Bg, that is kg (-, y) €
H(a,BR), and

i1) the reproducing property
O;’;).f(y) = <kf}((i)('7y)7 .f>f]{(’i)
holds for all y € Bg and every f € H" (a,BR).
If such a kernel exists, the space f]{“)(a,IBSR) is called a reproducing kernel Hilbert space.

Note that, in the context of the reproducing property for scalar-valued reproducing kernels,
the reproducing kernel is often placed in the second argument of the inner product. However,
due to the symmetry of the real-valued inner product, the arguments of the inner product can
be switched. In contrast to scalar-valued reproducing kernels, where the kernel is symmetric,
that is K(x,y) = K(y,x) for all ¢, y € G, the order of the arguments of the vector-valued
reproducing kernels has a major effect. Thus, we need to distinguish between the first and
second argument of the reproducing kernel. An analogon of the symmetry property is found
in the next corollary.

Corollary 16.8 (Symmetry). Leti =1, 2, 3 be fized and let ko) be a reproducing kernel
according to Definition 16.7. Then kg is symmetric in the sense that Og)kﬂm (x,y) =
Og)k}cm (y,x) for all x, y € Bp.

Proof. Due to the first condition for reproducing kernels, we have kq.) (-, ) € H(a,BR)

for all x € Br. Thus, due to the symmetry of the inner product and the reproducing property,
we get for all &, y € By the identity

Of kgt (4, ) = (ke (5 4), Kyt (5 ) g0
= (kge) (), kge (5 Y) gt
= Og)k:}c@ (x,y). O
Lemma 16.9. If " (a,Bg) is an RKHS, then the reproducing kernel is unique.

Proof. For the classical scalar reproducing kernel, this statement is proved in [9, Ch. 1.2].
However, it is an immediate consequence of the reproducing property and can directly be
applied in this context. Let kg and hqcq) be two different reproducing kernels of the same
Hilbert space H" (a, Br). With y € Bg, we arrive at a contradiction by

0 < ||Kgeco (-5 hg) awa)

y) -
= (kge) (Y) — hger (5 Y)s Ky (5 Y) — Rger (5 9)) e
= (kg (5 Y), kge) (5 Y) — Py (5 Y) g — Py (5 Y)s Bgeo (5 8) — Raer (5 9) ) g0
= 0y (kg (¥, Y) — byt (0, y)) — Op (ke (4, Y) — hgeor (y,9)) = 0. O
For classical scalar-valued reproducing kernel Hilbert spaces, Aronszajn’s Theorem is
well-known. In this context, a scalar-valued Hilbert space is an RKHS if and only if the

evaluation functional is continuous, see [9]. Now, we adapt this result to the vector-valued
case.
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Theorem 16.10 (Vector-valued Aronszajn’s Theorem). For fized i =1, 2, 3, let the
space H" (a,BR) be a Sobolev space from Definition 16.1. Then H" (a,Bg) is an RKHS if
and only if the evaluation at all positions x € Br of the O -operator applied to an element
of the Sobolev space, that is
Lo HO(a,Br) >R, Lof = (09 f(y) .
Yy=x

s continuous.

Proof. The proof is similar to the proof in the scalar-valued case, see [9, Item 1.2.(2)]. We
start with the first direction of the proof, that is we assume that H” (a, Bg) is an RKHS
and prove that £, is continuous. Due to the construction of the O™ operator, £ is linear.
Thus, via

1La f| — sup ’<kg{(i)<'7x)7f>g{(i)’

sup

FEH® H.ng{(l) FeH® H.f”g—((l)
f#0 f#0
< ij{(z H:}c (Og)k%(n (y,w))y:x < 00

we obtain the boundedness of £, and, hence, its continuity.

Vice versa, let £, be continuous. Then £;: H" (a, Br) — R is an element of the dual space
of H™(a,BRr) since it is a linear and continuous functional. Due to Riesz’ representation
theorem, see [225, Ch. IIL.6], there exists, for each & € Bg, an element g, € H" (a, Br) such
that

(05FW),_, = Laf = (F.90)g000-

We define k}c(”(" x) := g, and the latter property of g, yields the two conditions required
for kg being a reproducing kernel, see Definition 16.7. 0

Lemma 16.11. For fized i =1, 2, 3, let the sequence a be {(u,(;'))l/2} -summable with respect
to {t§, tnen, » where infpen, t,) > 0, and let af),, > 1 for all m € No, n € No,. Then the
space H (a,Bg) is an RKHS and the (unique) reproducing kernel is given for all ¢, y € Br
by

2n+1

kj}{(i)(may) = Z Z ( o ) N”l)gm nj m"»](Ry y)7 (161)
(mn)ENOXNO j=1

am n?’éo

where both types of basis functions are defined with respect to the same sequence of exponents
{t tneno, » see Definitions 5.35 and 5.37.

In [150, 152] so-called vector-product kernels are defined by the series over a symbol of the
vector product kernel and the multiplication with a scalar- and a vector-valued orthonormal
basis system. However, these vector-product kernels are used for the construction of vector
scaling functions and vector wavelets.

Proof. We only need to verify that the kernel stated in Eq. (16.1) fulfils the properties of
Definition 16.7.
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i) First, we calculate the Lo(Bg)-inner product of the kernel and an orthonormal basis
function via Eq. (16.1) for all y € Bg, that is

<kf}c<i>(»y),gé?,n,j(R;-)>L2(BR) (%’in)_2 13 G (R ).

Thus, with Definition 16.1, Theorem 2.25, and Lemma 5.3, we get for all y € By the
estimate
) 2n+1 _ 5
o oz = S 30 () (g (o), g8 (R )

L2(BR)

(m TL)GNOXNO j=1

am n#o
2n+1

= XX (o) s Crns(Riw)P

(m n)EN()XN()i 7=1
am ) #0

=Y () T (e e y)

47
(m n) ENQ X Noi

am n#o
3 (m +t§) 4 1/2)*" !
< R Z f1,) (2n + 1) 5 \2 < o0
(m, 7’L)€N()XNOZ (azgn n) (m')2
alyn 70

since {a§),} is {(u{?)!/?} -summable with respect to {t% Fneno, -

ii) The reproducing property remains to be proved. Each element a;),, is greater than
one. Thus, every function f € H"(a,Bg) C La(Bg) can be represented by

2n+1
f= Z Z i, m,n, j gan(R' ), (16.2)
(mn)ENOXNQ j=1

am n;é[)
where the Fourier coefficient is meant With respect to the Lg(Bg)-inner product.
The series converges uniformly due to af),, > af,) () =12 the embedding of the
Sobolev spaces H™ (a,Br) C H™ ({a) ,( un 1/2} ,BRr), see also Corollary 16.4, the
{(u)*/?} -summability of the sequence a, and Theorem 16.6. In addition, the identity

095 J(Rix) =/ pi Gnj(Rix),  meNy, neNg, j=1,....2n+1

holds true for all x € B, see Lemma 5.7 and Definitions 5.35 and 5.37. For all € Bp,
we obtain the absolute convergence of the series via the estimate

2n+1

(m, n)GNo xNo, 7j=1

(20 4+ 1) (m D 4 1/2)2m
S727rR3 IFllgecr D> . 5 < 0.
(m,n) ENoxNo, (afdn)” (m))?
all)n#0
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Here, the {(uﬁ))l/ %} -summability and Lemma 5.3 are used. Hence, for all € By the
Og) -operator and the series in Eq. (16.2) can be interchanged. Eventually, we get the
relation

(kg (5 Y)s F g
2n+1
=YY () (kg gl B (Fag i (Rs)
(mun) eNxNo, 1=1 ' T L2(Br) B L2(Br)
a%{";éo
2n+1
- Z Z f/\(i7m7n7j) ,u,if)Gm,n,j(R;y)
(m,n)eNgxNp, j=1
a%{n#O
2n+1
= > > mn )0 gy, (R y)
(m,n)eNgxNp, j=1
ag,?’n;éO

=0y f(y). m

Examples of reproducing kernels on Br x Br with R = 0.71 are depicted in Fig. 16.1.
Therein, we chose i = 3, t{) := n for all n € N, and a;),, == (n(n + 1))H4 h=25,, 0 for all
(m,n) € Ng x N and h € (0,1). The sequence is {(n(n + 1))*/?}-summable due to properties
of the power series and

t(g) 1/9 2m—+1 1 00
S uP@2n+1) (m + &, +2 /2) =3 > hM2n+1)%/n(n+1) <oo. (16.3)
(m,n)eNgxN (ai;?,n) (m')2 n=1

al),#0

In Fig. 16.1, the absolute values of the reproducing kernels are plotted and the directions of
the functions at several points are illustrated. This reveals that these reproducing kernels
are solenoidal. In addition, the parameter h can be understood to control localization, since
the kernel gets more and more localized if h increases. The functions are plotted on a sphere
with radius 0.95R. More examples of reproducing kernels can be found in Chapter 19.

16.2. Basics of Regularization Methods

In order to handle this situation, we make the following considerations, see [63, Ch. 3.1].
Let A: X — Y be a bounded linear operator between two arbitrary Hilbert spaces X and Y.
Let the problem (A, X,Y) be ill-posed according to Nashed, see Definition 11.6, that is the
range of A is not closed. The exact data g € Y is unknown. In contrast, we can observe the
approximation ¢ with

5 _
-, <o
for a noise level § > 0. We call ¢° the noisy data. Due to Theorem 11.5, the Moore-

Penrose inverse is unbounded, which is why even small changes in the data can substantially
affect the reconstruction. Therefore, we want to replace the Moore-Penrose inverse by an
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FIGURE 16.1: Reproducing kernels kg (-,z) on Br x Br to the sequence ay), =

(n(n+1))"/4 h="258,,0 with centre z = R(—0.9511,0,0.3090)" and parameter h = 0.7
(left) and h = 0.95 (right) are plotted on Sp.95r

appropriate bounded operator. As a regularization of the unbounded Moore-Penrose operator
we understand a family {R,}, of continuous operators converging to A" pointwise, see
[192].

Definition 16.12 ([63, Def. 3.1]). Let A: X — Y be a bounded linear operator between
two Hilbert spaces, and let 1o € RT be fived. For every T € (0,79) let
Rr:Y—>X

be a continuous (not necessarily linear) operator. The family {R;}, is called a regularization
for AT if for all g € dom A" there exists a parameter choice rule 7: RY xY — (0,79) such
that the limit

sy ([Resns’ 4%, [ 4 [l <5} =0 o
holds true. Furthermore, we require that
%i_r% sup{T (5, g‘s) ’ @ ey, ’gé — gHy < 6} =0. (16.5)

The parameter T is called a regularization parameter. For a specific g € dom A", a pair
(Rr,7) is called a (convergent) regularization method (for solving Af = g) if Fqs. (16.4)
and (16.5) hold true.

If 7 is independent of ¢°, then we call 7 an a-priori parameter choice rule and write
7 = 7(0). Otherwise, we call 7 an a-posteriori parameter choice rule, see [63, Def. 3.2]. If a
function is obtained via a regularization method corresponding to the data ¢°, we will often
use the notation ff(&gl;) = RT((;’ga)g‘s.
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Lemma 16.13 ([63, Prop. 3.4]). Let the (possibly nonlinear) operators R be continuous
for all T > 0. Then the family {R;}+ is a regularization for A" if R, converges pointwise
on dom A" to AT as T converges to zero. In this case, there exists for every g € dom A" an
a-priori parameter choice rule T such that (R,,T) is a convergent regularization method for
solving Af = g.

We can characterize all linear convergent regularizations by two limit conditions.

Lemma 16.14 ([63, Prop. 3.7]). Let {R;}, be a linear regularization. Let 7: RT — RT
be an a-priori parameter choice rule for every g € dom A". Then (R;,T) is a convergent
reqularization method if and only if

lim 7(0) =0 hm 4] H

5—0 Hg(y X)

Naturally, the speed of convergence of the regularization method is of interest, since
a regularization method can converge arbitrarily slowly, see [192]. For this purpose, a
smoothness condition is introduced.

Definition 16.15 ([63, Ch. 8.5]). If the best-approzimate solution T is an element of
ran((A*A)Y) for some v > 0, then f* fulfils the Holder-type source condition.

If the Hoélder-type source condition is fulfilled, then a regularization method is called order
optimal if for a given parameter choice rule 7 = 7(9, g5) the relation

Hf+ 595>

€ 0 (8/@HD)  (as 6 —0) (16.6)

holds true for ||g° — g|ly < & and there exists a fixed H € R such that
freffeX|f=(A"A)hand |hlly < H},

see [63,192,194].

As seen before, a particular class of operators causing ill-posed problems are the compact
operators, which possess an SVD, see Theorem 11.10. For these operators, a particular class
of regularization methods exists.

Definition 16.16 ([148, Def. 3.3.2]). Let A: X — Y be a compact operator with the
singular values {\gren and let AT be the generalized Moore-Penrose inverse. A function
vr: R — R is called a regularizing filter for AT if there exists a constant c € Rt such that
for all k € N and all 7 > 0 the following relation holds true:

sup A lo- ()| <00, urOw)[ < e limur () = 1.
keN T—0

Theorem 16.17 ([148, Thm. 3.3.3]). Let A: X — Y be a compact operator with the
singular system { fx, gk; Ak }ken and let vy be a regularizing filter for T > 0. Let the family
of operators {R;}r be defined by

Rrg ZAk vy >\k)<g gk> foo g€y
k=1

Then {R,}, is a reqularization of AT.
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Several regularizing filters exist in the literature, see, for example, [148,194]. Now, we
consider some particular regularizing filters in detail.

Example 16.18 (Truncated Singular Value Decomposition, [148, Ch. 4.1]). Let
A: X =Y be a compact operator with the singular system {fx, gi; M tren - Let 7> 0 and let
the reqularizing filter be defined by

() = 1 if A>T,
Y00 ifa <

In Theorem 11.10, we assumed that the singular values are sorted descending. Then there
exists K == max {k € N |\ > 7} and for all ¢° € Y a reqularization of AT is given by

Rrg® = i A;1<95,gk>yfk-
k=1

This series is often called the truncated singular value decomposition (TSVD) of AT.

Remark 16.19. The TSVD from Example 16.18 can be interpreted as a projection onto
a finite-dimensional subspace of Y that is spanned by a finite number of orthonormal basis
functions gy, see [63, Sec. 3.3, Exam. 4.8]. Alternatively, we can apply the projection onto
a subspace Vy,, C X with dimension m € N in the preimage space X. This is equivalent
to replacing A with a finite rank approximation A,, that is a restriction of A onto the
finite-dimensional subspace Vo, for all m € N, which means Ay, = Aly,, .

Suppose that V., = span { fi }k=1,..m , then the sequence of finite-dimensional subspaces
{Vin}men increases and their union is dense in X, that is USS_Vy, = X. It is easy to see
that a regularization is given by

Rijmg’ = Ahg’ =" /\};1<9579k>yfk:
k=1

with the reqularizing filter

1 ifA> A,
zmew:{o iFA < A,

Under certain conditions, it can be proved that (Rl/m,m) is a convergent reqularization
method for m — oo, see [102, Thm. 4.1.1]. In this context, note that g € dom A" is always
an element of dom A} since Ay, is a finite rank operator.

Concluding, we see that this approach also leads to the TSVD, see [63, Sec. 3.3, Exam.

4.8].

Another class of regularizing filters can be constructed similarly to wavelets and scaling
functions, which are used for multi-scale approximations, see [82], for instance. Note that we
restrict ourselves to scalar-valued Hilbert spaces in the next example. However, this method
is also presented for vector- and tensor-valued Hilbert spaces in [155].

Example 16.20 (Scaling Functions, [155]). Let A: X — Y be a linear and continuous
operator between two scalar-valued Hilbert spaces X = X(G) with G C R%, d € N, and Y.
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Suppose its (possibly unbounded) inverse operator exists and let the singular system of A be
given by { fx, gk; Ak ken . Now, we can define a reqularizing filter by

Ul/J()\k) = )\k@j\(k), JEZ, keN,

where the used symbols {® ['(k)}jez of the product kernel ®;: G x G — R have to satisfy
the following conditions:

i) {®(k)}jez is monotonically increasing for every k € N,
i) limy_yeo ® (k) = A\t for every k € N,
i) limy_,_oo ® 7' (k) = 0 for every k € N, and
w) for each J € Z the sequence {® (k) }ren is square-summable.

Then the family of corresponding product kernels {®;} ez is called (scale discrete) scaling
functions (with respect to the operator A). Note that the product kernel and its symbols are
related by

Oy(x,y) =Y P R fe(x)fry), =z yeG.
k=1
For all g €Y and J € Z, we define an operator

Rijgg=S5%g:="> ®7k){g, gr)yfr-
k=1

Then, according to [155, Thm. 2.4.5], the pair (Ry,;,1/J) satisfies
lim HRl/Jg — A+gH =0, g € ran A.
J—o0

In addition, see [155, Thm. 2.4.12], the operator R,;: ran A — X is continuous.

In the literature, there exist a wvariety of different scaling functions, see, for instance,
[82, 155] and the references therein. Examples are the Shannon, the de la Vallé-Poussin,
the cubic polynomial, and the Abel-Poisson scaling function. Note that the Shannon scaling
function is closely related to the TSVD.

The next filter considered in this thesis is the Tikhonov-regularization, which is a widely
used and analyzed tool for solving inverse problems such as integral equations of the first
kind, see, for instance, [63,102, 136, 148, 178,192] and the references therein.

Example 16.21 (Tikhonov-Philips Regularization, [148, Ch. 4.2]). First, we intro-
duce for given data ¢° € Y and for the reqularization parameter 7 > 0 the Tikhonov-Philips
functional

HIK 2
where the penalty term is defined by a strongly convex function w: X — RT. Note that for

the classical Tikhonov reqularization [215], the penalty term coincides with the norm in X,
and with the norm of the second-order derivative of f in the case of the classical Philips
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reqularization, see [187]. In addition, the penalty term can be induced by an appropriate
densely defined pseudodifferential operator B: (ker A)* — X, that is

T = |[ar =g, + 718713 (16.7)

Then the unique minimizer of the Tikhonov-Philips functional is given by ff = R,q°, where
the reqularization operator R, has the representation

R, = (A*A+7B*B)~1A*

Let A: X — Y be a compact operator with the singular system { fi, gr; Ak tren - If there exists
B> 0 such that |Bf||x > B fllx for all f € (ker A)* and if there are coefficients {Bx}ren
such that

B*Bf =Y Bilf, fdy S,
k=1
then the operator (B*B)~*: (ker A" — X is bounded. In this case, we get

IBFIG = S B, f)e.

k=1

Thus, the domain of the operator is given by

domB:{fo)C

[ee)
> GRS Fi)y < oo} ,
k=1
which is dense in X.

Let the non-negative real sequence {fBk}ren fulfil ﬁ% > cAp with a constant ¢ > 0. Then a
reqularization R, is given by Theorem 16.17 and ff = R.q° is the unique minimizer of the
Tikhonov functional from Eq. (16.7), see also [193].

In Section 16.1, we have already seen spaces like dom B given in the previous example
if X = La(Bg). In this context the domain of B coincides with the the pre-Hilbert space

®?_ 189 ({Br}tren s Br).

Theorem 16.22 ([136, Thm. 2.11]). Let A: X — Y be a linear and bounded operator
between two Hilbert spaces, let ¢° € Y and 7 > 0. Then the classical Tikhonov functional J,
has a unique minimizer f; € X that is the unique solution of the so-called Tikhonov-regularized
normal equation, that is

(A*A+7I) fr = A*g°.
Consequently, for all T > 0 the following identity holds true:
fr=(AA+7T) A

Now, we can combine the Tikhonov regularization with the projection onto a finite-
dimensional subspace. The resulting method is called the reqularized Ritz method and goes
back to [195]. For more details on the method and its theoretical properties, see [176, Sec.
5.2], [101-103], for example.
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Example 16.23 (Regularized Ritz Method, [102, Ch. 4.2]). Let an expanding sequence
of finite-dimensional subspaces V,, with m € N of X be given as in Remark 16.19. Now, we
are interested in finding a minimizer fi,, » of the classical Tikhonov functional, that is

T = |as =g + 71713

over the finite-dimensional subspace V. Then, according to Theorem 16.22, this minimizer
can be represented by

fl/m,T = (A:nAm + TIm)_lAing(sa

where I, is the identity operator on V,, and Ay, = Aly,, for all m € N.

The next statement can be proved, see [102, Thm. 4.2.17]: let the finite space dimension
m = m(d) and the regularization parameter T = 7(m(9d)) satisfy a certain dependency on the
noise level . If f+ € ran(A*), then the reqularized Ritz method is a convergent reqularization
method with ||ff/m’T — fllx € O(8Y?) as 6 — 0.

More details on regularization methods, parameter choice rules, and order optimality can
be found, for instance, in [63, 136, 148,192-194] and the references therein.

16.3. Parameter Choice Methods

As we have already seen in Lemma 16.14, every regularization method requires an appropriate
parameter choice method for its convergence. A result with respect to the Tikhonov
regularization has already been known.

Lemma 16.24 ([193, Prop. 2.14, 2.18]). The Tikhonov regularization combined with a
parameter choice Tule that either satisfies

i) 7(6,9°) — 0 and 6%/7(5,9°) — 0 as § — 0, or
i) 7(8,9%) chosen such that ||g° — Afl|ly = mé for fized m > 1 (discrepancy principle)

s a reqularization method. In addition, the Tikhonov regularization together with the dis-
crepancy principle is order optimal for some 0 < v < 0.5 (see [192, p. 1235]) occurring in
the Holder-type source condition, see Definition 16.15.

Based on the forthcoming regularization method, we are interested in the particular case
of a Holder-type source condition with v = 1. However, for this source condition, it is
verified in [194, p. 75f.] that the discrepancy principle is not appropriate for the Tikhonov
regularization, since it does not result in an order optimal convergence rate. The discrepancy
principle requires exact knowledge (and control) of the uncertainty  in the measurements.
For real data obtained from real measurements, this information is not available exactly
and control of the measurement noise is impossible. Therefore, we proceed by presenting
selected parameter choice methods that are suitable in the context of our application and
the algorithms applied in this thesis, which are closely related to Tikhonov regularization.

In [17, 18], the parameter choice methods presented in the following and other additional
methods are tested for Tikhonov regularization as well as TSVD with both white and coloured
stochastic noise. In [17], the methods are tested for the downward continuation occurring in
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many geoscientific applications, such as the inverse gravimetric problem, see Example 14.15.
However, the downward continuation problem is also a part of the inverse MEG and EEG
problem as we have already seen in Section 13.2. In [105], these methods are tested for the
downward continuation problem solved by an algorithm called the regularized functional
matching pursuit algorithm (RFMP) as well as the regularized orthogonal functional matching
pursuit algorithm (ROFMP), which we will also use to solve the inverse MEG and EEG
problem numerically, see Chapter 17.

For two Hilbert spaces X and Y, let the inverse problem (A,X,Y) be given, where the
data ¢° € Y can also be noisy and ffj is obtained via the regularization method, that is

ffj =R ¢°. For example, the applied regularization method can be Tikhonov regularization,
TSVD, or the RFMP. Furthermore, let us assume that an SVD of A with the singular
values {Ag} is available. Here, depending on the problem, k can either be an element of a
countably infinite index set or of a finite index set. First, we define a finite monotonically
decreasing sequence of regularization parameters {7;};. The range of the regularization
parameter depends on the underlying problem and the regularization term. According to
[105], we calculate the variance propagation factor of the Tikhonov solution in the case of
white noise by
205 Ak

where {A\;} are the singular values of the considered operator A: X — Y. The restriction
to white noise is reasonable since we will use white noise in the synthetic test cases and
in the real data situation the technical noise is also assumed to be white, see Item (E) on
page 174. Note that most of the considered parameter choice methods need Y = R¢. Before
applying the parameter choice method, we remove the regularization parameters causing
high variances by limiting the index set of {7;}; to the upper bound J given by

J = max {j ‘ 0(j) < 0.5 (mrzlix Q(n))} .
Based on the results of [105], we consider the following parameter choice methods:

L-curve Method (LC) The relative residual is plotted against the X-norm of the approx-
imation. The resulting parametric log-log plot is called the L-curve, since the plot is
often L-shaped. Then, the regularization parameter 7;, that corresponds to the point
near the corner of the L-curve is chosen. Thus, a parameter is sought that keeps the
relative residual small as well as the norm of the approximation, see [63, p. 108f.]. A
disadvantage of this method is that the parameter 7;, has to be chosen manually. We
also call this method the manual L-curve method (LCM). In contrast, a variation that
can be calculated automatically (LCA) is known in the literature and also stated in
[105], that is

o

There exist first rigorous optimality results for the L-curve method, see [17,149].

Jx = arjggr?in {HAffj — gé‘

1
i

R¢

Generalized Cross Validation (GCV) According to [17], the GCV is best suited to
stochastic white noise and discrete data, which will be used in the forthcoming synthetic
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test cases. However, according to [105], the best results can be obtained with a regularly
distributed data grid, which is not given in our application. Here, the selection criterion
for the regularization parameter is given by

. . AL — ¢ |13
Jx = arg min —
<) | (1 (T - ARy))

where the linear regularization operator ﬁTj : R — X is defined by
7_27j = (A" A+ TjZ)_lA*. (16.8)
The trace tr(Z — AR;,) can be calculated by

_ 22
tr(Z — AR-) =D (1 DY, _|]f7-> ’
kT 75

k

see [142, Ch. 30.3]. According to [63, p. 106], it is a disadvantage of this method that
detailed information about the singular values of A are required for the analytical
calculation of the trace term expression. However, in our application we will use a
numerical approximation of these singular values.

Robust GCV (RGCV) The RGCV method is a further development of the GCV in order
to overcome the instability of the GCV, see [17]. To this end, a robustness parameter
~v € (0,1) is introduced. In the case of v = 1, the RGCV coincides with the GCV.

Using the regularization operator from Eq. (16.8), the selection criterion is given by

Af2 — ¢°|2 _
Jx = arg min IAfr, ~ 9 ’lw 5 (’y + (1 =) tr <(ART].>2>> . (16.9)
I (61 6(T - AR))

We will choose v = 0.1 for the RGCV. The RGCV yields good results for Tikhonov
regularization with solutions of lowest smoothness, see [17]. The remaining trace can

be calculated by
2
N2 22
tr [ (AR, > = k .
r<( ) %:<Ai+7j>

Strong RGCV (SRGCV) The SRGCV is a particular case of the RGCV, where the
robustness parameter is chosen near to one. We use v = 0.95 in Eq. (16.9).

Modified GCV (MGCYV) Another modification of the GCV is given by the MGCV, which
is designed to stabilize the GCV. Here, the selection criterion for the regularization
index is given by

- IS — %12,
Jx = argmin — 5
<1 (e (T - eARy,)

I

where the regularization operator is given as in Eq. (16.8) and the stabilization parameter
¢ > 1 needs to be chosen. We choose ¢ = 3 for our calculations.
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Residual Method (RM) The aim of the RM is to minimize a weighted form of the R’-
norm of the residuals. The weighting should penalize under-smoothing parameter
values, see [17]. The parameter choice rule is given by

HAffj — ¢l

/4

Jx = arg min

s<1 | (w(By,B,,))

where the occurring operator B, : X — R’ is defined with the regularization operator
R, from Eq. (16.8) by

B, = A(T-RA).

J

The corresponding trace is given by

2 V)
«op=X(n(-5755))

k

For several parameter choice methods, such as the (strong) RGCV and the MGCV, additional
parameters need to be determined. In these cases, we chose the same parameters as in [105].

More information on the different parameter choice methods and their advantages and
disadvantages can be found in [17,18,105] and the references therein.
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Chapter 17.

Regularized Functional Matching Pursuit
Algorithm

17.1. Algorithm and Properties

In this chapter, we present an algorithm for solving (ill-posed) inverse problems that is
called the regularized functional matching pursuit algorithm (RFMP). The RFMP was
originally invented for the inversion of gravitational data and normal mode anomalies, see
[66]. Especially for the inversion of gravitational data, several different approaches with
different function systems and bases exist, for instance, spherical harmonics, wavelets, Slepian
functions, and splines. Since each of these systems has advantages but also disadvantages,
an algorithm was sought that enables the possibility to combine several different function
types. This leads to a dictionary that may contain linearly dependent functions and may be
redundant. The aim of this method is to acquire all the advantages of the different systems
and to reduce the disadvantages.

Several variants of the RFMP are presented in the literature starting from [23] and are
applied to several ill-posed inverse problems in the geosciences, see [66-69, 86,159, 165, 166].
They are based on a greedy algorithm introduced in [151] and enhanced in [218] which is
called the matching pursuit algorithm. This algorithm is an approximation method. In
[66,67], the functional matching pursuit algorithm was developed, which is used for the
reconstruction of functions. Due to the additional regularization, see also [159], the REMP is
applicable to ill-posed inverse problems. In [66], convergence results of the RFMP are stated
for the first time. In the setting used in [66], only operators mapping from Lo (G) to R are
considered, where G C R? is a compact region. The convergence results of the REMP consist
of two statements: the sequence of approximations produced by the REFEMP converges and the
RFMP is a convergent regularization method. The convergence result was transferred to an
arbitrary separable Hilbert space as the domain of the operator in [163,210]. In this context,
the statement concerning the convergence of the sequence of approximations produced by
the RFMP was improved by the author in [163]. In [137,138], the RFMP was considered as
a particular case of the so-called regularized weak functional matching pursuit (RWFMP).

Therein, the REMP for operators between two (infinite-dimensional) Hilbert spaces was
considered for the first time. This approach yields a characterization of the convergence
order of the regularization induced by the RFMP. However, the convergence result follows
as a corollary since the RFMP is a particular case of the RWFMP. Here, we present an
alternative approach to achieve this convergence result without the technique required for
the RWFMP. The transition to the infinite-dimensional setting in the operator range requires
only a small adjustment of the proof stated in [163]. We consider the following setting, which
perfectly fits to the inverse magneto-electroencephalography problem.
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Problem 17.1. Let X and Y be two (infinite-dimensional) Hilbert spaces. Let g € Y be the
given data (function) and A: X — Y be a given linear and continuous operator. The task is
to find a solution f € X such that

Af =g.

We proceed by considering the RFMP iteration in detail, which constructs a sequence
{fr}ren C X of approximations to the (unknown) solution f. The elements f; are linear
combinations of elements from a so-called dictionary D, which is a subset of X containing
possibly useful trial functions. Thus, in the kth step we have already calculated the
approximation f; and we are searching for a tuple (agi1,dr+1) € R x D containing the
best-fitting next dictionary element and its coefficient. In this context, best-fitting element
is meant as the minimizer of the resulting regularized Tikhonov-functional, that is

(Oék+1,dk+1) - argmin jT(gafkad7a)a
(o, d)eERXD

To(g, frdsa) = |lg — A(f + ad)||3 + 7| f + ad||2..

Assume that the next chosen dictionary element dj.q has already been known. Then the
optimal coefficient a1 can be calculated as the root of the derivative with respect to v of
this regularized Tikhonov-functional, see [66]. In addition, the second derivative with respect
to a of the regularized Tikhonov-functional is non-negative, that is

82
505 (19 = AU + adign)lIf + 7 i+ adiaal3) = 2 [ Adiaa [§ + 27 l[disa |3 2 0.

Thus, the regularized Tikhonov-function is convex as a function in « and the optimal
coefficient a1 is unique. This greedy procedure leads to the next algorithm.

Algorithm 17.2 (RFMP, [163, Algo. 2]). Let A and g be given as in Problem 17.1.
Choose a dictionary D C X'\ {0}, an initial approzimation fo € X, for example fo =0, and
a regularization parameter T € R{.

i) Initialize the step counter to k =0, define the residual ro == g — Afp, and choose a
stopping criterion.

ii) Find

(7, Ad)y — 7(fr. d)x)”
dj41 = arg max (17.1)
" deD lAd[l§ + 7lldlI%

and set

(T, Adgt1)y — 7{fr, di1)x
g1 = (172)
" [Adk 1|15 + 7lldrga 1%

as well as fy41 = fi + apr1dps1 and 141 =g — Afpr1 = 1 — app1 Adjg

i17) If the stopping criterion is fulfilled, then fxi1 is the output. Otherwise, increase k by 1
and go to step ii).
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Several properties required for the convergence theorem of the RFMP are analyzed in
[66, 159] and summarized in this thesis. In order to accelerate the algorithm, several quantities
can be calculated in a preprocessing step, such as the inner products between the dictionary
elements or the forward operator action Ad for all dictionary elements d € D.

In practice, the algorithm will be stopped when some stopping criterion is satisfied, see,
for example, [159]. The stopping criterion can, for instance, be a (relative) bound for the
residual or an upper bound for the number of iterations. However, we neglect the stopping
criterion for the analysis of the convergence of the sequence produced by the algorithm.

Lemma 17.3 ([163, Lem. 3]). The sequences {fitren C X and {rp}tren C Y of the
RFEMP satisfy

((re—1, Adk)y — 7(fr—1, di)x)?
| Ad |5 + 7lldr|I%

2 2 2 2
Irelly + 7 fxllx = lre—ally + 7 [ f-allx = (17.3)

or all k € N. Hence, the sequence {|ri||2 + 7||fx]|>}ren is monotonically decreasing,
Y X
bounded from below by zero, and convergent.

The next lemmas are parts of [163, Thm. 4], which are separated here for the sake of
structure. Note that the condition of the next lemma implies 0 € D in the regularized case
and ker AND = () in the non-regularized case.

Lemma 17.4 ([163, Thm. 4]). If the dictionary fulfils
— 2 2
= inf (Ad|2 + 7 1) >0,

then the sequence {ay}ren produced by the RFMP is square summable and, consequently, a
null sequence.

In Problem 17.1, the considered operator A is assumed to be continuous, which means that
the operator norm || Al|z = sup ey pollAflly/Ilflx is finite. We make use of this continuity
in combination with Eq. (17.1) in the next lemma.

Lemma 17.5 ([163, Thm. 4]). If the dictionary is bounded (i.e. c3 = supgep||d||x < 00),
then the sequence of coefficients {ax }ren produced by the RFMP fulfils for all k € N and all
d € D the estimate

W2 > 1 ((rie, A1)y — 7{fr di1)x)’
(AN + DlldkalR Ak 12+ Tlldg 3

S 1 ((rg, Ady — 7(fr, d)x)*
~ Az +7)es Al + 7lld%

The convergence theorem presented in this thesis requires a semi-frame condition for the
dictionary, which is stated below.

Assumption 17.6 (Semi-frame Condition). There exists a constant cg > 0 and an
integer M € N such that for all expansions h = >"72 Prdy with B € R and dj, € D, where
the dj, are not necessarily pairwise distinct but |{j € N | d; = di}| < M for each k € N, the
following inequality is valid:

es Bl < BE

k=1
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The following theorems published by the author in [163] improve the results from [66, Thm.
3.5], [67, Thm. 4.5], [159, Thm. 2], and [165, Thm. 6.3]. In [163], the result is formulated for
the case of a finite-dimensional Hilbert space Y. However, the proof of this result is in fact
independent of the structure of the operator range and the space Y. Thus, the next theorem
is also valid in the context of infinite-dimensional Hilbert spaces Y.

Theorem 17.7 (Convergence Theorem, [163, Thm. 4]). Let the setting of Problem 17.1
and an arbitrary regularization parameter T € Rg be given. Let the dictionary D C X satisfy
the semi-frame condition from Assumption 17.6 and the conditions of Lemmas 17.4 and 17.5.

If the sequence {fir}ren is produced by the RFMP and no dictionary element is chosen
more than M times, then {fi}tren converges in X to foo = fo + > feq kdr € X and the
sequence of residuals {ry}ren converges in'Y.

Proof. We can define f == fo+ > peq ndy, which is an element of X due to the semi-frame
condition and Lemma 17.4. These two properties also reveal that the sequence {fi}ren
converges to fo, in the strong sense, that is

li ~ = i < — i Z2=0.
Moo = Sl = i | O el S Jim 3 an =0
n=k+1 x n=k+1
Since A is continuous, {ri}ren = {9 — Afk}reny must converge (strongly) in Y. O

The semi-frame condition is not easy to handle. It is hard to verify that a chosen dictionary
fulfils this condition. In [137], a first step is taken in order to get rid of this semi-frame
condition. Therein, the convergence of the residuals {ry}ren could be proved without using
the semi-frame condition. In addition, there exist first considerations by M. Kontak in order
to get rid of the semi-frame condition also for the convergence in the domain.

Theorem 17.8 ([163, Thm. 4]). Let the conditions of Theorem 17.7 be satisfied and let
the span of the dictionary be dense in X. Then for all ¢° € Y the function fs obtained by
the RFMP solves the Tikhonov-reqularized normal equation

(A* A+ 7T) foo = A*¢°, (17.4)
where A* is the adjoint operator of A and T is the identity operator on X.

Proof. Since A is continuous, the sequences {Afi}ren, {7k}tren, and {A*rg}reny must
converge (strongly), too. Due to Lemma 17.4, limy_, o = 0. An immediate consequence
of the estimate in Lemma 17.5 is the relation

(rey Ad)y — 7(fr, d)ye = (A*rp — 7fr, d)y = 0 (as k — o0) (17.5)

for all d € D. Due to the bilinearity of the inner product and the algebraic limit theorem,
we also have

(A*ri, — Tfr,d)yyy = 0 (as k — o0)

for all d € spanD. As we derived above, {A*ry — 7 fr}ren is a strongly convergent and,
thus, bounded sequence.
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Now, let h € X be arbitrary. Since the span of the dictionary is dense in X, there
exists a sequence {hm}meny C spanD such that ||h, — hllx — 0 as m — co. Then the
Cauchy-Schwarz inequality yields

(A% = T fies hem = )| < |Are = 7 frllo [[Pam = Dol

< (Sup [ A"y — Tkax) 1m = Bl
keNy
—0 (as m — 00).

Since this convergence for m to infinity is uniform with respect to k, we get, by applying the
Moore-Osgood double limit theorem, for all A € X the identity

Jm (A =7 by = lim lim (A =7 fi, hin)

= Jim_ lim (A =7 fi, hin)y

=0.

This shows that the sequence {A*ry}ren weakly converges to 7fy in X (and, due to the
considerations above, also strongly). Consequently, using the identity A*r, = A*g? — A* Af),
and again the continuity of 4, we obtain that

A*95 - A*Afoo = T foo,
which is equivalent to the Tikhonov-regularized normal equation, see Theorem 16.22. O

It is a basic result of Tikhonov regularization, see Example 16.21, that every solution
of Eq. (17.4) minimizes the regularized Tikhonov-Philips functional. If 7 > 0, then this
minimizer and the solution of the Tikhonov-regularized normal equation are both uniquely
determined by

foo = (A*A+7T) 7L A* S, ¢ ey.

The next result is stated in [210] in the case of Y = R’. However, the proof is based on
Eq. (16.7) and can be applied one-to-one to the case of an infinite-dimensional operator
range.

Lemma 17.9 ([210, Lem. 4.2.5]). Under the assumptions of Theorem 17.7, the function
foo produced by the RFMP is contained in the orthogonal complement of the operator null
space, that is fso € (ker A)~L.

Due to this result, the denseness of the span of the dictionary D in X in the convergence
theorem is an unnecessarily strong condition. We are able to weaken this condition in the
next corollary.

Corollary 17.10. Let the conditions of Theorem 17.7 be fulfilled except that the span of the
dictionary D only has to be dense in (ker A)*. Then f. obtained by the RFMP solves the
Tikhonov-regularized normal equation

(A*A+7T) foo = A'¢°, g€V
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Proof. This proof is based on the one of Theorem 17.8. Since (ker.A)* is a closed subspace
of the Hilbert space X, the space ((ker.A)*, (-,-)x) is a (complete) Hilbert space. We define
the operators

Afker 4yt = APer )11 X — Y,

Alcer 4)+ (AP ker A) L ) = Plrer 4yt A" = A",
where the last equation is due to ran A* = (ker A)*, see Eq. (11.2). Let foo (ker a1 € (ker At
solve the Tikhonov-regularized normal equation in ((ker A)*, (-,-)x), that is

(A A(ker.A Lt 7-I(ker.A ) foo (ker A)L — A*gé-

In addition, we have Af = A, 4y f for all f € X. Thus, we arrive at

(A*.A + TI(ker.A)J-) foo,(ker.A)J- = A*g(s

Via Lemma 17.9, we obtain that the solutions of the Tikhonov-regularized normal equations
n ((ker A)*, (-,-)x) and in X coincide. O

If the smoothness of the function f is unknown, it can be necessary to regularize with
certain different norms that are generated by a pseudodifferential operator, see Example 16.21.
By means of the pseudodifferential operators, we are able to define a function space similar
to the Sobolev spaces on the ball defined in Definition 16.1.

Definition 17.11. Let B: (ker A)* — X be a densely defined pseudodifferential operator
with ||Bf|lx > Bl fllx for a >0 and all f € dom B. Furthermore, let its singular system
(fx, gx; Br) be given such that

BBf =Y Bilf, fr)xfe

2(f fo)% }

we get dom B = &, which is dense in X with respect to the X-norm. In addition, with the
inner product

With the definition

{fe ker A)+

Z (fs fr)xc(hy fr)y = (Bf, Bh)y,

the space H = gH'”% is a Hilbert space, see also FExample 16.21.

Theorem 17.12. Let (A, X,Y) be given as in Problem 17.1, let H C X as in Definition 17.11,
and let g% € Y. Then the solution of the RFMP with respect to the Tikhonov-functional

=|ar =gl + 7
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converges to foo € H fulfilling

(Pot A" A+ 7B*B) foo = PycA*g°
if the conditions of Theorem 17.7 with respect to the topology in H are fulfilled. Note that B*
is the adjoint operator of B with respect to the topology in X.
Proof. In order to apply Theorem 17.7 to the problem (Asgc, H,Y) with Agc := A|g, we need
the continuity of Ag¢, which is given by

[ A fly Ay
[ Az o T e e
COU ™ peserzo Nfllse— pesogzo [flse

Al £y | fll
T Fed,f#0 Il.f lla¢

1
< 2 Al ey < oo
Here, we used that A: X — Y is a bounded linear operator and || f||5c > G| f||x for a 5 > 0.
Thus, the sequence produced by the REMP converges to fo, € H, which fulfills
(A% Age + 7o) foo = Aleg®, (17.6)

see Theorem 17.7. Note that the adjoint operator Aj; of Agc is subject to the F(-inner
product. For all f € 3, ¢° € Y, we also get the relations

(1. 450) . = (Asf.0"), = (AL.g"), = (1, A'9")
(£ Aica’ ), = (BE.BA" ) = (£, B By’

)

X

Thus,
<f, B*BA;g® — A*g<5>DC —0 forall fe X,

which implies B*BA%, — Py A* € HE = {0} since I is dense in X and ran B* = (ker B)* =
dom B C H. Accordingly, we get B*BAj; = Py A*. Due to Example 16.21, the operator B*B
has a bounded inverse. Thus, for the adjoint operator A%, the identity A%, = (B*B)~'Py.A*
holds true. Inserting this into Eq. (17.6), we immediately get

((B*B) ™' PycA* Age + 7T5¢) foo = (B*B) " PycA™g°,
& (PycA* A+ 7B B) foo = Py AP O

If more knowledge on the operator A is available, for instance an SVD { fx, gk; Ak }ren,
then the spanning condition for the dictionary in Theorem 17.8 can be weakened.

Theorem 17.13 ([163, Thm. 6]). Let ¢° € Y and A be given as in Problem 17.1 where
additionally A is assumed to be a compact operator with singular system { fi, gi; Ak fren . Let
the conditions of Theorem 17.8 be fulfilled, except that the dictionary is only a spanning set
for V == span { fi }rey, where J C N is a countable index set.

Then the solution fs v € V produced by the RFMP and the unique solution of the Tikhonov-
reqularized normal equation foo € X satisfy

(A A+7L) foov = (A*A+TI)Py foo.

If T > 0, then the operator A* A+ TZ is one-to-one and we obtain foov = Py foo-
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Proof. (V,{-,)x) is a Hilbert space since V C X is closed. The operator Ay := APy is a
bounded operator Ay: X — R’ and, hence, its restriction Ay|y: V — R’ is also bounded,
where Ay|y = Aly. We can apply Theorem 17.7 to this setting and obtain the solution
fooy € V produced by the REMP, which due to Theorem 17.8 solves the Tikhonov-regularized
normal equation in V, that is

(ApAy + 7Iy) foov = .Aikyg(s.

In order to prove that fo v is the best approximation of f, in V, it remains to show that
foov = Py foo. For this purpose, we study the singular system { fi, gr; Ak fren of A, which
exists because of the compactness of A. Due to the construction of V, we obtain for each
k € N that f, is either in V or in V*. Hence, A*A and Py commute, that is

Py A Af = > NS, fo)oefu = A"APyf  forall feX.

k=1
fr€V

Due to Ay = APy, see also [102, p. 79], we immediately obtain A} = Py A*. For f v, we
get

(A A+ 7T) fooy = (A"APF + 7Py) fooy = (PoA" APy + 7Py) fao v

= (A5 Ay + TPy) foov = Apg® = Py A*g°
=Py (A*A+7T) fo) = (A" A+ 7T) Py fso.

Via Theorem 16.22, the last statement can be proved by applying the inverse operator
(A*A+ 7Z)7! to the last equation. O

Besides the presented convergence statements in the regularized case, we are also able to
achieve a result in the unregularized case, that is 7 = 0. The next theorem is a generalization
to the infinite-dimensional Hilbert space Y of the result presented by the author in [163, Cor.
5].

Theorem 17.14. Let the conditions of Theorem 17.7 be satisfied with T =0 (no regulariza-
tion) and let W := span {Ad | d € D} . Then fx obtained by the REMP solves Afsc = Prid’
where Py is the orthogonal projection onto the closed space W and ¢ ey.

Proof. Due to the continuity of A, the sequence {7y }ren converges strongly, that is ro =
limy 00 7% = limg00(g9 — Afi). This is inferred from Theorem 17.7, which also holds true
for 7 = 0. We recall the estimate of Lemma 17.5 with 7 = 0, that is

1 d)?
0 g TS
|l Allz HAng

<aiy; =0 (as k— o0).

With the Squeeze Theorem, we directly obtain limy_, (7%, Ad)y = 0 for all d € D. Con-
sequently, due to the bilinearity of the inner product and the algebraic limit theorem, we obtain
limy_ o0 (7%, h)y = O for all h € W. Since AD is dense in the closed space W, there exists
for all h € W a strongly convergent sequence {h; fmen C AD with lim, o0 ||hm — hlly = 0.
With Lemma 17.3, we conclude that

0 < [(ri; b = Byl < llrelly [1him = Rlly < llrolly Am = hlly =0 (as m — o0),
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where the convergence in m is uniform with respect to k. Thus, using the Moore-Osgood
double limit theorem, we obtain for all A € W the limit

li h)yy = lim i h = lim i h =0.

I, (o Py = i 0 e By =l i ks oy

Since W is closed, we can decompose Y = W@WL. The residual has the unique representation
Tk = Pygrk + PypL 7k, where <7)WLT]€, h)y = 0 for all h € W. Thus,

0= kh~>nolo <rk’ h>1g = kli}rglo <7Dw7“k, h>y = <7DWT007 h’>g’

where we used the continuity of the orthogonal projection Py Concluding, {Pyork fren
weakly converges to zero in W. Due to the uniqueness of the limit, we obtain Pipre = 0.
Eventually, we conclude

0= Prgroc = Py (9° = Afoc) = Pig” — Afoc. O

If the dictionary fulfils RY = span {Ad | d € D} for a surjective operator A with finite-
dimensional range, then the previous theorem coincides with the results in [66, Thm. 3.5],
[67, Thm. 4.5], [159, Thm. 2|, and [165, Thm. 6.3].

For a fixed regularization parameter 7 > 0, we have already seen that the limit of the
sequence {fx}ren of approximations obtained by the REMP converges to foo, which is the
unique minimizer of the Tikhonov-Philips functional. This is an indicator for the REMP
inducing a regularization in the sense of Definition 16.12.

In [210, Thm. 4.2.7], this is proved for the case of a finite range operator without a
convergence order. In [137], this is generalized to the setting of Problem 17.1 under appropriate
assumptions. In addition, the statement in [137] takes into account that the REMP stops
after a finite number of iterations K.

Theorem 17.15 ([137, Thm. 9.35]). Let {ff,k}keNo be the sequence of iterations of the
RFMP to the inverse problem Af = ¢° with ¢° € Y fulfilling ||g — ¢°|ly < & using the
reqularization parameter T > 0. We assume that

e the dictionary is normalized in the sense that || Ad|§ + ||d||3 = 1 for alld € D,

e the best-approximate solution f+ fulfils a Holder-type source condition for v =1, see
also Definition 16.15,

e the function ’ff,k‘ﬂ is uniformly bounded with respect to T, where |-|p is a certain
measure for the sparsity, see [137, Lem. 9.30], and

e there exist constants mi, ma > 0 such that 7(8) = my62/3 and K(8) = mad5.

Then there exists a constant C > 0 such that
s et 2/3
£ ey = 1], < 9%,

Eventually, this theorem shows that the RFMP has a convergence rate of §2/3 for § — 0+
and that this rate can even be retained when only a finite number of iterations is used, see
[137, p. 160].

This convergence rate is not surprising, since the order of convergence of the Tikhonov
regularization is also 62/3. This order of convergence is optimal with respect to the source
condition, see Eq. (16.6).
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17.2. Regularized Functional Matching Pursuit Algorithm
for Simultaneous Inversion

The RFMP can be used for a simultaneous joint inversion of several data types. This can
be reasonable if a source induces several physical quantities that can be measured. Then
a joint inversion of these quantities can yield more information about the source than the
single inversion of each data set. For example, the RFMP has been used before for a joint
inversion of gravitational data and normal mode anomalies in order to reconstruct the mass
density inside the Earth, see [66]. Hence, the question arises whether a joint inversion of
MEG and EEG data also exhibits this advantage when reconstructing the neuronal current.
Due to the structure of the MEG and EEG null spaces, we are able to prove in this section
that a joint inversion cannot yield more details of the neuronal current than independent
single inversions.
For this purpose, we define for each ¢ = 1, 2, 3 the Hilbert space

- N7 (RIS
Ly (By) = {@ = 6y F(x) | F € C®(By)} =,

which is a similar construction to the vector-valued Hilbert space on the sphere from Eq. (5.10).
Recall that more details of the inverse MEG and EEG problem can be found in Problems 9.1
and 10.2.

Problem 17.16 (Joint Inversion of MEG and EEG Data). In all three cases, we want
to solve Problem 17.1 by means of the RFMP, where the occurring quantities are determined

in the following. In addition, we choose the same reqularization parameter T > 0 for the
RFMP in all three cases.

MEG: Let Xy = (f,;3>(IBQO), <"'>L2(Ego)) and let Yy == R™ with an fy; € N. Let the data

vector gy € R™ be given. Then the forward operator is given by

v

An: Xy — RO, VIYAEDY (V(ye) : (TMJP) (yz)) e,

(=1

where ¢ is the (th canonical unit vector. In addition, let the span of the dictionary
Dyt be dense in (ker Ayp)*, bounded, and satisfy the semi-frame condition in Xy as
well as the condition in Lemma 17.4.

EEG: Let Xg = (f;<22>(IB%QO), <"'>L2(Beo)) and let Yg = R with an ¢g € N. Let the data
vector gg € R be given. Then the forward operator is given by

lg

Ap: Xg — R, Agd? =" (EJP) (Y40’
=1

In addition, let the span of the dictionary Dg be dense in (ker Ag)*t, bounded, and
satisfy the semi-frame condition in Xg as well as the condition in Lemma 17.4.

Joint: Let X be defined by the internal direct sum, that is X == Xy @ X, let Y = R with
U5 = by + Ui, let the data be given by g7 = (gi;, gg) € R, and let the operator
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A: X — R for the REMP be given by

A7® = (s (Pe,a™)) " (e (Pe™)) ) a7.7)
For the dictionary, we choose D = Dy U Dg.

In this setting, we can prove that no more information can be obtained by a simultaneous
joint inversion based on the RFMP than by the independent inversion of both data sets.
Note that the precise representation of Ay and Ag is not necessary for the proof.

Theorem 17.17. Let the setting of Problem 17.16 be given, let a fixed reqularization para-
meter 7 > 0 be chosen for all three cases. Then the RFMP solution of the joint case f
coincides with the sum of the solutions independently obtained by the RFMP in the MEG
and EEG case, that is fo = fryco + FEco-

Proof. Note that Problem 17.16 implies all conditions of Theorem 17.8. Thus, we immediately
obtain that the two solutions of the independent cases fulfil

(ANpAM + TTxy) Fat oo = AN, in Xy, (17.8a)
(ABAE + TTx,) fBoo = ARYE, in Xg. (17.8b)

In the joint case, we also obtain a Tikhonov-regularized normal equation in X. In addition,
ran A7 = (ker Ay)™ € Xy L Xg O (kerAg)™ = ran Af, see also Eq. (11.2). This
complementarity of the orthogonal complements of the operator null spaces is essential
for this proof. In order to prove the statement, we first calculate the adjoint operator
A* of the joint operator A in X. It has to fulfil (A*h, f)x = (h, Af)ge, for all f € X,
h € R’. The vector h can be decomposed into h™ = (hi}, h) with hy == ZZM (h)ee’ and
hg = 24:1( Yenre€’. Thus, via Eq. (17.7) we get

(h, Af)ess = (har, APy Fpens + (RE, AEPx ) e
= (Apthat, Py f)x,, + (Aehe, Py,
<AMhM7 7DDCM f> <A*EhE7 PXE f>x

= (Avhas, £y + (Aphe, fy

=

Ayihav + Aghe, £y
The last step is valid due to the orthogonality and structure of the occurring spaces. Even-
tually, we obtain A*h = Afhy + Abhg for all h € R, in particular for h = g. Setting
h = Af_, we immediately arrive at
A*Af = .Ai/[AMPxM foo + AEAEPfoOO.

Thus, for the Tikhonov-regularized normal equation in X, we obtain the identity

Augum + Aggg = A'g = (A"A+171) f
= (AyAM + Iy, ) Py f oo + (ABAE + Ty ) Prg foo-
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The complementarity of the adjoint operator ranges allows to split the last equation into a
system of two equations, that is

Avign = (AyiAm + 72y, ) Py f oo in Xy,
Argr = (AgAE + 7Zx;,) P £ oo in Xg.

With Eq. (17.8), we get

(AK/I-AM + TIxM)fM,OO = (AK/IAM + TIXM) levlfom
(AAE + 7Ixg) fE 00 = (ApAE + TZxy) Pt f oo

The two occurring operators are one-to-one since 7 > 0, see Theorem 16.22. Thus, fMOO =
Pfooo a‘nd fE,OO :PJCE.foo D

Note that this property holds true in a more general setting.

Remark 17.18. The statement of theorem is achieved without particular properties of the
RFMP. If the three solutions f.., frco, and [ o are just the unique solutions of the re-
spective Tikhonov-reqularized normal equations corresponding to the setting of Problem 17.16,

then .foo :fM,oo+fE,oo'

Since the solution obtained by the simultaneous inversion of both data sets equals the sum
of the solutions obtained by the independent inversion of each single data set, no additional
information is gained.

Furthermore, the separated inversion is more efficient than the simultaneous one for the
following reasons. For the RFMP, the inner products between all dictionary elements are
required, see Eq. (17.1). Thus, finding the maximum in Eq. (17.1) can be accelerated
by splitting the inversion since the memory capacity requirement for storing these inner
products grows quadratically with the amount of dictionary elements. Another problem
in the simultaneous inversion of two different data sets emerges if the magnitude of the
data differs, see [66]. Therein, the data sets have to be weighted in order to obtain a good
reconstruction. This is unnecessary in the case of a split inversion. Additionally, a split
inversion provides us with the possibility to fit the regularization parameter to the particular
problems without a modification of the RFMP algorithm and its implementation. This
statement holds true for all problems where the operator A consists of a finite amount of
operators A; with (ker A;)* L (ker.A;)* for i # j.

17.3. Regularized Orthogonal Functional Matching Pursuit
Algorithm

A problem of the RFMP occurring in numerical tests is that certain dictionary elements
may be chosen repeatedly. This can be understood as a correction for some previously

chosen coeflicients aq, ..., ar. A reason for this phenomenon is that the residual 7 is not
orthogonal to the image of the span of the previously chosen dictionary elements, that
is span {Ady, ..., Adi}. In order to get rid of this unwanted effect, an enhancement of

the RFMP is developed in [210]. Therein, an orthogonalization step based on the idea of
[186,218] is introduced. The final algorithm is called the regularized orthogonal functional
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17.3. Regularized Orthogonal Functional Matching Pursuit Algorithm

matching pursuit algorithm (ROFMP) and is stated in [166,210]. A short overview of the
ROFMP can also be found in [86].

Unfortunately, at the state of art the ROFMP is only analyzed in the case of a finite-
dimensional space Y. Therefore, Y coincides with the R¢ for an ¢ € N. According to our
notation, elements of this space are denoted by bold letters. However, for a consistent
notation to Algorithm 17.2 we use non-bold letters in this Section 17.3.

Algorithm 17.19 (ROFMP, [86, Algo. 8]). Let A and g be given as in Problem 17.1
with Y = R and ¢ € N. Choose a stopping criterion, a dictionary D C X, an initial
approximation fo € X, and a reqularization parameter T € ]Rar.

i) Initialize the step counter to k := 0, define the residual ro == g — Afo, set Vo = 0,
Wo := Vg, and By(d) = Ly.

ii) Find

dp41 = argmax ({rr, Pw, (Ad))ge + 7(fr, Br(d) — d)x)”

17.9
B I Py, (A2, T 7 [Ba(d) — I (17.9)

and set
(% Pw, (Adgi1))re + 7(frs Br(dit1) — diy1)x
Q1 = . X (17.10)
Pw, (Adii1) e + 7l Br+1(di+1) — di+aly

iii) For all d € D, define the mappings
(Ad, Pw, _, Adj)re
1Pw,,_, Adi Iz,
B (d) = 85 ) = B (D)BE (dy)  fori=1,... k-1,

B(d) =

iv) Update the coefficients as follows:

a@(kﬂ) = agk) - ak+1/81‘(k) (dt1)  fori=1,... .k
a,(j:rll) = Qg1

and set fry1 = Zfill aEkJrl)di as well as 41 = g — Afip+1. Update the spaces such
that

Viy1 = span {Ady, ..., Adg1}, Wit = Viry1-
v) If the stopping criterion is satisfied, then use fry1 as an approximate solution to
Af = g. Otherwise, increase k by 1 and go to step ii).

The functionals ,Bi(k) are used for the projection of Ad onto Vp, since the images of the
dictionary elements under A4 are not necessarily orthogonal, that is

k
Afer1 =) (Oéz(k) - ak+15i(k)(dk+1)) Ad; + a1 Adg 4.

i=1
These functionals are used to correct the dictionary elements by means of the operator Bj.
This correction is sometimes called backfitting.
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Chapter 17. Regularized Functional Matching Pursuit Algorithm

Theorem 17.20 ([210, Thm. 4.3.6]). Let span {Ad |d € D} = R’ and 7 = 0. Then
Vy = R and there exists a number L € {1,...,0} such that A(XL,akd;) = ¢ and,
consequently, ry, = 0.

However, this result cannot be transferred to the regularized case. Indeed, the sequence of
residuals obtained by the ROFMP stagnates starting from a specific step.

Theorem 17.21 ([210, Thm. 4.3.9]). Let ¢ be the dimension of the data space. Moreover,
let functions from D and corresponding coefficients be chosen according to Algorithm 17.19.
Then there exists a number K = K(1) > { such that

T =TK forall k > K.

In order to obtain convergence of the ROFMP, an iterative refinement is necessary. In this
case, after a certain number of steps K € N the algorithm is restarted with ¢ — Afx as the
new data vector. It may be useful to keep the previous approximation in the penalty term,
see [86,210].

Theorem 17.22 (Convergence of the Iterated ROFMP, [210, Thm. 4.3.13]). Let
A and g be given as in Problem 17.1 with Y =R’ and £ > 0. Furthermore, let 0 < K < oo
be a fized integer and let

e the span of the dictionary be dense in X,

o there be a constant ¢y € RT such that for every 0 < n < K and every choice of
dictionary elements dy,...,d, € D, we have dist(d,span {dy,...,dy}) > c1 for all
de D\ {di,...,d,}, where dist(d, V) := inf ey ||d — fl|5,

e the dictionary fulfil ¢y = supyepl|Ad||ge < o0,

e the dictionary fulfil, for a constant c3 > 0, the condition 3 Y% | 42 < |2, YiAd; |12
for all finite linear combinations with v; € R, and

o the dictionary fulfil the semi-frame condition 17.6.

Then the sequence {fi}ren produced by the iterated ROFMP converges to foo € X.
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Part VI.

Numerical Solution of the MEG and EEG
Problem
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In this part, the regularization method called the RFMP and its enhancement, the ROFMP,
will be tested for the inverse MEG and EEG problem. In addition, the results of these
algorithms will be compared to existing methods, such as a spline approach or a regularized
Ritz method. For a fair comparison of these methods, a synthetic test case, where the
exact solution is known, is constructed in Chapter 18. Afterwards, some foundations for the
implementation with focus on the RFMP are presented in Chapter 19. However, some of these
foundations are also required for the other reconstruction methods. Parts of the theoretical
background of these further reconstruction methods are presented in Chapter 20. Having
the implementation at hand, the RFMP, the ROFMP, the regularized Ritz method, and
some spline methods are used for the reconstruction of the neuronal current from non-noisy
and noisy synthetic data in Chapter 21. Therein, the results achieved via the different
reconstruction methods are also compared in Section 21.5. Finally, the ROFMP is used for
the inversion of real data, see Section 21.6.

All computations in this part are performed on a single node of the HorUS cluster of the
University of Siegen. Each node is equipped with 48 GiB memory and two Intel Xeon X5650
CPUs running at 2.66 GHz having a total of 12 (physical) CPU cores. Due to the memory
requirements of the methods, we do not share the compute node with other users of the
cluster during our computations.

The reconstruction methods considered in this thesis are implemented in Matlab [212] using
highly vectorized and parallelized code. In order to accelerate the preprocessing, the inner
products of the reproducing kernels in the REFMP preprocessing are calculated by a C++
code, see [207], using OpenMP, see [185]. Matlab code for the evaluation of fully normalized
Morse-Feshbach vector spherical harmonics was kindly provided by C. Gerhards, see [92],
and Matlab code for the generation of a modified Reuter grid on the ball was kindly provided
by A. Ishtiaq, see [128]. In addition, sensor positions of the electro-magnetoencephalography
device and real data were provided by O. Hauk, see [116].
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Chapter 18.
Synthetic Test Case

In order to validate the results obtained by the reconstruction methods, we construct a
synthetic test case similar to the one in [73]. We construct synthetic test currents for the
MEG as well as the EEG case separately since both problems are solved independent of
each other. In each case, the corresponding synthetic test current is assumed to be in the
orthogonal complement of the operator null space in order to handle the non-uniqueness of
the ill-posed problems. In order to gain information about the instability of the problems,
we generate non-noisy and noisy data from the synthetic test case.

18.1. Synthetic Test Current

First, we need to determine the synthetic test current that we want to reconstruct. We avoid
the current to have parts in the null spaces of the forward operators Ty or Tg, respectively,
in order to get a unique reconstruction. Thus, the synthetic current is assumed to fulfil
the assumptions of Theorem 13.7. This implies that the synthetic current is harmonic and
solenoidal. The current is based on the classical Abel-Poisson kernel, which is also used in
[73] for building an appropriate test case. However, it needs to be adapted in order to obtain
a vector-valued current. The classical Abel-Poisson kernel is given by the next theorem.

Theorem 18.1 ([81, Lem. 3.2.5]). For all h € (—1,1) and all t € [—1,1], the so-called
Abel-Poisson kernel is given by the following Legendre series with closed representation:

1 1— h? _i2n+1
AT (1+h2 —2ht)3/2 — = 4r

h" Py (t).

Now, we assume that the neuronal current is given as a (linear combination of some)
vectorial generalization of the Abel-Poisson kernel. In the case of the inverse MEG problem,
we generate this vectorial kernel by means of the L* operator since the test current is
supposed not to lie in the null space of the MEG operator. In analogy, in the case of the
inverse EEG problem, the test current is supposed to be generated by the gradient. Thus,
the synthetic currents are of the following form.

Definition 18.2. Let h € [0,1) be fizred and z € By, be given. Then the synthetic MEG
current Iy and the synthetic EEG current Iy are for all © € B,, defined by

> 2 1 "
Ig(w:h,2) = L (Z 2 (M) m 2)) ,

n=1 Q%
X on+1 hxz\" A
Ig(x;h,z) =V, (Z 4 ((2> Pn(wz))> .
n=1 T Q0
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Chapter 18. Synthetic Test Case

In a first step, we need to verify that the synthetic currents do not have parts in the null
spaces of the respective forward operators.

Theorem 18.3. Let the synthetic currents be defined as in Definition 18.2. Then for all
h€0,1) and all z € B,, we have In(-;h, z) € (ker Ty)™ and Ig(-; h, z) € (ker Tg)*"

Proof. Since the Legendre polynomials are bounded, see Theorem 2.7, and since (hzz)/03 < 1,
the series occurring in the synthetic currents can be estimated by convergent power series.
Thus, the series and its derivatives converge uniformly and we are able to interchange the
gradient and the L* operator with the respective series.

Now, we start with the MEG case. We interchange the differential operator with the series,
use the definition of the Morse-Feshbach vector Legendre polynomials, and Theorem 5.24.
Hence, for all € B,, we get the identity

> 2 1/h n
Lu(aih,z) = 3 (m) LiPu(@-2)

— 47 QO

ad hxz A
= § ( 2) Py (&; 2)
6]

hxz 5
) @)

oo 2n+1
Z g n LD g8 500200 2).
In the last step, we used Definition 5.35 for the scalar basis functions with m =0, ¢, = n
and Definition 5.37 for the vectorial basis functions with m = 0, t&») = n.

In the EEG case, we analogously obtain with Eq. (5.6) and Definitions 5.21 and 5.35, but
for m = 0 and t{? = n—1 in the vector-valued basis functions and ¢,, = n in the scalar-valued
basis functions, for all € B,, the representation

> 2n+1 hzz\" _ . .
IE(CC;h,Z)ZZ n47_r A <(ZQZ) Pn(w'z)>

n=1 0

X 2n+1 /2 ha\" i a
=D = Vi (2) 2" p (#; 2)
n=1 ™ QO
oo 2n+1 +1/2) n
n ~ A
= > > QY (00 2)Q8"? (003 ) Uy (®)Yn5(2)
o=l =1 2n+3
00 2n+1
2 ~(2) .
= 05 z:: Oy n 39(() n.j (003 )Gon,j(00; 2).
Eventually, Theorem 13.1 provides us with the desired result. O

For the implementation of the synthetic current, the series representation is not appropriate
since a required truncation of the series will always result in approximation errors. In order
to avoid these additional errors, we calculate the closed representations of the synthetic
currents.
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18.1. Synthetic Test Current

Lemma 18.4. Let the synthetic current Iy be defined as in Definition 18.2 and q = (hxz)/ o2
for all h € ]0,1) and z € B,,. Then

3 (1-¢%)q

Ini(x;h,z) = —
ul ) AT (1+ ¢2 — 2q( - 2))°°

(A 2), x € B,,.

Proof. We start with the definition of the synthetic current from Definition 18.2, use the
closed representation of the Abel-Poisson kernel from Theorem 18.1, and use the fact that
L*1 = 0. Thus, with ¢ := (hxz)/03 we get for all h € [0,1) and z € B,, the identity

1 oo
Iy(z;h,z) = EL; (Z(Qn +1)¢"P(x-2) — 1)
n=0
1 2

A (14 g2 - 2q(2 - 2)Y?

The variable ¢ is independent of the angular part of . We obtain with Theorem 2.15 and
the quotient rule the desired representation. O

Lemma 18.5. Let the synthetic current Iy be defined as in Definition 18.2 and let abbre-
viations be given by r = & - 2 and q = q(x) = (hxz)/0% for all h € [0,1) and z € By,.
Then

P (-5+@ +4gr) @ +3(1—¢?) ¢z

Ig(x;h,z) = )
i) Pt - 200

T € By,.

Proof. We start with the same considerations as in Lemma 18.4 and immediately get

. 1—g(z)?
) S Y T R - @@ D)

Due to Theorem 2.14, the gradient can be split into a radial and an angular derivative. Then
we obtain with Theorem 2.15 and the quotient rule the representation

nlg(x;h, z) = c&g lv: L q(@)”

drls(wii2) ( axqu) (14 q(2)? — 2q(z)(@ - 2))*/*

_ 39 1 q(x)? L3 (1-q(2)?) q(z) G- (5 28,
0z (1+ q(2)? — 2q(x)(& - 2))** = (1 +q(2)? - 2q(x)(& - 2))*°

In addition, again with the quotient rule, ¢’(x) = g(z)/z, and the abbreviation for r, we get

9 1 —g(2)* _ () —2q(@) (1 + q(2)* — 2¢(x)r) — 3(1 — q(=)?) (¢(z) — 1)
0x (14 q(x)? —2q(x)r)*?* =@ (1+ q(z)? — 2q(z)r)*/
g(z) =5q(x) + q(2)* + q(z)*r + 3r
T (14 q(@)? - 2q(x)r)*?
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Chapter 18. Synthetic Test Case

Inserting this into the formula for the synthetic current, we get with ¢ := g(x) the stated
result, that is

¢ (S+a+ar)+3ar,  3(1-d%)q
z (14 % — 2qr)°>/? z(1+q%—2qr)
@* (=5 + ¢+ qr) + 3qr — 3qr + 3¢°r 31—¢*)q .
r(1+q?— 2qr)5/2 o z(1+¢%— 2qr)5/2z

@ (—5+q¢>+4qr) 2 +3(1—¢%) ¢z

— . Il
z (14 ¢ —2¢r)°?

Ig(xz;h,z) = (2 —ra)

5/2

An example of a linear combination of these synthetic currents for the inverse MEG as
well as for the inverse EEG problem is shown in Figs. 18.1 and 18.2. Therein, we choose

2 2

Jy o= ZHZIM(.;hhzl)’ Jrg = ZMIE(-;hl,Zl). (18.1)
=1 =1

In addition, the radius of the cerebrum is given as in Eq. (19.2), that is go = 0.071m. In
both cases, the occurring parameters are chosen according to Table 18.1. In Section 21.6,
we use some real data for the ROFMP for which the visual cortex of the human brain is
supposed to be active. A visualization of human brain lobes is also given in Fig. 21.36 in
Section 21.6. The visual cortex is an area of the brain which is located near the boundary of
the brain, thus, we locate our synthetic tests current also near the boundary. Note that in
Figs. 18.1 and 18.2 and in the following plots, the unit of the axes is given in dm.

Il ki h  z 2

1 1 09 0850 (0,-2,1)T/v/5
2 1.5 08 090 (—1,1,1)%/V/3

TABLE 18.1: Chosen parameters for the synthetic test current from Eq. (18.1) for the inverse
MEG and EEG problem

18.2. Synthetic Data

Now, we generate the synthetic data induced by the synthetic test current from Eq. (18.1),
which will be used within our numerical tests. For this purpose, we need to apply the MEG
and EEG operator introduced in Problem 17.16, which are repeated below, to the synthetic
currents from Eq. (18.1). The action of the operators on the synthetic test currents are given
by

tar 2
Avidv =) <V(ye) : (Z s (I (5 P, 21) (w))) e, (18.2)

/=1 =1
2 o)
Agd® =3 k) (Te (Iu(hi, 21) (Y +0)e" (18.3)
=1 l=1
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0.2
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(a) MEG synthetic test current
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—-0.2 —04

—-0.6

Y
(b) EEG synthetic test current

FIGURE 18.1: The absolute value of the synthetic currents given in Eq. (18.1) with parameters
from Table 18.1 for the inverse MEG (top) and EEG (bottom) plotted on a cutout of the
ball B,, with directions of the current superimposed
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T T T T \ T
0.5 [~ — 0.5 .
> 0 . > 0fp :
—0.5 |- = —0.5 |- -
| I I
—0.5 0 0.5 —-0.5 0 0.5
T T

FIGURE 18.2: The absolute value of the synthetic currents given in Eq. (18.1) with parameters
from Table 18.1 for the inverse MEG (left) and EEG (right) plotted on the sphere with
radius 0.950¢ with directions of the current superimposed

where the occurring parameters k;, h;, and z; for [ = 1, 2 will be given according to Table 18.1
in the numerical tests. For this purpose, the two forward operators 7Ty and Tg need to be
applied onto the synthetic test currents. This result will be stated in the next theorem.

Theorem 18.6. Lety € B in the MEG case and let y € Sier_1,01) tn the EEG case. Then
we get

2+ D)2+ 1) (z)" o .
(Tda) () = — 2203 S " my -~ \/n (n(zn J)r(3?)l2 )(yﬁé Py (U5 21),

oL
with k; € R, hy € [0,1), and z; € By, forl=1, 2.

Proof. Via Theorem 9.4 in the MEG case and Table 13.1 in the EEG case, which holds true
on the assumed domains, we get

oo 2n+1 100 00 n+1 R o
Jv = — —_— J; 3,0 h
TM M = ,UJOZ Z 27’L+1 (2n+3) (QL) M [ ) 7n’j] (QL7 )a
n=1 j=1
oo 2n+1 0 0 n
Tedu =3 3 (20+ 1),/ 260 (2) 502.0.n,512,
n=1 j=1 L

Only the calculation of the Fourier coefficients remains to be done. Since Jy; and Jg are
linear combinations of Iy(+, h, z) or Ig(-, h, z), respectively, with some parameters h € [0, 1)
and z € B, we calculate the Fourier coefficients for these functions and then use the linearity
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of Ty and Tg in order to obtain the result for Jy and Jg, respectively. By means of the
representation of the synthetic current from the proof of Theorem 18.3 for h € [0,1), z € B,,,
and t, = n, we obtain for all n € N, j =1,...,2n + 1 the identities

n(n+1
In"(3,0,n,j] = Qohn%i_i_g) 0,n,j (00 2), ty) =mn,

A ; 2ym | T : _
IE [2,0, TL7]] = Qohn mGO’n’j(QO, Z), t,&f) =n—1.

In the MEG case, we then obtain with » € [0,1) and z € B,, that

T (D (5P izil T (Qo)m 0h" Gonj (0 2)hy (13 )
= — —_— - 'z . ).
M (IM Mon = 2n+1 )2n +3)3 \or Qo 0,n,5 (005 n,j \@L;

Using Definitions 5.27 and 5.35 and Theorem 5.24, we obtain for h € [0,1), 2 € B,,, and all
Yy € B‘;’zt the relation

oo 2n+1 2 n
Z Z n?(n+1) (hz) N (1) /o

T (Dl 2)) () = ot 1 (2n 4 1)(2n + 3)% ynt2 Yn’j(Z)yS’)j(y)
n=1 j=1

b (43 2).

_ HO 32 n?(n+1)(2n + 1) (hz)"
— (2n + 3)2 ynt2

In the EEG case, we obtain with Lemma 13.2 for all y € S,, | ,,1 the result

oo 2n+1 n+5/2 (2n’+_1)2
(TeIu(;h, 2) =y > BY 0 h" 13 Gon,j(00; 2) Zn,j(y)
n=1 j=1

2n+1
ior Z B@) i (2n+ 1) <(n+ 1) (y) " +n> Po(2-9). O

oL

Unfortunately, we are neither able to find a closed representation of Ty (In(+; A, 2)) nor of
(TeIg(-; h, z)). Therefore, we need to truncate the series for the computation of the synthetic
data. Thus, we are interested in a bound for the truncation error.

Lemma 18.7. For all h € [0,1), z € B,,, y € IB%‘Z;?, and N € N, the following estimate
holds true:

N+1
hoo 2
il s \/nz(n+1)(2n+1)(hz)”p(l)(@‘é)<Q8(QL) (N +2)
n ) >~
RN T ¢y

In addition, for all h € [0,1), z € By,, y €Sy, 0,1, and N € N, we get

Y 2n+1
3 g ek “on+ 1) (1) () tn| Pz d)
n=N+1 oL
N+1
ho
< 900 (@Lfl) (N + 1)
" 20p0,-1C" (1 _ _hao )2 ’

OrL—1

where C'M) is given in Corollary 4.3 if {nB" }nen is monotonically increasing.
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Note that the condition on {ng{" },en is fulfilled in our particular numerical setting, see
Eq. (19.2).

Proof. From Theorem 18.6, Lemma 5.22, and Definition 5.21, we get for the truncation error

& 2 n 3 o0 n
Ho 5 n?(n+1)2n+1) (h2)" _ ), . . 0 0} hog
~—0p Py (9:2) < ——= n(n+1)(—) .
A ng\;rl \/ (2n +3)? yrre Am o n:%f:ﬂ oL

We define ¢ := hoo/or, € [0,1) and obtain with the closed representation of the power series
and some lengthy calculations, the estimate

> hoo\" ¢Vt (—¢?N%+2gN? — N2 — ¢°N + 4gN — 3N —2)
n%;ln(n +1) < or ) B (¢—1)
_ " (=@ D)N((g-1)N +¢—-3) - 2)
(¢—1)
_ " (A -gN((1 - g)N —q+3) +2)
(1-4q)?
(- g N(N +3)+2)
- (1-4q)
TNV +T)

- (1-q)? ’

where N € N. Vice versa from Theorem 18.6 with Corollary 4.3, the abbreviation ¢ :=
hoo/or—1 € [0,1), and the inequality (2n + 1)2 < 9n? for all n € N, we similarly obtain for
all N € N the estimate

S n.,n
00 "z
A Z Pri yntl

2n+1
(2n+1) ((n—l—l) (y> ’ +n> Pz 9)

n=N+1 or
o0 n . n
0 h" 0p 2
< o Z ’67(1”’7714-1 (2n+1)
n=N+1 L—-1

[e.9]

900 Z nqn

~ 8moror—1CW

n=N+1
_ 900 " ((1-g)N +1)
8noror—1C™ (1—q)?
900 ¢"(N +1)

= 8noror1C" (1 —q)? -

If a maximal truncation error, for example the machine precision, is desired, then the results
stated in Table 18.2 yields the required number of summands depending on the parameter h.
According to the results from Table 18.2, which were also obtained via Mathematica [223],
we choose Ny = 177 and Ng = 237.

In addition, numerical summation always implies a numerical error due to the finite
precision of the floating point numbers. In order to reduce the truncation and round-off error
incurred by the summation, we use the Kahan summation algorithm, see [121], for the MEG
forward operator. From the results stated in Table 18.2, we can deduce that Nyeps < 1,
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18.2. Synthetic Data

where eps is the machine precision. Thus, the error of compensated summation is effectively
O(eps), which is independent of N, see [121]. For the calculation of the electric potential, we
use the Clenshaw algorithm for the summation of Legendre polynomials, see [31] or [158, p.
48].

error h Num  Ng

1074 0.8 48 62
100 09 74 103
10° 0.8 54 69
107® 09 83 114
10716 0.8 121 149
10716 09 177 237

TABLE 18.2: Number of summands Nyt for the truncated series in Theorem 18.6 and Ny for
the series in Theorem 18.6 depending on h for a given maximal truncation error. The shell
radii and conductivities are chosen according to Fq. (19.2), which implies C™ =~ 4.6495,
see Corollary 4.3.

Besides non-noisy data, we want to generate noisy data for the synthetic tests. For this
purpose, we use additive white Gaussian noise. In this case, let {y;}1<i<n be the data. Then
the additive noise for each component y; of the data vector is normally distributed with zero
mean and standard deviation J|y;|, where § € [0,0.1] is the (relative) noise level.
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Chapter 19.
Foundation for Implementation

For the implementation of the RFMP and ROFMP algorithm, several quantities are necessary,
see Algorithms 17.2 and 17.19, such as the forward operators, appropriate Hilbert spaces,
a penalty term, a dictionary, and an initial approximation. In Problem 17.16, the forward
operators considered for the implementation are stated:

v LR
Ad” =3 (vly) - (Tad®) (o) &', Asd” =3 (Tod”) (wep0)e’. (19.1)
=1 =1

For the implementation, we need to consider a particular instance of the multiple-shell
model. We assume that L = 3, that is the three-shell model, with the following radii and
conductivities:

00 = 0.071m, 01 = 0.072m, 02 = 0.079 m, 03 = 0.085m, (19.2a)
00=0.330Sm™}, o7 =1.000Sm™ !, 05=0.042Sm™, 03=0.330Smt. (19.2b)

Note that this model coincides with the one in [73] and is partially based on results stated in
[117, Ch. 9.3]. In our implementation, we calculated in fact in dm. Note that the values of
the conductivities for the brain, the skull, and the scalp shell correspond to the one chosen
in [32] for their forward model. For the sensor positions of the magnetoencephalography
device and the electroencephalography cap, we have

llyellgs € [1.497807,, 2.052207 ] forall ¢ =1,... 0u, (19.3)
HngRg S [QL—laQL] forall L=ty +1,...,0u+ (5. (194)

The precise positions of the sensors in our synthetic test case as well as in the real data
situation is visualized in Fig. 19.1 and provided by [116]. In this case, we have ¢y = 102 and
g = T70.

As we can see in Fig. 19.1, both sets of positions are irregularly distributed with major
gaps, for example in the region of the face.

In Problem 17.16, the Hilbert spaces for domain and range of the operators have already
been defined. For the domain, we choose vectorial Lebesgue spaces with p = 2 on the ball,
where we only need to consider the directions that are not in the null space of the respective
operator, that is fl(;) (By,) with i = 2 for EEG and i = 3 for MEG. Based on the results of
Theorem 17.12, we can use a variety of norms for the penalty term. Here, we choose several
Sobolev norms for the penalty term based on Definition 16.1 with the sequence depending
on a parameter s € Rg , that is

s (19.5)

(n+3) bmo ifi=2,
(n+3) dmo ifi=3.
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2z [dm]

0.5

4’%/ -1 -05 O
y [dm] y [dm]

FIGURE 19.1: Position of the MEG (left) and EEG (right) sensors around a ball with radius
0o modelling the cerebrum

The corresponding Sobolev space will be denoted by ff(i,i) (By,). For the parameter s, we
choose s € {0,1,2} within our numerical tests.

In [162], we construct scalar-valued Sobolev spaces Hs(B,,) on the ball. The scalar-valued
Sobolev space belonging to the sequence chosen above is a particular case of these spaces. In
addition, using this sequence we construct a second order differential operator **A. The scalar
orthonormal basis functions defined in Definition 5.35 are eigenfunctions of this differential
operator, such that [ AF|s,_,,,) = [[Fllsc,(B,,)- Thus, the 3;(B,,)-norm seems to be a
measure for the smoothness of a function with respect to the differential operator **A. In
some first numerical tests with the ROFMP, which are not shown here, we considered the
scalar problem that arises from the Helmholtz decomposition of the inverse MEG problem
from Theorem 15.3. In this setting, a penalty term corresponding to Hs(B,,) yielded good
numerical results. Based on these results, we also use this sequence for the construction
of the vector-valued Sobolev spaces on the ball, even though we have not found a closed
representation of the corresponding operator in this case.

Now, we introduce the abbreviation e € {M,E} that will be used if a quantity can either
be used for the MEG or the EEG case. Based on Algorithm 17.2, an initial approximation
has to be chosen before starting the algorithm. Since we do not have a-priori knowledge of
the neuronal current at hand, we chose the zero-function to be the initial approximation.
Recall that in each step of the RFMP we are searching for the maximizer of

2
o1 = arg max (P, Aed)gee — 7(F, d)c,)

, (19.6)
deD. [ AedlZe, + 7lIdl%,

where the given data comes into play in the form of rq := g%. Here, we have X, = ff(;) (Byy)
with ¢ € {2,3} according to the respective problem and parameter s. Thus, some more
quantities need to be determined further.
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19.1. The Dictionaries

19.1. The Dictionaries

We start with the construction of the dictionaries Do. The elements of the dictionary have to
be chosen in such a way that they are not in the null space of the forward operators 7y and
Te. For N,, I, Le € N with Iy := {2, € B,, |l =1,..., L} and a discrete set H, C [0,1),
we choose the dictionary

Deo(Ne, Ha, 1) = {84 5 (005 )} u{ky (20} (19.7)

n=L,...,Ne,j=1,... 2n+1 h€Hql=1,...,.Ls

where ¢ = 2, 3 depending on the particular problem. Here, the global orthonormal basis
functions are given as in Egs. (13.2) and (13.3). Besides these functions, we use localized
reproducing kernels from Lemma 16.11. The kernels are of the form

2n+1
~ (i) 0 N2 [ -i
Ry (@z) = > > (ko) V85000 )G (003 2)
(m,n)GNOXNQi j=1
k) #0

with @, z € B,,. The sequence {k%),n}(m,n)ENoXNoi is defined by

kS = b2 () 80, he (0,1),

and vanishes for all m # 0. Note that the radial part of the function Gy, ; depends on a
sequence {tn}nGNoi that was originally defined independent of i = 1, 2, 3. However, for the
construction of reproducing kernels, it is necessary that this sequence coincides with the
sequence {t{,)}nen,, from the vector-valued orthonormal basis. Thus, the kernel reduces for
all ¢, z € B,, and i # 1 to

7 (i 1 < n (Y Y S (4 3
B 2) = S e Qi o )@ (a2 . 2)
n=1
n—1
| P Cn 1) () PR (@, 2) if i =2,
- 5

Aol | 0 (20 + 3)(2n + AT (g)"p;?(:@, 2) ifi=3.
0

Note that the sequence of the kernel {k%),n}(m,n)ENoXNoi does not need to coincide with the

sequence of the Sobolev space fff?(]B%go). Thus, within our dictionary we can use reproducing
kernels based on several different sequences. This is an advantage in comparison to a spline
approach, where for an interpolation or approximation only one fixed sequence can be used.

In order to use the theoretical convergence result of the ROFMP from Theorem 17.7, the
conditions of this statement need to be verified. This involves two estimates. The first one is
given by

cr = inf (|[Aed|fen +7 [1d]20) >0,

inf
deDe
which is immediately fulfilled since the dictionary elements are contained in (ker A,)* and
non-zero. The second estimate, that is the boundedness of the dictionary, is naturally fulfilled,
since the finite dictionary is contained in the Hilbert space, that is Dy C J:CS). The latter
statement becomes more clear with Theorem 19.2 from the next section. The semi-frame
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MEG EEG
~ (3 ~ (3 (2 (2
h error k;l) error ﬁ/Ik;L) error k;) error Ek;)

0.80 | 1.9104-102° 1.3107-107%% | 8.6759-10"26 1.0741-10"28
0.90 | 1.8955-10"* 1.1575-1072* | 8.6079-10"* 1.1719-10716
0.95 | 6.7759-10"%  3.7216-107'° | 3.0769-10"%  4.3234-10"!!
0.99 | 1.2855-107%  6.1445-107'° | 5.8372-10~* 8.2779.-10"

TABLE 19.1: A mazimal upper bound for the truncation error of the reproducing kernels and
their forward solutions depending on the parameter h € (0,1) after N = 230 summands

condition for this particular dictionary needs to be verified. However, this is not done in this
thesis. Since there exist first unpublished results of M. Kontak and V. Michel to prove the
convergence theorem of the RFMP without this condition, this is not crucial to the opinion
of the author. For the proof of Theorem 17.8, we need another assumption, which is violated
in our particular case: the implemented dictionary is only a finite set of functions, thus its
span cannot be dense in fff(;). The numerical results suggest that in this setting the solution
obtained by the RFMP still converges to the unique minimizer of the Tikhonov-regularized
normal equation, but the proof of this statement is still an open question. On the other
hand, the conditions of Theorem 17.15, which states that the RFMP is a regularization
method, are not verified for our particular setting and its verification would exceed the scope
of this part. One crucial problem is to verify that the best-approximate solution satisfies the
Holder-source condition, since in our application the operator A} and hence ran(A}A,) is
unknown.

For the implementation of the kernels, we need to truncate the occurring series. Based
on the results of Table 18.2, where the truncation error of the series expansion of the
synthetic test current is listed, we decided to truncate all further implemented series after
230 summands. Some estimates for the corresponding maximal truncation errors depending
on the parameter h € (0, 1) are listed in Table 19.1. The truncation error of 12:5? for h = 0.99
seems to be high, but the actual value of this quantity is around 3.5 - 103, which implies a
relative error in the order of 1075. Therefore, the truncation error is still acceptable. The
same holds true for the kernel I;:;f).

From Lemmas 5.40 and 5.41 and the summability condition verified in Eq. (16.3), we
immediately obtain that all dictionary elements are harmonic and solenoidal. Thus, the
additional uniqueness constraints are not violated by our dictionary. In addition, we need to
fix the centres of the kernels. For this purpose, we need a suitably distributed grid on the
ball. Here, we use a modified Reuter grid on the ball presented in [129, 130] with a parameter
P. The grid corresponding to P = 8, which yields 289 different grid points, is plotted in
Fig. 19.2.

In some first numerical tests of the RFMP, a third type of dictionary elements was used.
These functions were vector-valued radially invariant functions similar to the scalar-valued
radially invariant functions used in [73] in order to solve the scalar inverse MEG problem
discussed in Lemma 15.2. For 0 < a < x < b < gy, the functions were of the form

fg)](a:) = X[a,] (x)@fi)](zi'), neNy, j=1,...,2n+ 1.

However, no dictionary element of this type was chosen in any numerical test. In Theorem 13.7,
we showed that the harmonicity constraint in combination with the solenoidal condition is
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FIGURE 19.2: Modified Reuter grid on the ball for P =8

sufficient for a unique solution of the inverse problem. This unique solution coincides with
the best-approximate solution stated in Theorem 13.6. In addition, the sequence obtained by
the RFMP converges under certain conditions to the best-approximate solution of the inverse
problem, see Theorem 17.8. Based on the definition of the radially invariant functions, the
harmonicity constraint Af, ", @ — 0 inside the entire ball B,, is never fulfilled. This can be a
possible reason for the RFMP not to choose these radially invariant functions.

19.2. The Preprocessing

In the case of the R(O)FMP, the preprocessing is an excellent way to accelerate the algorithm,
especially if a single dictionary is used for several R(O)FMP runs. Quantities that are
frequently used within the algorithm, such as inner products of the dictionary elements
and the application of the forward operator to the dictionary elements, are calculated for
all dictionary elements in advance. Then, for a fixed regularization parameter, due to the
linearity of the inner product and the update of the approximation, all quantities occurring
in Eq. (19.6) are known. Thus, searching the maximizer of Eq. (19.6) among all dictionary
items reduces to finding the maximal entry of a vector whose length equals the amount of
dictionary elements. This search can easily be parallelized. The same holds true for the
ROFMP, since the additional backfitting consists of linear combinations of inner products of
the dictionary elements.

In addition, parts of this preprocessing can also be used for the implementation of other
reconstruction methods, which will be presented in Chapter 20.

For the preprocessing of the R(O)FMP, we start with the calculation of the application of
the operators Ay and Ag, respectively, to the corresponding dictionary elements. For this
purpose, we state the next theorem.
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Chapter 19. Foundation for Implementation

Theorem 19.1. Let Ty and Tg be given as in Problems 9.1 and 10.2. Then the forward
operator maps the orthogonal basis functions to

n n+1 .
(i) )= b gy () iptesiw)

(Tei (o) () =~y <(n f (L) n) (2)" v

where n € N, j = 1,...,2n 4+ 1. For the reproducing kernels, we get for all h € (0,1),
z) € By,, and with the abbreviation t; .= 9 - 2; for alll =1, ..., Le the identities

- (3) (hz)™ N A .
(Tak (- 20)) () Z n+1yn+2 (n+ 1D)9Pu(tr) — (21 — @) PL(11))

2n+1 Zn—l
(7;3152)( )) (y) = % S hr Mﬁﬁf) <(n +1) <?/> i n n) ﬁpn(tl).
n=1

n oL

Proof. The first two identities concerning the orthonormal basis functions géffm j(go; -) for
i=2,3and foralln €N, j=1,...,2n + 1 are based on the results of the SVD of Ty
and 7g summarized in Table 13.1. Note that a relation between the orthonormal basis
{snj(0r;")tneNj=1,. 2n+1 stated in Table 13.1 and the vector outer harmonics is given in
Definition 12.12. In addition, we insert the definition of the orthonormal basis functions Z,, ;
forallneN, j=1,...,2n+ 1 from Lemma 13.2 for i = 2.

With the representatlon of the kernel kh and the results from Egs. (5.12a) and (5.14)
and Definitions 5.1 and 5.27, we obtain for all h € (0,1), I =1,...,lu, t, = n, and 2z; € B,
the identity

oo 2n+1
k(?’) —— neo (QO> A G . .
(TM (2 ) Monz:l ; G D2 +3) \os n.j(01:Y)Gon,j(00; 21)
oo 2n+1 n+1
_ 100 Qo (n+1/2), v ) [
po o Y A" Gnt1)(2n +3) (003 21)Yn,(20)Y, ;(9)
n=1 j=1
1o
= _Enzz:lhn (27’Z+ 1) n+2pn (yvzl)

00 n
Ho Z
Wzlhnynig( n(n+1)py’ (9, 21) — np (9, 2 ))-
n=

For the implementation, we can also insert Definition 5.21 and Theorem 2.15 and obtain for
alln e Nand gy, 2, € S with [ = 1, ...,y the identities

(1)(3/7»%1) ypn(y : Zl); m(y,ZZ) m(zl - (y : Zl)y)Pr/L(y : Zl)-

Similarly, we use Eqs. (5.17) and (13.3), Theorem 2.25, and Lemma 13.2 and get for the
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kernel I;:;LZ) the identity
(Teki (- 2)) ()

oo 2n+1 00 00 \"
=Y 3 w20+ 1250 (2 Zu(0)Gonsevi )
n=1 j=1

oL

1 & (2n+1)3 y \ 2t A
_ LS (G 1() A_py.
An — n Bn (TL + ) oL +n yn+1 n(y Zl)

for all h € (0,1),1=1,...,lg, and 2z; € B,,. Note that in this case the sequence {t,}nen
occurring in the functions Go ;j(00;-) is given by ¢, :=n — 1 for all n € N. O

Examples of orthonormal basis functions and their induced magnetic fields or electric
potentials are plotted in Figs. 19.3 and 19.5 for both problems. The same is shown for
reproducing kernels in Figs. 19.4 and 19.6.

In the MEG case, we observe that vortices of the current generate sources and sinks of
the magnetic field, see Figs. 19.3 and 19.4. In the EEG case, we can see that outbound
currents generate a positive electric potential whereas inbound currents generate a negative
electric potential, see Fig. 19.5. In Figs. 19.4 and 19.6, the influence of the damping factor of
the singular values can be seen, since reproducing kernels with strongly varying amplitudes
generate magnetic fields or electric potentials of the same order of magnitude. The damping
factors are based on the quotients gy/or = 0.8353 for the MEG and gy/07,—1 = 0.8987 for
the EEG, respectively.

Besides the application of the forward operators to the dictionary elements, we can calculate
the inner products of the dictionary elements with each other in the preprocessing and store
them in the computer. Recall that the inverse MEG and EEG problem are solved separately.
Thus, we only need to calculate the inner products between all dictionary elements belonging
to the same type 1.

Theorem 19.2. Let i € {2,3} be fixzed. Then we get for alln, n € N, j =1,...,2n+1,

j=1,....20+1, h, ¥ €(0,1), and 2z, 2z, € By, with I, k=1,..., Le the following inner
products between two dictionary functions:

~ (i ~ (i i\ 2
<g((),)n,j(é70§ ')ag(()fﬁj(QO; ')>j~{(i) = (aiﬂ) 5n,ﬁ5j,j7

(@) Q)
= (5) e [2tn’ + 3, \2 2\ N
<kh (',zl),gé,)n,j(go; ‘)>}~C(i> = 77193 (CL;,)) h" (QO) Yn,j(zl)a
s 0

(@)
0 @ 1 N2 (g ; RN
(R 2 B 200 ) = oo 0 (@) )" n 0t +3) (255) 7 P

0]

where t == 2z; - 2y, € [—1,1]. Recall that the Sobolev space J:C;Z) is defined with respect to the
sequence {ay) , bmengneny, in Eg. (19.5).
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0.5
(a) !363,)1,1(90; )

0.5 0
(c) QE)S,)5,3(QO§ ) (d) TMQEJS,%,{S(QO; )

FIGURE 19.3: The absolute value and the directions of some (vector-valued) orthonormal
basis functions Qﬁin,j(goé -) plotted on the sphere Sq 954, (left) and the absolute value and

the directions of their generated magnetic field plotted on the sphere Si.7,, (Tight)
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0.5
() kool 2) (d) Taiko.o(-, 2)

FIGURE 19.4: The absolute value and the directions of some (vector-valued) reproducing
kernels INc;f)(-, z) localized in z = 0o(—0.9511,0,0.3090)T plotted on the sphere So.95,, (left)
and the absolute value and the directions of their generated magnetic field plotted on the
sphere S1.7o, (right)
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-0.5

0.5
I
—0.5 0.5 0 —05 11 05 0o -05 —1
(a) g&%ﬁ,l(é'o; ) (b) 7@962,)1,1(@0; )

1 1 . 0
(c) gé)z,)5,3(00§ ) (d) 7?3982,)5,3(90; )

FIGURE 19.5: The absolute value and the directions of some (vector-valued) orthonormal

basis functions g}i{w(@o; -) plotted on the sphere So.95,, (left) and their generated electric

potential plotted on the sphere Sy, (right)
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—0.5 0.5 0 —0.5 1 1 0.5 0 —0.5
(a) ko s (-, 2) (b) Takgs(- 2)

0 100 200 300 0 20 40 60

—0.5 05 0 —05 11 0.5 o -05 I
= (2) 7 (2)
(c) kool 2) (d) Tekg (-, 2)

FIGURE 19.6: The absolute value and the directions of some (vector-valued) reproducing
kernels I;:;f)(-,z) localized in z = o(—0.9511,0,0.3090)T plotted on the sphere So.o50, (left)
and their generated electric potential plotted on the sphere S,, (right)
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Proof. For the orthonormal basis functions, we get for alln, n €N, j=1,...,2n+1, and
J

j=1,...,2n+ 1 via Parseval’s identity and Eq. (19.5) the relation
~ (1) . ~ (1) .
2n'+1

= Z Z ( m! n) <§(()i,)n,j(go;'),ng,n/,j/(go;‘)(eo;')>L2(BQO)

(m )EN()XN 7'=1

af,i),m/#ﬂ

X (G005 ), 003
— (2 /50 LN A () s
- (an) <gO,FL,3(QO’ ) g ,](QO& )>L2(Bgo) ( n) 6n,n5j7j'

In order to calculate the ff?(a, B, )-inner product of reproducing kernels localized in z; € B,
forl =1,..., Le with other dictionary elements, we compute an auxiliary inner product. For

alneN, j=1,...,2n+ 1, and h € (0,1), we have

<,;;;‘>(.’ 21), 84 (00; -)>

Lo (Eeo)

co 2n'+1 . . '
= <Z D W Go (003 20800 51(005 ), o i (003 ')>
L2(Bgy)

n'=1 j/'=1

= h"Gon,j(00; 21)-

Eventually, we obtain via Parseval’s identity and Definition 5.35 for all z; € B,,, { =1, ...

he(0,1),neN,and j=1,...,2n+ 1 the relation

(ki (- 20), 88 5 (00:))

2n'41

= (1) , , -
a (m )ZGNOXN j’zl ( n’) < ( ) gm’ RO (QO? )>L2(Bgo)6m ,0671 ,n5] Jj
af;),,n,aéo

= (a)* (k1 (- 20), 98 (203 )

= (a(l)) h"Gon,j(00; 21)
N0

20 +3 21\ .
= e ()

%) 00

'

Lo (BQ() )

7L.7

Finally, for two kernel functions with centres z;, z € B,, where [, k € {1,..., L.} and

parameters h, b’ € (0,1), we get with Eq. (5.17) the result

7 (9 7 (9
<kh ('7 Zl)v kh’ ('7 Zk?)>g‘_'c(i)

2n+1

= Z Z (a;;)’nf <l~c§ll)(7 zl)vgsz),n,j(go; ')>L2(Bgo)<k§:/)('7 zk%gg’"’j(go; ')>L2(BQO)

(m, n)ENo xN j=1
a'm n#o
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2n+1 5
= > > (a)” (hh)*Go (00 2)Gon,j(00; Zk)
neN j—1
asf);éo
N2 2n+1 D412 @) 1179 A A
= > (a?) (hh’)”?QEf +/)(00;Z1)Q6t T2 (003 21) Pu(21 - 21)
neN
agf);éO
)
1 (1))2 nn ) zizp PN
= I > (af))” ()" (20 +1)(2t) +3) 2 ) DBz
0 0
aZi)e;IjO

The inner products between all dictionary elements can be stored in a (large) matrix. For
the sake of memory reduction, we only save a linearization of the lower diagonal matrix in a

vector, which is sufficient because of the symmetry of the matrix.

19.3. The Visualization

For a visualization of the numerical results, the approximations are plotted on a spherical
point grid within the cerebrum B,,. The radius of this sphere is typically chosen as 0.9500.
More precisely, we use the equiangular Driscoll-Healy grid introduced in [58], see also [158,

Exam. 5.35]. For ¢, s € N with 1 < s,¢ < 60, it is given by

- 27rt 9. — 27
Yt = 60" s = 608’
xt,s = 0.9500 sin(Vs) cos(py), yt.s = 0.9500 sin(Vs) sin(py),

zt,s = 0.9500 cos(Vs).

The resulting grid with 3600 points is plotted in Fig. 19.7.

FIGURE 19.7: Driscoll-Healy grid with 3600 points from Eq. (19.8)

(19.8a)

(19.8b)
(19.8¢)
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Chapter 20.
Other Reconstruction Methods

20.1. Regularized Ritz Method

As we saw in Remark 16.19 and Example 16.23, the idea behind this method is to minimize
the Tikhonov-Philips functional on a finite-dimensional subspace. In Example 16.23, a
representation of the resulting minimizer is stated. For this representation, we need to
calculate the restriction of A, with ¢ € {M, E} onto this finite-dimensional subspace. Recall
that the operators are stated in Eq. (19.1). Then each restricted operator, as a mapping
between two finite-dimensional spaces, can be represented by a matrix. In order to do
so, we assume that the finite-dimensional subspace is spanned for fixed i € {2,3} by the
orthonormal basis functions Q&)n’j(go; -) up to degree Ny € N. More precisely, we choose
N = N, := 100 within our numerical tests. The corresponding finite-dimensional subspace
in the domain of the operator is for ¢ = 2, 3 given by

Vruerz) = span {g(, (00 ) [ 1< < Noy j=1,..., 2041}

The dimension of this space is No(Ne + 2). For the next identities, we set ¢ = 3 in the case
of the inverse MEG problem and ¢ = 2 in the case of the inverse EEG problem.
In the finite-dimensional subspace V, (v, +2), the current is given by

No 2n+1

n=1 j=1
which coincides with the orthogonal projection of J¥ onto V No(No+2) if the coefficients JJ ;
are chosen accordingly. The restricted linear mapping
le _
A'|VN.(N.+2) . VN.(N.+2) — R y A'|VN.(N.+2)f == A.f for all f € VN.(N.+2)

can be represented by an f4 X Ne¢(Ne + 2)-matrix. We denote the corresponding matrix by
A* = (le,l)/al and the vector containing the coefficients J3 ; by f,. For constructing this
matrix, we define a mapping of the basis function index tuple (n,j) with degree n and order
j onto a single index [ = 1,..., Ng(No + 2) by

n()=|Vi|, i) =1- D) +1.

Then, the entries of the matrix and the vector are forallk = 1,...,lgand I = 1,..., No(Ne+2)
given by

91%[ = (V(yk) 'TMQE)%;U)J([)(QOQ )) (Yr), (20.2a)
QLE,Z = (Egé)%;(l),j(l)(go; )) (y€M+k)a (202b)
Jfo = (Jﬁ(z),j(l))1:1,...,N.(N.+2)- (20.2¢)
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Chapter 20. Other Reconstruction Methods

For the implementation of these matrices, we can use the result stated in Theorem 19.1 for
the forward operator action.
According to the Ritz method, see Example 16.23, we calculate our approximation by

o= ((m.)Tm. +7'3N.)71 ((Q[.)Tgé.)’

where Jy, is the identity matrix in RVe(Ne+2)  This is the unique minimizer of the Tikhonov-
Philips functional, see Example 16.21, with the norm of the domain space as penalty term.

Now, we go a step further and allow different norms in the regularization term. This leads
to

Fion = (@) 4 rs38,) " (@)7g™) (20.3)

Where the regularization matrix 8, will be a diagonal matrix containing the Sobolev sequence
ao @ for l=1,..., N, (N + 2), see Eq. (19.5), on its diagonal.

In our numerlcal test the same three sequences were used for the regularization as for the
construction of the U'C —spaces used for the regularlzatlon term of the RFMP, see Eq. (19.5),
that is s € {0,1,2}. The case s = 0 implies a} (l) =1foralll=1,...,N¢(Ne +2). Thus,
B, is the identity matrix and the regularlzatlon corresponds to the LQ(BQO)—regularization.
Otherwise, the regularization corresponds to the ﬂ;i)—regularization due to Example 16.21.
Note that B.B, is the Gramian matrix of the inner product of this Sobolev space.

Eventually, we denote the neuronal current corresponding to the vector f5 by J% N
which is obtained via Eq. (20.1).

20.2. Scalar Spline Method

Scalar spline methods are widely used in approximation and inverse problems. The method
and properties of the spline functions are discussed and analyzed in the literature, see
[6,7,158,160], for instance. In the context of medical imaging, it is used for the reconstruction
of scalar parts of the neuronal current inside the cerebrum B,, in [73].

We first give a short overview of a reproducing kernel based spline method on the ball in
Section 20.2.1. Within this section a spline method is always meant as this reproducing kernel
based spline method on the ball. Then, in Section 20.2.2, we adapt this general setting to the
scalar MEG problem considered in Section 15.3. Besides solving the scalar MEG problem
via this particular spline method, we are interested in comparing the spline approximation
with the reconstruction of the neuronal current achieved via the R(O)FMP. Unfortunately,
the particular scalar spline used in [73] does not satisfy this requirement since the resulting
neuronal current has parts in the null space of the operator 7y and the R(O)FMP will
not reconstruct these parts. This will also be further discussed in Section 20.2.2. After
constructing appropriate scalar splines for the scalar MEG problem, we will use them for the
inversion of our synthetic test case from Chapter 18. In Section 20.2.3, we calculate the scalar
part of the synthetic test current that will be reconstructed by the scalar spline method in
order to get the exact reference solution for this test case. Eventually, in Section 20.2.4, we
present a formula that allows the conversion from the scalar spline solution to the entire
vector-valued neuronal current reconstruction. Lastly, we discuss some aspects of the scalar
spline method for the inverse EEG problem from [73] in Section 20.2.4.
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20.2. Scalar Spline Method

20.2.1. Scalar Splines

Let the data g = (g1,...,9¢)T € R with £ € N be given. For the scalar spline approach, we
split the operator A into its rows, that is

g=AF s g =A*F,  k=1,...,L

Here, the operator A is defined via some auxiliary continuous linear functionals, that is
A= (A, ..., AYT, where each functional A* for k = 1,...,¢ maps from an appropriate
Sobolev space H = H({kn}nen, ;Bg,) onto R. In this setting, the function F' € H is the
desired quantity. Scalar Sobolev spaces on the ball are, for example, defined in [3,158]. They
can be defined similar to Definition 16.1. In this case, the vector-valued orthonormal basis
needs to be replaced by the scalar-valued one from Definition 5.35. In addition, the sequence
{Kkn}nen of the Sobolev space is assumed to be chosen in such a way that H C La(B,,).

For example, in [158, Thm. 10.4], scalar reproducing kernels over the ball based on the
orthonormal system from Definition 5.33 are introduced. In our application, however, these
orthonormal bases are not necessarily the first choice since we do not know a-priori which of
these functions are in the null space of the operator and which are not. For this purpose, we
use the more general definition of the scalar reproducing kernel over the ball from [73, Eq.
(40)], that is

2n+1

Z Z Fop 2Gl () G (2) Yo (2) Vi (2), x, z € By, (20.4)

neNg j=1
Kn7#0
where the functions G,, for all n € Ny are normalized with respect to the LY ([0, go])-inner
product corresponding to the weight function w(z) := 2? with x € [0, gg]. The functions G,
can be chosen based on the problem of interest.
According to [73, Eq. (41)], the corresponding (scalar) spline function is of the form

¢

= Z ap ALK (z, 2) (20.5a)

2n+1
= Z@k DY K PG (@)Y (@) ALGu(2)Yn (2)), T € By, (20.5b)

= neNg j=1

Kn#0
The spline function and the data are for all [ = 1,..., ¢ connected by
= ALS Zak/ll ALK (x, 2), (20.6)
k=1

see [73, Eq. (42)]. It is well-known, see [6, 73, 158], that a spline function has the following
properties:

i) For given data g € R¢ and continuous linear functionals A* for k = 1,...,¢, the
interpolation problem in Eq. (20.6) is uniquely solvable if and only if the functionals
AF are linearly independent, see [158, Thm. 10.10].

ii) Among all solutions F' interpolating the data, that is A*F = g for k =1,...,¢, the
spline function is the solution with minimal H-norm, see [158, Thm. 10.13].
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iii) The spline function satisfies a best-approximation property, see [158, Thm. 10.14].
In addition, in the regularized case the following theorem holds true.

Theorem 20.1 (Spline Approximation, [158, Thm. 6.40]). Let g € R® and a reqular-
ization parameter T > 0 be given. If the vector a = (ay)k=1.. ¢ is the solution of

-----

( (A (K@) |+ TIRM) a=g. (20.7)

Lk=1,..,
then the spline function given by Eq. (20.5b) with Eq. (20.6) is the unique minimizer of the
corresponding Tikhonov functional, that is

. _ 2 2
s = min (llg — AF | + 7 |F).

20.2.2. Scalar Splines for the MEG Problem

In order to apply the scalar splines to the MEG problem, we need to consider an inverse
problem with a scalar density. For this purpose, we use the Helmholtz decomposition of
the neuronal current from Eq. (15.22) combined with the Coulomb gauge. In addition, we
assume that Assumption 15.12 holds true, which implies a certain smoothness of the current
and the functions of the Helmholtz decomposition. Then, according to Eq. (15.31), we get a
relation between the scalar part A® of the neuronal current and the magnetic flux density.
Recall that the function A®) equals the radial component of the vector potential of the
Helmholtz decomposition, see Eq. (15.23). For given data g € R we consider the problem

AFAD = g, forall k =1,...,0.

The related functionals A* are for all k = 1,..., ¢y defined by

APAY = —pio0o i 2§1 . A4, (0)e0 — (n — 1) AL (o) <Q0>n+1
n=1 j=1 (2n + 1)(” + 1) dz " oL

xv(yy) - hy)i(or; i),

where the abbreviation Agfj, firstly introduces in Eq. (14.4) for arbitrary La(B,,)-functions,
is used and where y,;, are the measurement positions according to Problem 9.1.

In fact, scalar splines are used in [73] for solving this particular problem. For the spline
method, the functions G,, occurring in Eq. (20.4) remain to be determined for all n € N.
Note that degree n = 0 is in the null space of the functional. In [73, Eq. (53)], they are

chosen for all n € N and a particular r € (0, gg) as

[ 3
Gn(l‘) = mX[Tng] (I’), T € [0, QO]

Due to the non-uniqueness issue of the inverse MEG problem, these functions are chosen
to accomplish an additional non-uniqueness constraint, namely the layer density constraint,
see Table 12.1. However, from Theorem 15.20 it is known that with these functions the
minimum norm assumption, which is used as the additional uniqueness constraint in the
previous considerations for the R(O)FMP, cannot be fulfilled. Therefore, we need to adapt
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20.2. Scalar Spline Method

the setting from [73] in order to achieve a comparable setting for both methods. Hence, we
choose the function G,, for all n € Ny to be

_ [2n+5 it
G(z) = (|25 Qo (QO) L ze0 el (20.8)

Thus, the considered reproducing kernel has the form

2n+1 n+1
2 5
=Y Yt (B) @)
77/671\20 7j=1 6]
kn#0
1 n+1
= . —2(2n+5)(2n_|_1) (xi) P, (& - %), x, z € By,
47TQ0 n&€Np 90
Kkn#0

Note that the Addition Theorem, see Theorem 2.25, was used in the latter step. In order to
construct the scalar spline, we need to apply the functionals A* for all k =1,..., ¢y to the
reproducing kernel. Eventually, we get the identity

A Yos(3)) = —rovl). <G;<@o>@o — (n=1)Gnle0) (@o) 50 <yk)> o,

V2n+1)(n+1) Yk

where we have additionally used the definition of the vector outer harmonics from Defini-
tion 5.27. The precise function G,, and its derivative have for all n € N the following values

at the boundary:
(e0) /2n+5 & (o 2n—|—5n+1
Q

Hence, we get for all n € N the identity

2n+5

G"(00)00 — (n — 1)Gr(00) = 2 .
90

(20.9)

Eventually, for all £k = 1,..., ¢\ the functional applied to the reproducing kernel has the
representation

AYK (x, 2)

2n+1 n+2
Qo —(n—=1)Gn(00) _s <Qo) N~ (1) [
= —LoV . E E K Gn(z) | — Y, i(Z)y,

— (2n+1)2n+5) _ oo\"2_... . .
- 3(;2’/(%)' Z X )“nQGn(x) (0) Py (U, &)

2mo, neN n+1 Yk
Hvﬁéo
it (2n+1)(2n+5) 2"t
= v . K , &) | - 20.10
27_[_9(2) (yk) % n+1 n y2+2 n (yk’ ) ( )
Kn 70
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In the first step, we used Eq. (20.9) and the Addition Theorem for Edmonds vector spherical
harmonics, see Eq. (5.14). In the second step, we inserted Eq. (20.8). For the numerical
implementation, it is necessary to further expand the Edmonds vector Legendre polynomials.
Thus, we use Eq. (5.12a) and Theorem 2.15 and obtain for all n € N and all £, § € S the
identity

P = | pl (Em) — [ Em)
n+1
=\lgp (& mE- \/2n+1 ICEEL F(&-mn— (- m§).

Eventually, we obtain with the abbreviation t; == 9, - & for k = 1,..., ¢y for the spline
function for all € B,, the representation

5 +1
2n + 5" . 1 R N
2 Z apv(yy,) Z 3% nt2 (Pn(tk:)yk - mpé(tk)(m - tkyk))

neN Ko g

Kn 70

In addition, we need to calculate the corresponding spline matrix from Eq. (20.7). Each
entry of the matrix is given for all [, k =1,..., ¢\ by

ALARK (z, 2) (20.11)
2n-+1 2 n+2
:UO 4(2n +5) Qo 1) )
7 % ; (n+ )@nt D)2 (Ww (v By @) (v - 950 @)) -
Kn#0

The expression on the right-hand side can be further expanded by using some basic mathem-
atical techniques and the Addition Theorem for scalar- as well as vector-valued spherical
harmonics, see [73, Ch. 3.5]. In the end, we arrive at an expression that essentially involves
only Legendre series and series with derivatives of Legendre polynomials up to second order.
Hence, variants of the Clenshaw algorithm can be used to evaluate the matrix entries. In
numerical experiments conducted with Matlab [212], however, the computational time de-
creased when directly using Kahan summation for the expression in Eq. (20.11) instead. For
the computation via the Kahan summation 5.5623 - 10%s of CPU time are required whereas
the Clenshaw algorithms need 5.8179 - 10%s. The relative deviation of the two matrices
in the 2-matrix norm is given by 7.2180 - 10713, Therefore, we choose to use Eq. (20.11)
combined with the Kahan summation within our numerical tests and do not proceed by
further expanding this expression here.

20.2.3. Scalar Synthetic Test Current

Now, we want to use the described scalar spline method for reconstructing the function A®
from given values of the magnetic flux density. Due to Theorem 15.20 and the choice of the
radial functions, this approach can be combined with the minimum norm condition in order
to achieve uniqueness. For this purpose, we can use the data obtained within the synthetic
test case from Section 18.1. However, the corresponding exact scalar solution is required for
a qualification of the numerical results obtained via the scalar spline.
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20.2. Scalar Spline Method

Thus, we need to convert the vector-valued synthetic test current to this scalar func-
tion. Using Eq. (18.1) combined with the calculations from the proof of Theorem 18.3, a
representation of the synthetic test current for @ € B, is given by

oo 2n+1
QSZHZZ nVnn+1) (3)

Jwm(x) 001 (00: ) Go.n;(00; 21)
= = 2n + 3 e
oo 2n+1 2 3
_ 3 n (n(n+1) . %  _©
- Z Z Q(]Zﬁlh 7G0,n,j(90,zz) =5 590 , (907 )7
n=1 jzl( 1=1 2n+3 2n 437007

where the parameters x; € R, h; € (0,1), z; € B,, are chosen for [ = 1, 2 according to
Table 18.1. Note that in this section concerning the scalar synthetic test current, x; for
I =1, 2is used as the parameter for the linear combination. This should not be confused
with the sequence {kp}nen occurring in the definition of the reproducing kernel from the
previous section. Using the representation of the neuronal current from Theorem 15.20, that
is

oo 2n+1

3
23S e g,

we immediately obtain in the case of the synthetic test current that

n(n+1
Cnj =1/ 0 Z/ﬂhl o™ +3)Go,n,j(90321)

foralln € N, j =1,...,2n 4+ 1. Then, Theorem 15.20 provides us for all € B,, with a
representation of the radial component of the vector potential. We will denote the exact
synthetic test solution by A&). It is given by

L2 (B co 2n+1

A(l) 90 Z Z (1) ﬁ:)
n=1 j=1
x 2ntl /o n(n+1)cpjoo (@ R
s 2(2n + 3) 00

Note that a second sequence of parameters that needs to be determined originally appears in
Eq. (15.32). In our test case, we chose this remaining sequence of parameters to be equal to
zero since it has no effect on the neuronal current. Inserting the representation of ¢, ; for
allmeN, j=1,...,2n+ 1 into this equation and using Definition 5.35 with ¢,, :== n for all
n € N, which is determined in Theorem 18.3, we get the expansion

2n+1 2 n+1
Lz(Bg) 5/2 - n(n+1) £ .
ALY 0 G : Y. .
M (@) nz:l JZI 2(2n + 3)3/2 Z“l ['Gon,jeo; 21) 2 n.j (&)
oo 2n+1 1
n(n+1) w2t . )
= Kih]' =—5—Yn j(20)Yn (2
22 2n+3)2 i Yo ()Y, (@)
1 Snn+1)2n+1) gttt
gz 2n+3 > wih P2 1), T € By,

[y

=1

n—=
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0.5 [~

| | |
-0.5 0 0.5

x

FIGURE 20.1: Ezact scalar solution A{\;[) plotted on an upper hemisphere with radius 0.950q

A visualization of the exact solution is shown in Fig. 20.1. It reveals that this scalar function
has the same structure as the absolute value of the vector-valued test current concerning the
active regions.

20.2.4. Corresponding Vector-Valued Neuronal Current

At this point, we have all tools required for the solution of the synthetic test case via scalar
splines at hand. However, we want to compare the result obtained by this method with
the reconstruction by means of the R(O)FMP. For this purpose, we need to calculate the
vector-valued neuronal current corresponding to the scalar spline solution. There exist several
strategies in order to obtain the neuronal current from the function A®. For example, it is
possible to use further assumptions on the functions ¥, A®, and A® that appear in the
Helmholtz decomposition of the neuronal current. Then the gradient and the curl operator
can be applied (at least numerically) to the scalar and vector potential.

However, in order to avoid additional numerical errors caused by the differentiation, we
instead want to use some knowledge of the relation between the neuronal current and the
function A® stated in Theorem 15.20. Therein, it is stated that if the function A® of the
Helmholtz decomposition combined with the Coulomb gauge is given by

n(n+ Dengoo (2 \"H
Ay (@) = %3)3 (QO> . mEBy, (20.12)

with a sequence of coefficients {cy j}nen j=1,..2n+1, then the corresponding neuronal current
has the representation

oo 2n+1

L2 (Bog) 2
JP(x) 7= S ey 2n3_3g$im(go;m), x € B,,. (20.13)
n=1 j=1

Recall that, based on the calculations in Eq. (20.10), the scalar spline solution is for all
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x € By, of the form

= G ()
QS/Z HGEO = (n+1)(2n + 1)
Rn

tm n+2
% (Z (QO> arV (Yp) uﬁib@%))) Y, ().

k=1 \Yk

Here, the sequence {k,}nen belongs to the sequence occurring in the representation of the
reproducing kernel from Eq. (20.4). Thus, we calculate the spherical harmonics coefficients
depending on the radius of the spline evaluation point x € [0, go]. Using Eq. (20.8), we get
for all n € N with k, #0 and j = 1,...,2n + 1 the function

(iU)
- / S(@)Y (&) dw(®)
—2u 2n—+5 B O 0 n+2 )
= 93/20\/(114— 1) (2n + 1)"%2 (Z (yZ) arv(Yy) - y%(y,&) Gn(7)

k=1
. 2 n+1
—2uo 2n+5 YRS <90>n+ ) (:r)
- K - aplV — .
@ Vn+D2n+1) " (;::1 U (Yr) - U (Ur) o

We can insert this expression into the left-hand side of Eq. (20.12) and solve the resulting
equation for ¢, ; for alln € N, j =1,...,24 1. Then we get for all n € N with &, # 0 and
j=1,...,241 the identity

Cn 7j =

—dpy 2n+3)2n+5) (% ( 20\™

2
Fon apv iy . 20.14
ot (n+1)y/n2n+1) ] yk> kV(Yr) * Yn i (Ur) ( )

Eventually, using Eq. (20.13), we obtain for the neuronal current Jg corresponding to the
spline S for all x € B,, the identity

y4
4u0 2ntl 2n+3 (2n+5) M 3)
J = QU % z:l (2n_|_1 n Za’k n+2 yk y (y ) yn,]( )
ne J
K/ni

Again, in the numerical implementation, we will use Kahan summation for the (truncated)
series. Thus, we are able to directly calculate the neuronal current from the coefficients
a = (ax)k=1,..r, computed by the spline method from Eq. (20.6).

20.2.5. Scalar Splines for the EEG Problem

Besides the derivation of a scalar MEG problem based on the Helmholtz decomposition,
Section 15.3 also provides us with a scalar formulation of the inverse EEG problem. For this
particular problem, scalar splines are also constructed in [73].
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In this context, Theorem 15.23 is used in order to formulate the continuous linear functionals
AF for k =1,...,¢g mapping the scalar potential ¥ of the Helmholtz decomposition onto
the electric potential on the boundary of the scalp uL|S@L’ that is

oo 2n+1 s dv. -
n n, A
A= =3 Y B (o0 ) — (@) ) Vo) (2015)
o 2n +1 dx
Here, 01y, € S,, are the sensor positions for £ = 1,...,¢g. The occurring sequence

{sn}nen only depends on the fixed radii of the shells from the multiple-shell model and the
corresponding conductivities. This sequence has no radial dependency, hence it is independent
of y € [or-1,01]. We saw in Problem 10.2 that the electric potential on the entire shell
Sier_1,0,) depends on functions H, with n € N, which indeed have a radial dependency
on y € [or-1,0r]. A relation between the sequences {sy}nen and {Hj,}nen is stated in
Eq. (15.37) and for all n € N given by

sp = (2n+ 1)Hy,(oL).

The functions {H, },en are stated in Eq. (4.20), that is

n41 [y 2 W 1
Hn(y)_< n (QL) +1)|8, SN y € [or-1, 01]

with some coefficients {8 }nen. Contradicting their own theoretical result, a radius
dependent formula for the electric potential is used in [73, Eq. (55)] for the numerical
considerations. This radial dependency is introduced by the additional factor (o /y)™ used
in the spherical harmonics expansion from Eq. (20.15). Due to the previous considerations
and the representation of the functions H,, with n € N, see Eq. (4.20), this formula can only
hold true on the boundary S,,. However, in [73] this formula is used inside the entire shell
Sier_1,0r) for the computations, due to the positions of the sensors y;, for k =1,...,¢g. This
introduces some modelling error.

In addition, in [73, p. 22] the sequence occurring in the reproducing kernels from Eq. (20.4)
is chosen to be ki, = K™ ™*t1/2 for all n € N with h € (0,1). According to Corollary 16.4,
which analogously holds true for scalar Sobolev spaces, see [158, p. 272], we get by means of
the zero-sequence {ry, }nen that Lo(B,,) € H({kn}nen , By, ). This is a direct contradiction
to the assumption that H({y, tnen ,Byy) C La(By, ), see [73, p. 11]. This particular choice
of {kn}nen leads to a divergent series representation of the underlying reproducing kernel.
This would also yield divergent representations of the scalar spline in Eq. (20.5b) and of
the interpolation problem in Eq. (20.6). However, this is not crucial for the numerical
implementation since therein bandlimited functions are considered.

We are able to correct these errors and present the improved numerical results in Sec-
tion 21.3.2. To this end, we need some preliminary calculations. We use the reproducing
kernels defined in Eq. (20.4) combined with the radial ansatz functions from [73, p. 22] for
all n € N, which are given by

Gn(z) = (i —1In (;)) ", x € [0, R].

Since we assumed that the functions G,, are normalized, we have to calculate the normalization
factor ~, corresponding to G,, for all n € N, which can also be found in [73, p. 22]. By
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solving

e /1 2
= %21/ ( —In (m)) 2?2 dg
0 n 00
_ 2 9+ 2n(9+ 5n) G2+
" n2(2n 4 3)3 0
for 72, we obtain for all n € N the identity
2 _ n2(2n + 3)3 g7(2n+3)
T =9 2n(9 + 5n) ‘

The continuous linear functionals required for the construction of the splines for this particular
problem are stated in Theorem 10.4 combined with Egs. (4.20) and (15.34). Thus, for all
k=1,...,fg we achieve

oo 2n+1

k (L)
AW—%?hMJB)QUWﬁKM)
oo 2n+1
=3 > Halmw) (nWn5(00) — 0%, ;(00) ) o™ Yooy ().
n=0 j=1

The use of this forward operator allows to evaluate the potential at the given sensor positions
and not only on the sphere S, .
For the construction of the spline function, we have to calculate for all n € N the expressions

—lz" | ——=In|— =nz" " In ,
dx n 00 x
2 3
/ . _ n (2n + 3) -3/2
020G, (00) — nGn(eo) = \/9 RGN

Eventually, the scalar spline is given for € B,, by

Inm
= Z akAI;K(za x)
k=1
L4y 0o 2n+1 2
n 2Tl + 3) n— 1/2 72 R .
= —_— Gp H, Yo .
—2ae 2 2 M%Mw@ (2) Yo, (2) Ho (y) Yo (9)
Kn 70 J
Accordingly, we can calculate for each k, [ = 1,..., /g the entries of the corresponding
spline matrix by
oo 2n+1
2(2n +3)3 1
L Ak i on—1,.—2 N N
Al nzl JZ: 9+ 2n(9 + 5n) % e H () Hi (Y6) Y, (90) Yo (95,)- -+ (20.16)
Kn7#0

However, we are not able to compare results obtained with the R(O)FMP to results
obtained with the scalar spline method for the EEG problem. The reason for this lack of
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comparability is stated in Theorem 15.25. Therein, we proved that the neuronal current
can only satisfy the conditions of Theorem 15.23, which are required for the formulation of
the continuous linear functionals A* for k =1,...,¢g, simultaneously to the condition that
J¥ € (ker Tg)*t, which is required for the R(O)FMP, if and only if J¥ = 0. Therefore, we
are not able to construct a fair EEG test case that is applicable to both the R(O)FMP and
the scalar spline method. To conclude, we are not able to use the scalar spline method for
the inversion of the EEG synthetic test case in Chapter 18.

20.3. Vector Spline Method

In the previous section, we realized that we cannot use the scalar spline method for the
inverse EEG problem if the minimum norm condition is required. However, we still want to
compare our numerical results achieved by means of the R(O)FMP with a spline method.
For this purpose, we construct vector-valued splines as an analogue of the scalar splines.
Note that the spline method developed in this section is not limited to the EEG problem,
but could be easily applied to other problems as well, such as the MEG problem.

We have already constructed reproducing kernels based on our vector-valued orthonormal
basis system in Definition 16.7. In this context, we pointed out that this definition does not
follow the setting of [81], since we want the reproducing kernel to be a vector-valued function
in order to use it as a trial function in the dictionary. However, for a vectorial spline method
we in fact need another type of reproducing kernels. For this method, the reproducing kernel
is constructed via the tensor product of vector-valued orthonormal basis functions. This
approach has already been used in [80, 81] for vector-valued splines on the unit sphere.

Another construction of tensor-valued reproducing kernels is stated in [22,24]. Here, the
reproducing kernels can be represented by 3 x 3-dimensional diagonal matrices. In this case,
they only satisfy a certain reproducing property on vector-valued Sobolev spaces that are
product spaces of scalar Sobolev spaces. The Sobolev space considered in our problem, that
is Y = g:c(i>({/‘5§2,n}(m,n)eNoxN0. , By, ), does not provide us with this particular structure,
see Definition 16.1 and Remark 16.3.

Following the approach of [80, 81], the reproducing kernel £?: B,, x B,, — R3*3 considered
in this section depends on i = 1, 2, 3 and is defined for all x, y € B,, by

n+1 Ly '
Oy = >, Y (ﬁ%’i,n) o i (00i ) @ @5 (003 Y)- (20.17)
(m,n)GNoxNoi j=1
K 00

Reproducing kernels of this kind are also introduced in [20,25] and used for the con-
struction of interpolating vector splines and vector-valued wavelets on the sphere. For
more details on vector-valued reproducing kernels, such as the reproducing property, we
refer to [80] since the conversion from the spherical case to the ball case is straightfor-
ward. Note that the results of this section still hold true if the employed orthonormal
basis {giﬁf’n,j(go; ')}(m,n)GNOXNoi j=1,..2n+1 is replaced by an arbitrary orthonormal basis of
Ly(By,). Furthermore, we assume that the sequence {x};),,}(nn)enyxn,, IS given in such a
way that 5" C La(B,,).

The spline constructed in [20, 80] is used for an interpolation problem. In contrast, we
want to use the spline for approximating the solution of an inverse problem. Having the

304



20.3. Vector Spline Method

vector-valued reproducing kernels at hand, we develop in the following a novel approach to
vector-valued splines for inverse problems.

In [78], a concept for spline approximation on the sphere is presented where the data
g=(91,...,90) € R is of the form

g=Af e g =AFf k=1,...¢

with the operator A := (A', .. Y AHT | the functionals A : Y SR forall k = 1,...,¢, and
the (sought) quantity £ € . In [158, Ch. 6.4., Ch. 10], this method is extended to a
scalar spline approximation on the ball. Thus, we call a function of the form

l
s(x) =Y apdl (t7(z,2)), mEB,, (20.18)
k=1

with the coefficients @ = (ag)p=1,.¢ € R¢ a spline function in g subject to A. For
this definition to make sense, we need to define what we understand by applying the
functional A* to a tensor product of two vector-valued functions. For two functions f,
h = (hl, hg, hg)TI ]B.QO — R3, we define

AL (F(2) @ h) = AL (£(2)ha, f(2)ha, F(2)hs)
= (A £2)) . (AEF(2) o (AEF(2)) a)
= (AEf(2)) b (20.19)

Eventually, the vector-valued spline function has the representation

¢ 2n+1 _9 '
S(m) = Z ag Z Z (’%7(711),71) gi;L),n,j(QO; m)Al;giZn),n,j(QO; Z), RS IEBQO‘
k=1 (m,n)eNoxNp, j=1
"f'(r;?,n?éo

This approach is novel in two aspects. First, we define tensor-valued reproducing kernels on
the ball in Eq. (20.17) as a generalization of tensor-valued reproducing kernels on the sphere
from [80,81]. Second, we combine this definition with the approach for the construction
of splines used for the approximation from [158, Ch. 6.4., Ch. 10] in order to achieve the
novel vector splines subject to the operator A. These vector splines are different from the
ones stated in [22,24]. The splines from [22,24] are only defined for particular structures
of the underlying Hilbert space, where the tensor-valued reproducing kernel is given by a
3 x 3-diagonal matrix containing classical scalar-valued reproducing kernels in each entry.

Several useful properties of (scalar) splines (over the ball) have already been known. For
example, in [158, Thm. 10.13-14], two minimum properties of scalar splines over the ball are
proved. These statements also hold true in the vector-valued case, which is proved for the
particular setting of F* being the product space of two scalar Sobolev spaces in [22, 24|
using tensor-valued reproducing kernels. Now, we adapt these statements to our setting. For
this purpose, three central properties need to be verified.
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Chapter 20. Other Reconstruction Methods

Lemma 20.2. Let the reproducing kernel be given as in Eq. (20.17), then

i) a kind of reproducing property holds true for allk =1,...,¢, that is
k i k
<Am (E( )(CB, )) 7-f>gf(-(i) =A f’
for all f € f]t(f(i),

i1) a vector-valued spline function s € F" subject to A satisfies the relation
¢
(8, F)geo = Y_arA"f (20.20)
k=1

forall f € fff(i), and
i) for all k, 1 =1,... ¢ the following relation holds true:

A AL (@, 2) = (AL (@), AL (-, 2)) o

Proof. We start with the proof of the first item. Then, we obtain with the definition of the
reproducing kernel form Eq. (20.17) the identity

<Al; (E(i)(mv )) 7.f>g~{(i)
(mim) o<, =1
Hm n#o

Now, we use Eq. (20.19), properties of the F¢"-inner product, see Definition 16.1, and the
linearity and continuity of A* and get
k i

<Aw (E( )(CC, )) ) f>gj((i)

2n+1
_ ~ (1) . ~ (1) .
= Z Z (/i( 0 ) (gm7n7‘j(907 CC)) <gm,n7j(Q07 ')7 .f>:}~c(i)

(m,n)eNgxNp, j=1
K #0
2n+1

> S oAk (gmn] 00; T )) <§§3,n,j(90; ')’f>L2(JBQO)

(m ’n)ENo XNQ 7=1
Hm n#o

2n+1

_ ./4]; Z Z gmnj 00, <g£;‘1),n7j(go;‘),f>L2(Bgo)

(m n)GN()XNO Jj=1
K/m n?éo

= Ak f.

The last step is valid since 7" Ly(B,,) and, hence, f can be represented by the Fourier
series.
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20.3. Vector Spline Method

For the proof of the second statement, we only need to use the representation of the
vector-valued spline from Eq. (20.18) and the linearity of the inner-product. Eventually, the
third item is a particular case of the first with f = A%EO (., 2). O

With this preliminary work, the original proofs of the next statements are still valid in the
vector-valued case.

Theorem 20.3 ([158, Thm. 10.10]). Let g € R’ be the given data and the spline function

s € K" be unknown. Then the spline interpolation problem AFs = g, for allk =1,...,0 is
uniquely solvable if and only if the functionals A* for k =1,... £ are linearly independent.

An immediate consequence of Lemma 20.2 is that the matrix corresponding to the spline
functions stated in the following theorem is as a Gramian matrix positive definite if the
functionals AF for k = 1,..., ¢ are linearly independent.

Theorem 20.4 (Minimum Property, [158, Thm. 10.13-14]). Let H" Lo (By,) be a
given Sobolev space and A*: Y = R be bounded linear functionals for all k =1,...,¢ that

are linearly independent. Then the following properties hold true:

i) If g € R is a given vector and the spline s is given by AFs = g, for all k =1,...,¢,
then s is the unique solution of

HSHS:((i) = min{Hinc(i) fe T with Akf =g forallk=1,... ,E} .

i) If f € " is a given function and the spline s is defined by A¥s = A*f for all
k=1,...,¢, then s is the unique solution of

1f = sz = min {Hf — 8|z | S € " is a spline function s.t. A} .

The proof of the following theorem is identical to the one in [158, Thm. 10.16], where
again Eq. (20.20) comes into play.

Theorem 20.5 ([158, Thm. 10.16]). Let g € R’ and a regularization parameter 7 > 0
be given. Let the bounded linear functionals AF: - R, with k = 1,...,¢, be linearly
independent. If the vector a = (a)g=1,..¢ s the solution of

(At ez, )))

then the spline function given by Eq. (20.18) is the unique minimizer of the corresponding
Tikhonov-functional, that is

s= min (|lg—Aflz:+7IFI%w)-
feifc(l)( . )

T + TIszz> a=g, (20.21)

An entry of the spline matrix occurring in Eq. (20.21) has for all x, z € By, the represent-
ation

2n+1
A AL (€0(z @) = D Y (6 2 (e (00 @) ) (ARGS, (005 2) ) -
(m,n)eNgxNp, j=1

k) 70
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Chapter 20. Other Reconstruction Methods

The presented vectorial spline method will be tested for the inverse EEG problem. Thus, for
the numerical implementation of this spline method, we need to calculate the spline function
and the corresponding matrix in this particular setting. Here, the operator A is given in
Eq. (19.1) and we choose the sequence

K n =K 0mo  forallneN,

which fits to the null space of the operator Tg. The precise orthonormal basis is stated in
Eq. (13.5a), for example. Due to Theorem 19.1, the spline matrix can be assembled with the
functions

Aka® L ow v\ & nHY
n, 1Z2) = . n+1 ( > +n ( ) ().

Recall that y,, for all k = 1,..., /g denotes the sensor positions of the electroencephalograph.
Hence, the entries of the matrix are given for all [, k =1...,/g by
2n+1 ( p(1)\2 2\ "t 2n+1
- BN ([ o Ul
AL AR (6@ (z, 2)) = )72 Ba)” [ ev. +1 +n
Az (87 (2, ) %(n) ;ngo o (n )QL
nf);ﬁo
Ui 2n+1
(( wn(B) n) Yo (805 (31
+1
1 o2n+1 9 92 n U 2n+1
5 T e e () (e (1)
gt ) YiYk oL
/4512)750
y \ 2P
(( +1) (L) +n> Pl 1)

Note that the Addition Theorem, see Theorem 2.25, is used in the last step. The Legendre
series can be efficiently evaluated using the Clenshaw algorithm.
We calculate the following expression for the representation of the corresponding spline:

ARe®@ (2 x)
2n+1
k~
= Z Z (2) 962;](907 )Azgé]%)nd(goaz)
neN  j=1
/4512)7&0
2n+1 n+1 n+1
1 Yk 0 .
_ (2) ~(2) (L)
- g lene) g () (2)7 ) (2)7 vy
5512);&0
2n+1 1 2n+1 n+1
2 12"
=X Y ) [ T <<n+1>(y’“) +n> (2) a2 @Yaso)
neN  j=1 ngg 99 or Yk
nle)#O
2n+1 1 2n+1
2n + 1z - X N
= Z Z k) / n+15(L) <(n+1)(yk> +n> yi)j(a:)yn’j(yk)
neN  j=1 no Yy oL
14512)760
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20.3. Vector Spline Method

1 o (2n 4 1)3/2 g7t i \ 2 -

= — r(2 B(L) n+1 < ) +n p(2) i;,g )

A7 = ( n ) \/ﬁ yZJrl n ( ) oL n ( k)
5512)750

For the implementation of the spline function, we can further expand the Edmonds vector
Legendre polynomial. For all £, n € S, the following identity holds true, see also Eq. (5.12a):

~ (2) _ n (1) n+1 (2)
D, (&,m) \ on 4 1Pn (€,n)+\/2n+1pn (&,m)
n

N \/;P”(E TmE+ wPé(ﬁ -m)(n—(&-m§).

Eventually, the spline function is given by

1 [45) L 21 : n 2n+1
s(x) = o Z ay Z (k)7 (2n+ 1)T+157(1 ' (n+1) () +n
Ti=1  neN Y oL
HSP#O

o a e L PSRN
S GICE AR AT AR IEAT)

Again, this expression can be evaluated using the Clenshaw algorithm and its variant for the
first derivatives of the Legendre polynomials.
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Chapter 21.

Numerical Results

21.1. Regularized (Orthogonal) Functional Matching Pursuit

We use the abbreviation R(O)FMP if a statement holds true for the REMP as well as for the
ROFMP. For the numerical solution of the synthetic test cases by means of the R(O)FMP,
we used the following dictionaries:

D (5,{0.8,0.9,0.95,0.99} ,12655),  Dg(5,{0.8,0.9,0.95,0.99} , 12 655).

See Eq. (19.7) for the definition of Dy and Dg. Each of these dictionaries contains 35
different orthonormal basis functions from degree 1 up to degree 5 and 50 620 reproducing
kernels, which have 12655 different centres within the ball and four different values for the
parameter h € {0.8,0.9,0.95,0.99}. Hence, each dictionary consists of 50655 dictionary
elements. The choice of the dictionary has an influence on the reconstruction since we can
only use a finite amount of dictionary elements in the actual computation. Thus, the choice
of the dictionary can also be understood as a regularization. For example, numerical tests
showed that more orthonormal basis functions with a maximal degree higher than n = 5
yield poorer results, since the REMP tries to reconstruct details and delicate structures with
these high-degree orthonormal basis functions instead of using the localized reproducing
kernels. This contradicts former numerical experiments in the geosciences. A reason for this
behaviour may be the few (up to about 100) data given in our particular problems, whereas,
for example, in [210] 8500 data points where used in a synthetic downward continuation.
Thus, the few data points in our particular problem can also be interpolated with these
basis functions. On the other hand, for the sake of computation time we removed dictionary
elements that were almost never chosen, such as reproducing kernels with a parameter h
smaller than 0.8. However, these refinements are done by trial and error.

In an ongoing research, see [201], a Learning Regularized (Orthogonal) Functional Matching
Pursuit Algorithm (LR(O)FMP) will be constructed. The aim of the LR(O)FMP is to build,
based on a large initial dictionary, a smaller learned dictionary containing the best-fitting
dictionary elements. The learned dictionary is not necessarily a subset of the initial dictionary.
In an optimization step, it can generate new dictionary elements of existing types. First
numerical tests using the RFMP showed that the learned dictionary yielded more accurate
and sparser results than a manually chosen larger one. And it does so in a fraction of
computational time. In this context, a reconstruction is said to be sparser if fewer dictionary
elements are required for its representation.

Let again the parameter @ € {M,E} be chosen according to the considered problem.
In both synthetic test cases, the R(O)FMP is tested for several noise levels, that is de €
{0,0.01,0.05,0.1}, and three different regularization terms. The regularization terms are
given by the vectorial Sobolev spaces over the ball induced by the sequence from Eq. (19.5)
for the parameters s € {0,1,2}, see Definition 16.1.
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Chapter 21. Numerical Results

For judging the quality of the reconstruction obtained by the R(O)FMP, we consider the
next quantities. The R(O)FMP returns the residual of the approximation, see Algorithms 17.2
and 17.19. For the sake of comparability, we normalize the residual with respect to the data
g%. Let J% denote the solution obtained via the R(O)FMP from the data g’ € R’ \ {0}
with regularization parameter 7 > 0. Then the relative residual is given by

H‘A"I?’. _ gé.

g% llge

. Y4
rel. residual = R

Based on Algorithms 17.2 and 17.19, we have to define a stopping criterion for both
algorithms. The RFMP is stopped after a fixed amount of 600 iterations. The maximal
number of iterations for the ROFMP is 250, where the algorithm is restarted after 25 steps.
However, due to the fast decrease of the relative residual in the ROFMP, we additionally
stop the algorithm if the relative residual after a restart is smaller than or equal to 2 %, that
is rel. residual < 0.02.

The evolution of the relative residual during the R(O)FMP is shown in Fig. 21.1 for both
synthetic test cases with §, = 0.05 and s = 1. In the EEG case, the relative residual drops
below 5% after the first few iterations, which is desired for the noise level of 5 % according to
the discrepancy principle, see [18,63,192] and the references therein. More precisely, 5 % are
reached after six iterations in the case of the RFMP and after four iterations in the case of
the ROFMP. Similar observations can be made for the other noise levels and regularization
terms, which are not shown here. Thus, regarding the relative residual, the RFMP works
as it should. Although the curve of the relative residual in the MEG case is qualitatively
similar to the curve in the EEG case, the decay is significantly slower. The RFMP needs
282 iterations and the ROFMP needs 32 iterations for the relative residual to fall below 5 %.
One possible reason for this behaviour is the severe ill-posedness of the problems and the
faster decay of the MEG singular values.

For a qualification of the approximation, we calculate the normalized root mean square
difference from the reconstruction to the synthetic test current from Eq. (18.1) on the
3600-points Driscoll-Healy grid given in Eq. (19.8). The normalized root mean square error
(NRMSE) is defined by

RMSE := (21.1)

3600 ’

NRMSE := RMSE (212

maxi <y s<60 Jo(Tt,s: Yt 55 2t,s) — MiNi<s <60 Jo(Tt,5, Yi,s5 21,5)

2
60 60 Je
$ t=1 D51 (JT (Tt,s, Yt,s, 2t,s) — Jo(xt,s,yt,s;zt,s)>

According to the setting of the parameter choice methods from Section 16.3, the R(O)FMP
is started with 100 to 300 different regularization parameters 7. First, we try to find the
optimal regularization parameter 7, that minimizes the NRMSE. Corresponding to this
regularization parameter, the values of the approximation norm, the NRMSE, and the relative
residual obtained via the R(O)FMP are listed for all MEG test cases in Table 21.1 and for
all EEG test cases in Table 21.2.

Since the inverse MEG and EEG problems are severely ill-posed problems, it is not
surprising that the approximation error, which is represented by the NRMSE, is larger than
the relative residual and the noise level throughout almost all numerical tests.
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Relative residual
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FIGURE 21.1: Evolution of the relative residual during the R(O)FMP iterations for d¢ = 0.05
and s = 1 for the synthetic EEG test case (solid blue) the MEG test case (dashed red) and
the 5% line (solid black)
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RFMP ROFMP
o s T [Esa e NRMSE rel. residual T | T2 ﬁ,ﬁ@ NRMSE rel. residual
0.00 0| 1.8738-10° 8.6273-107' 6.6916-10"2 1.7786-1072 | 2.8480- 103 9.0774-10"'  1.4555-10"% 2.3038-107°
0.00 1 | 8.6975-10° 5.1997 - 10* 6.4885-1072 1.6521-1072 | 1.7475-10"' 6.3350 - 10! 8.4138-107% 3.5752-1073
0.00 2| 57224-107% 5.1546-10* 853921072 1.8046-1072 | 8.3022-10"% 1.8680-10*  6.4770-10"% 3.4596-10"%
0.01 0 | 1.5557-10° 8.8543-107! 7.4416-1072 1.9521-10"2 | 1.8307-10* 9.1814-107! 2.6388-10"2 8.6169 1072
0.01 1| 1.0476-10! 5.0655 - 10t 6.2324-1072 1.7808-1072 | 1.1233-10° 5.9932 - 10* 1.3075-1072  1.5531-1072
0.01 2| 1.7886-107° 2.1568-10* 7.0103-1072 1.4887-1072 | 1.1233-107% 1.4212-10* 1.0797-10"2  1.2831-1072
0.05 0 | 2.2570-10° 8.8230-10"' 8.5450-1072 4.0184-10"2 | 3.5938-10° 8.0839-10"! 9.1041-10"% 4.0265-10"2
0.05 1 | 1.8307-10! 4.7801 - 10* 6.8622-1072 4.28093-1072 | 4.6416 - 10* 3.5723 - 10! 6.5536 - 1072  4.0978 - 1072
0.05 2| 3.4305-107° 2.2089-10* 7.5374-1072  4.1140-1072 | 2.8480-10"* 6.6664 - 10° 4.6956-1072  3.7493 - 1072
0.10 0 | 7.5646 - 10° 8.1762-107' 1.0298-10"! 7.6666-1072 | 6.2803 - 10° 8.0962-10"!' 1.0720-10"' 6.9617-10"?
0.10 1 | 8.1113-10! 3.7236 - 10* 7.9808 1072  7.5450-1072 | 2.6561 - 10* 4.9232 - 10! 7.6992-1072 6.0133-1072
0.10 2| 2.3645-107% 4.5962-10° 6.5784-1072 7.4879-1072 | 2.0092-10" 5.0435 - 10° 6.0430-1072 7.6376- 1072

TABLE 21.1: Norm of approximation,

that is JoM

Tw 7
test case

NRMSE, and relative residual corresponding to the approzimation with the smallest NRMSE,
for different noise levels dy; € {0,0.01,0.05,0.1} and regularization terms u.m,me with s € {0,1,2} for the synthetic MEG
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Based on Tables 21.1 and 21.2, we can conclude that in the MEG and EEG synthetic tests
the regularization term with s = 0, that is the Ly(B,, )-regularization, yields the highest
values for the NRMSE for all noise levels and, consequently, the most inexact approximations
of Jo. Consequently, we neglect this regularization term in the following discussion.

In the MEG case solved with the REFEMP, the smallest NRMSE values are achieved via
the regularization term corresponding to s = 1 except for dyy = 0.1, where s = 2 yields a
significantly better result. For all reconstructions via the ROFMP, the regularization term
with s = 2 yields the best results concerning the NRMSE. Furthermore, throughout all noise
levels and s € {1,2}, the ROFMP yields more accurate results than the RFMP. This may
be coherent with the additional residual based stopping criterion for the ROFMP and the
differing allowed maximal steps for the algorithms. For a more fair comparison of these two
methods, a discrepancy based stopping rule for both algorithms could be used, which is
left for future investigations. However, the difference in the NRMSE between the REFMP
and the ROFMP decreases as the noise level increases. This can also be seen in Figs. 21.2
and 21.3, which shows the deviation of the reconstruction from the exact test current for the
MEG. The corresponding approximations can be found in Figs. 21.4 and 21.5. Note that the
colour bars in Figs. 21.2 and 21.3 have different scales and recall that the exact synthetic
test current is plotted in Fig. 18.2. The maximal value of the synthetic current on the test
grid is 4.9188, whereas the maximal deviation obtained with the RFMP for non-noisy data
is 4.1409. However, the ROFMP is able to reduce this deviation by an order of magnitude.
This effect is also observed for the other noise levels but, as pointed out before, much less
pronounced as the difference between the maximal deviations of the REFMP and ROFMP
shrinks with increasing noise level. In addition, the REMP produces some artefacts in the
case of higher noise levels, whereas the reconstruction via the ROFMP is more accurate.
One of these artefacts can be seen in the case of 5% noise on the data in Fig. 21.3a, where a
structure resembling an isolated reproducing kernel appears on the middle of the right-hand
side. We conclude that the ROFMP with s = 2 yields the best results among the tested
cases for the reconstruction of the synthetic test current Jyg.

In the EEG case, the interpretation of Table 21.2 is not as simple as in the MEG case.
Both regularization terms, that is s = 1 and s = 2, yield good results. Using the REFMP,
the smallest NRMSE throughout the noise levels ég = {0,0.01,0.05} is obtained for s = 2.
However, with 10 % noise on the data, the regularization term corresponding to s = 1 yields
a slightly smaller NRMSE. If the ROFMP is used, s = 2 yields better results on non-noisy
data and for g = 0.1, whereas s = 1 yields smaller NRMSEs for the other noise levels.
Thus, the regularization terms with s € {1,2} should be preferred to s = 0 in the EEG case
since we cannot find a clear winner. Figure 21.6 clearly shows the superior quality of the
reconstructions with higher smoothness parameter s in the case of non-noisy data. Note that
the colour bars of the plots of the deviation change their scale with different parameters s.
For reference, recall that the exact solution of the synthetic test case is plotted in Fig. 18.2.

Figures 21.3, 21.5, and 21.7 show that the reconstruction of the synthetic MEG and
EEG currents is still good even for 10 % noise. The active regions are well identifiable
and the reconstruction is not too blurry, which is quite good for such a severely ill-posed
problem. In the MEG case, however, the severe influence of the damping factor is visible for
on = 0.1, since the original order of magnitude of one kernel cannot be reconstructed and
the corresponding kernel looks damped.

Eventually, for two particular cases, we also visualize the reconstruction and its difference
to the exact solution on a cutout of the cerebrum modelled by the ball B,,, see Figs. 21.8
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FIGURE 21.2: Deviation of the approzimation from the exact current Jﬁlf — Jum obtained
from magnetic flux data with different noise levels via the RFMP (left column) and via the
ROFMP (right column) for the regularization term with parameter s = 2 plotted on an
upper hemisphere with radius 0.950q
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FIGURE 21.3: Dewviation of the approximation from the exact current Jflf — Jn obtained
from magnetic flux data with different noise levels via the RFMP (left column) and via the
ROFMP (right column) for the reqularization term with parameter s = 2 plotted on an

upper hemisphere with radius 0.9590¢
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FIGURE 21.4: Approximation from the exact current J 5;;4 obtained from magnetic fluz data
with different noise levels via the RFMP (left column) and via the ROFMP (right column)
for the reqularization term with parameter s = 2 plotted on an upper hemisphere with
radius 0.950¢
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FIGURE 21.5: Approximation from the exact current Jflf obtained from magnetic fluz data
with different noise levels via the RFMP (left column) and via the ROFMP (right column)
for the reqularization term with parameter s = 2 plotted on an upper hemisphere with
radius 0.950¢
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FIGURE 21.6: Approzimation Jﬁf of the neuronal current from electric potential data obtained
by the ROFMP from non-noisy data for different reqularization terms with parameter s
(left column) and its deviation from the exact solution (right column), see Fig. 18.2, plotted
on an upper hemisphere with radius 0.950¢
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FIGURE 21.7: Approzimation J f? of the neuronal current from electric potential data obtained

by the ROFMP with parameter s = 1 for different noise levels og (left column) and its

deviation from the exact solution (right column), see Fig. 18.2, plotted on an upper
hemisphere with radius 0.950¢
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to 21.11. These figures reveal that the quality of the reconstruction inside the cerebrum is
comparable to the quality of the reconstruction on the single sphere Sg g50,. In addition,
in the region around the origin no activity is expected, which is well reconstructed within
the synthetic test case. Besides, one can observe that the deviation of the approximation
from the exact solution has its maximum at the boundary. This is not surprising, since
the synthetic test case as well as the reconstruction of the neuronal current are harmonic
functions. The harmonicity is given by the fact that these functions are elements of the
orthogonal complements of the respective operator null spaces.

In addition, the NRMSE listed in Table 21.2 reveals that, independent of the regularization
term, the ROFMP produces better reconstructions of the synthetic test current than the
RFMP if og < 0.1. For ég = 0.1, both algorithms yield comparable results concerning
the NRMSE. However, the ROFMP has the advantage that it needs a smaller amount of
dictionary elements for the reconstruction, which can be seen in Table 21.3. Thus, the
solution obtained via the ROFMP is analytically sparser. Recall that the RFMP uses 600
iterations independent of noise level and regularization term.

Iterations Iterations
Oe s EEG MEG Oe s EEG MEG
0 0 25 25 0.05 0 25 250
0 1 25 25 005 1 75 250
0 2 25 25 0.05 2 50 250
001 0 25 25 01 0 75 250
0.01 1 25 25 0.1 1 250 250
0.01 2 25 25 0.1 2 250 250

TABLE 21.3: Number of ROFMP iterations in the synthetic test cases depending on noise
level and regularization term

Combining all these numerical results, we conclude that the ROFMP with regularization
term s = 2 generates good reconstructions for the synthetic MEG test case with noisy data.
Therefore, we choose this regularization term for the inversion of real magnetic flux data. For
the inversion of the real electric potential data, we will additionally take the regularization
term s = 1 into account.

Now, we have a closer look at one particular RFMP and ROFMP run for each problem in
order to analyze the behaviour of the algorithm. For this particular study, we choose the
noise level o = 0.05 and the regularization parameter producing the smallest NRMSE. In
the MEG case, we choose the penalty term belonging to s = 2 and for the EEG we choose
s = 1. According to Table 21.3, the ROFMP requires 250 iterations for the MEG problem
and 75 iterations for the EEG problem. Both RFMP runs are stopped after 600 iterations.
In Table 21.4, the number of chosen orthonormal basis functions and reproducing kernels
is listed. In this particular experiment with the ROFMP, about 9% to 11 % of the chosen
dictionary elements are orthonormal basis function. This is also observed for the other noise
levels, whose data are not shown here. On the other hand, the RFMP picks an unsteady
amount of orthonormal basis functions, which is also shown in these two particular runs
(remaining data not shown).
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FIGURE 21.8: Reconstruction of the neuronal current J‘sTI*VI (top) from synthetic magnetic
fluz density data with dy; = 0.01 via the ROFMP with s = 2 and its deviation from the
exact solution (bottom) plotted on a cutout of the ball By,
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FIGURE 21.9: Reconstruction of the neuronal current Jﬁf‘ (top) from synthetic magnetic
fluz density data with oy = 0.05 via the ROFMP with s = 2 and its deviation from the
exact solution (bottom) plotted on a cutout of the ball By,
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FIGURE 21.10: Reconstruction of the neuronal current J‘STE (top) from synthetic electric
potential data with ég = 0.01 via the ROFMP with s = 1 and its deviation from the exact

solution (bottom) plotted on a cutout of the ball By,
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FIGURE 21.11: Reconstruction of the neuronal current Jﬁf (top) from synthetic electric
potential data with ég = 0.05 via the ROFMP with s = 1 and its deviation from the exact
solution (bottom) plotted on a cutout of the ball By,
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MEG EEG

RFMP ROFMP RFMP ROFMP
Gon.;(00,") 20 8 112 23
ky (-, z) 580 67 488 997

TABLE 21.4: Number of chosen dictionary elements for d¢ = 0.05 and f]:f(lz)— or i]tC(;)—penalty
term, respectively
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FIGURE 21.12: Chosen dictionary elements by the RFMP for s =2 in the MEG case (left)
and for s =1 in the EEG case (right) depending on the iterations

From some applications in the geoscience, it is known that the R(O)FMP tends to
first approximate coarse structures with global functions, such as the orthonormal basis
functions, and afterwards it reconstructs details with the more localized trial functions, see
[66, 68, 165,210]. This trend can also be observed in the EEG test case, see Fig. 21.12. Here,
orthonormal basis functions and reproducing kernels with a broader width, for instance
corresponding to h = 0.8, are mainly only chosen at the beginning of the algorithm. The
influence of the parameter h € [0,1) on the width of the reproducing kernel, which is
understood as the region significantly differing from zero, can be seen in Figs. 19.4 and 19.6.
Afterwards, more localized kernels are chosen. In addition, from former tests it is also known
that the R(O)FMP increasingly often chooses reproducing kernels near or in regions that are
rich of structure. In the test case, the centres of the reproducing kernels are predominantly
chosen close to the active regions. This is visualized in Fig. 21.13 for the RFMP and in
Fig. 21.14 for the ROFMP. Especially for the ROFMP, the sparsity of the solution highlights
the active regions. For a coarse image of the active regions, it is, hence, sufficient to only
know the chosen centres. This can be interesting if an outline of the active regions is desired,
which can also be produced in a fractional amount of time, instead of the precise structure
of the neuronal current.

21.1.1. Performance Benchmark

Although the ROFMP requires much less iterations than the REMP, it is, with few exceptions,
the slower algorithm due to the required backfitting steps. The CPU time is visualized
in Fig. 21.15 in the form of a boxplot. Therein, boxes are plotted for each combination
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FIGURE 21.13: Centres of chosen reproducing kernels by the RFMP for s = 2 in the MEG
case (left) and s =1 in the EEG case (right). The colour represents the distance of the
kernel centres from the origin.

of noise level and regularization term. For each test case and parameter combination, the
R(O)FMP is started with 100 different regularization parameters and the required CPU
time is recorded. The box contains the timings that are greater than 25 % and smaller than
75 % of all 100 observed values. The horizontal lines inside the boxes mark the median of
the CPU times. Finally, the ‘whiskers’, which are the very first and last horizontal lines,
represent the minimum and maximum of the measured timings. In addition, the time
required for the regularization parameter with minimal NRMSE is marked with x. The
boxes corresponding to the RFMP are significantly smaller than the ones belonging to the
ROFMP. The reason for this behaviour is that the ROFMP stops depending on the relative
residual, which causes inconsistent timings. In the underregularized case, for example, the
ROFMP stops after less iterations due to Theorem 17.20, which accelerates the algorithm.
The number of iterations for the RFMP is constant, which leads to small variations in the
required computation time. In the EEG inversion, however, the ROFMP run with the
actually chosen regularization parameter is sometimes faster than the corresponding REMP
run although the required computation time also varies with the regularization term for the
ROFMP. However, due to the ROFMP approximations being significantly sparser than the
RFMP ones, the postprocessing accelerates. For example, the time required for plotting the
approximation depends almost linearly on the amount of chosen dictionary elements.

21.1.2. Evaluation of Parameter Choice Methods

In contrast to the synthetic test case, we cannot determine the optimal regularization
parameter via the NRMSE in a real data situation as an exact reference solution is not
available. Hence, we have to resort to parameter choice methods, which are presented in
Section 16.3. Since the choice of the regularization parameter is essential for the quality of

329



Chapter 21. Numerical Results

T
S 0 02 040

0.5 |
/ IS
0.5 . s . b‘,s-
ol '.n,' |

0

—0.5

Y
(a) MEG, s =2 (b) EEG, s =1

FIGURE 21.14: Centres of chosen reproducing kernels by the ROFMP for s = 2 in the MEG
case (left) and s =1 in the EEG case (right). The colour represents the distance of the
kernel centres from the origin.

the result obtained by the R(O)FMP, we compare several parameter choice methods using
the synthetic data in order to select suitable methods for the problem at hand.

In Section 16.3, it is specified that most parameter choice methods require the singular
values of the operator A,: spanD, — Rf. In the case of the inverse MEG and EEG
problem, however, we only know the singular values of the related (continuous) operator
Te: Lo(B,,) — ran7, and not of the (discrete) operator A,. Still, we can calculate the
singular values of the discrete operators numerically with the aid of Matlab, see [212]. To
this end, we compute the action of the respective operator on the corresponding orthonormal
basis functions up to degree N = 230. Since the series of the reproducing kernels are also
truncated at N = 230, see Section 19.1, these basis functions effectively span the dictionary.
We collect the actions of the operator in a rectangular matrix of size £, x 53360, which
represents the (discrete) operator. The singular values of this matrix are plotted in the case
of the MEG operator in Fig. 21.17a and in in the case of the EEG operator in Fig. 21.17b.

Based on these singular values, we are able to calculate all quantities required for the
parameter choice methods from Section 16.3. In the MEG case, the results are listed in
Table 21.5. This table reveals that the modified generalized cross validation and the automatic
L-curve method yield the best results for noise levels below 5 %. However, these methods fail
for the inversion of 5 %-noisy data. The remaining parameter choice methods yield better
but not good results for this noise level since the corresponding NRMSEs are 2 to 3 times
as high as with the optimal parameter. The generalized cross validation and the (strong)
robust generalized cross validation yield the smallest NRMSEs among all parameter choice
methods for dy; = 0.1, but the error is twice as high as with the optimal parameter.

The evaluation of the parameter choice methods for the EEG problem via the ROFMP with
s = 1 are presented in Table 21.6. Here, the manual L-curve method is the parameter choice
method with the best approximation error except for non-noisy data, where the modified
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FIGURE 21.15: Boxplots of the required CPU time for the MEG (first row) and EEG (second
row) with the RFMP (left column) and the ROFMP (right column) problem in seconds.
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Parameter Choice ‘ oM=0 =001 d6y=0.05 do=0.1
NRMSE NRMSE 0.00647  0.01079 0.046 95 0.06043
Rel. residual | 0.00345  0.01283 0.03749  0.076 37

aov NRMSE 0.11172  0.11377 0.11040 0.12078
Rel. residual | 0.04308  0.04108 0.07069  0.10340

MGCV NRMSE 0.01089 0.03635 0.40317  0.42726
Rel. residual | 0.00136  0.00535 0.01778  0.02678

RGCV NRMSE 0.11172  0.11377 0.11040 0.12078
Rel. residual | 0.04308  0.04108 0.07069  0.10340

SRGCV NRMSE 0.11172 0.11377 0.11040 0.12078
Rel. residual | 0.04308  0.04108 0.07069  0.10340

RM NRMSE 0.11172  0.11377 0.11040 0.12078
Rel. residual | 0.04308  0.04108 0.07069  0.10340

LCA NRMSE 0.01089 0.03635 0.433 89 0.495 96
Rel. residual | 0.00136  0.005 35 0.01807  0.027 82

LOM NRMSE 0.02406  0.06390 0.07857  0.20937
Rel. residual | 0.00610  0.02012 0.03134  0.04074

TABLE 21.5: NRMSE and relative residual achieved by Jflf (MEG) via the ROFMP with
s = 2, where T, is chosen according to different parameter choice methods. Best methods
are marked in bold.
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Parameter Choice ‘ =0 Org=001 6g=005 o6r=0.1
NRMSE NRMSE 0.00364  0.006 45 0.01375  0.05041
Rel. residual | 0.00147  0.00989 0.01981  0.04151

aov NRMSE 0.04258  0.05726 0.05232  0.07223
Rel. residual | 0.01691  0.01864 0.01946  0.04845

MGCV NRMSE 0.00596 0.01284 0.04664 0.11127
Rel. residual | 0.00135  0.00260 0.00747  0.01134

RGCV NRMSE 0.04258  0.05726 0.05232  0.07223
Rel. residual | 0.01691  0.01864 0.01946  0.04845

SRGCV NRMSE 0.04258  0.05726 0.05232  0.07223
Rel. residual | 0.01691 0.018 64 0.01946 0.048 45

RM NRMSE 0.04258  0.05726 0.05232  0.07223
Rel. residual | 0.01691  0.01864 0.01946  0.04845

LCA NRMSE 0.01156  0.02412 0.03097  0.07007
Rel. residual | 0.01794  0.01373 0.01967  0.01542

LCM NRMSE 0.00618 0.00869 0.02233 0.05867
Rel. residual | 0.00451  0.004 26 0.01169 0.03311

TABLE 21.6: NRMSE and relative residual achieved by Jff (EEG) via the ROFMP with
s = 1, where Ty is chosen according to different parameter choice methods. Best methods
are marked in bold.
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Parameter Choice ‘ =0 6g=001 6g=005 6g=0.1
NRMSE NRMSE 0.00240 0.00651 0.01611  0.04522
Rel. residual | 0.00389  0.004 86 0.01754  0.05949

acv NRMSE 0.02998  0.01852 0.05778 0.05561
Rel. residual | 0.01948  0.01705 0.02134 0.08725

MGCV NRMSE 0.00859 0.01124 0.02610 0.06939
Rel. residual | 0.00243  0.00308 0.00911  0.04723

RGCV NRMSE 0.02998  0.01852 0.05778 0.05561
Rel. residual | 0.01948  0.01705 0.02134  0.08725

SRGCV NRMSE 0.02998  0.01852 0.05778 0.05561
Rel. residual | 0.01948  0.01705 0.02134  0.08725

RM NRMSE 0.02934  0.01852 0.05778  0.064 96
Rel. residual | 0.01817  0.01705 0.02134  0.07358

LCA NRMSE 0.00859 0.01124 0.02610 0.06289
Rel. residual | 0.00243  0.00308 0.00911  0.07120

LCM NRMSE 0.02998 0.00934 0.03949 0.06241
Rel. residual | 0.01948  0.00707 0.02483  0.05202

TABLE 21.7: NRMSE and relative residual achieved by Jﬁf (EEG) via the ROFMP with
s = 2, where T, is chosen according to different parameter choice methods. Best methods
are marked in bold.
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FIGURE 21.16: L-curve plot in the case of the MEG inversion (left) and the EEG inversion
(right) for s = 2 and noise level d¢ = 0.05 using the RFMP with the chosen regularization
parameter marked by a red square

generalized cross validation yields a slightly smaller NRMSE. Note that the deviation in
NRMSE between the optimal parameter and the chosen one is generally smaller than for the
MEG problem.

Table 21.7 shows the results of the parameter choice methods for EEG in the case s = 2.
In this scenario, the automatic/manual L-curve method as well as the MGCV yield small
approximation errors, which are the closest to the optimal values within all noise levels. For
0g = 0.05 and s = 2, the corresponding reconstructions obtained via the ROFMP using the
optimal NRMSE method and the MGCYV are plotted in Fig. 21.18 and the reconstructions
obtained via the LCM and the RM are plotted in Fig. 21.19. Note that the colour bar of the
deviation plots changes its scale from one parameter choice method to another.

By means of each of the four parameter choice methods, the active regions can be visualized.
The reconstruction is not too blurry and the round shape of the activity is reconstructed.
However, especially for the LCM and the RM method, the amplitudes of the active regions
cannot be reconstructed adequately, at least for the lower one. In addition, the active regions
are not as well separated as for the other two methods.

The corresponding L-curve and its analogue for a magnetic flux inversion is plotted in
Fig. 21.16. Especially for the MEG data, the inflexion point of the L-curve is clearly visible.

Based on the plots in Figs. 21.18 and 21.19 and the results in Tables 21.5 and 21.6, we
conclude that how to find the best or even a good regularization parameter for the R(O)FMP
combined with the inverse MEG and EEG problem depend on the noise level and is still
an open question. Solving this problem would exceed the scope of this thesis and is left for
future research.
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FIGURE 21.17: Singular values of the operator Ae restricted to a finite-dimensional subspace
spanning the dictionary
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FIGURE 21.18: Approximation Jif of the neuronal current from electric potential data
obtained by the ROFMP, where T, is chosen according to the respective parameter choice
method, with parameter s = 2 and noise levels dg = 0.05 (left column) and its deviation
from the exact solution (right column), see F'ig. 18.2, plotted on an upper hemisphere with

radius 0.950q
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FIGURE 21.19: Approximation Jﬁf of the neuronal current from electric potential data
obtained by the ROFMP, where T, is chosen according to the respective parameter choice
method, with parameter s = 2 and noise levels 0g = 0.05 (left column) and its deviation
from the exact solution (right column), see Fig. 18.2, plotted on an upper hemisphere with
radius 0.950q
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21.2. Regularized Ritz Method

In Section 20.1, the regularized Ritz method is presented. Therein, we mentioned that the
number of summands N, in the finite Fourier series equals 100 in the MEG case as well as in
the EEG case. Therewith, the matrix 2°® defined in Eq. (20.2) is an ¢4 x 10 200-matrix. Recall
that ¢y = 102 and /g = 70. Besides using the classical Ritz method from Example 16.23
based on minimizing the classical Tikhonov-functional, we also used a variant where the
Tikhonov-Philips functional is minimized instead. In this case, the regularization matrix B,
in Eq. (20.3) is chosen according to the ff-Cg)-regularization.

The system of linear equations in Eq. (20.3) is solved for each parameter s € {0,1,2} and
each noise level d, € {0,0.01,0.05,0.1} using 300 different regularization parameters. Then,
the regularization parameter that yields the smallest NRMSE among all tested parameters
is chosen. Eventually, the corresponding NRMSE and the relative residual are listed in
Table 21.8 depending on the noise level and the chosen regularization sequence.

According to Table 21.8, we clearly see that the regularization with s = 0 yields the best
results independent of the noise level for the MEG and the EEG problem. The NRMSEs
for s = 0 are the lowest among all tested regularization norms. For all three regularization
terms, the relative residual decreases with the noise level in the MEG case. In the EEG case,
the relative residual is comparatively robust with respect to the noise level. Due to these
observations, we fix s = 0 for the rest of this section.

The approximation and its deviation from the synthetic test current are plotted in Fig. 21.20
for the MEG and in Fig. 21.21 for the EEG problem. In the MEG case, the reconstruction
obtained via the Ritz method is very blurry even for small noise levels. The round-shaped
structure of the synthetic test current cannot be recovered. In particular, the reconstructed
active regions shade into non-active regions if the noise level increases.

The same is observed in the EEG case, see Fig. 21.21. In this case, however, the fuzziness
is not as strong as in the MEG case but the active regions are still not localized very well.
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FIGURE 21.20: Approxzimation Jﬁ\)&o,r* of the neuronal current from magnetic flur data
obtained by the regularized Ritz method with parameters s = 0 for different noise levels
om (left column) and its deviation from the exact solution (right column), see Fig. 18.2,
plotted on an upper hemisphere with radius 0.950¢
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FIGURE 21.21: Approximation J%Om of the neuronal current from electric potential data
obtained by the regularized Ritz method with parameters s = 0 for different noise levels
Or (left column) and its deviation from the exact solution (right column), see Fig. 18.2,
plotted on an upper hemisphere with radius 0.959¢

341



Chapter 21. Numerical Results

MEG EEG

de s NRMSE rel. residual NRMSE rel. residual
0.00 0] 5.7664-10"2 3.7803-107'% | 9.2598-1072 7.8985- 1072
0.00 1| 6.8290-1072 4.4447-107'% | 1.2408-10~" 5.9080 1072
0.00 2| 1.1149-107! 9.8826-10"* | 1.5666-10"% 6.9919.102
001 0| 7.9113-1072 2.3378-10"2 | 9.3978-10"2 7.8122-1072
0.01 1| 9.0074-10"2 3.3097-10"2 | 1.2516-10"% 5.7168-1072
0.01 2| 1.1951-107! 6.6637-10" | 1.5678-10"! 6.9657- 1072
0.05 0 | 1.1603-10"! 2.9661-10"2 | 8.9989-1072 8.0846-1072
0.05 1| 1.2529-107Y 3.5705-1072 | 1.1958-10"% 6.1897.1072
0.05 2| 1.5048-10"' 4.0998-10"2 | 1.5247-10"! 7.3621-1072
0.10 0 | 1.1695-107% 5.5270-1072 | 9.9934-10"2 1.2196-107!
0.10 1| 1.2654-10"' 5.6537-10"2 | 1.4147-10"! 9.5631-1072
0.10 2 | 1.4543-10"! 5.9161-10"2 | 1.7923-10"! 1.0279-107!

TABLE 21.8: Relative residual and NRMSE of the approzimation J%o,n with the smallest
NRMSE obtained by the reqularized Ritz method depending on the noise level 64 and the
chosen regularization sequence with parameter s

21.3. Scalar Splines

21.3.1. Scalar Splines for MEG

We have already mentioned in Section 20.2 that in [73] a scalar spline method is used for the
reconstruction of scalar-valued parts of the neuronal current. Therein, a good and stable
approximation can be obtained by means of this numerical method.

However, in Section 20.2.2 we have also pointed out that the spline method used in [73]
does not fit to our minimum norm assumption and, hence, we adapted the spline method to
this setting. Using this adapted spline, we now reconstruct the scalar-valued part A® of the
neuronal current in the case of the synthetic problem from Chapter 18 for different noise
levels, that is dy € {0,0.01,0.05,0.1} .

The sequence occurring in the definition of the reproducing kernel, see Eq. (20.4), remains
to be chosen. In our particular application, we choose

kp=h""/2n, neN, h=099.

Among all tested sequences, this one yields the best results. In order to solve the interpolation
problem from Eq. (20.6), a regularization is necessary since the corresponding scalar spline
matrix is ill-conditioned with a condition number of 1.7748 - 108, see Theorem 20.1 for the
regularized spline approximation. The matrix is visualized in Fig. 21.22.

For each noise level, we start the spline method for 1000 different regularization parameters
7 € [0,10%%]. Then, we choose the regularization parameter that results in the reconstruction
with the smallest NRMSE. The results are presented in Table 21.9 and Fig. 21.24. Recall
that the exact solution is depicted in Fig. 20.1. We conclude that a higher regularization of
the problem is needed with decreasing noise level. Due to the regularization and the higher
noise levels, the reconstructions become more damped.

A comparison of the scalar spline method with the regularized Ritz method and the
ROFMP is given in Table 21.10. For this purpose, the corresponding vector-valued current
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FIGURE 21.22: Entries of the scalar spline matrix for the MEG problem

oM T scalar NRMSE  rel. residual  vector NRMSE
0.00 3.8422-10*  2.2641-1072 7.4822-1077 1.2718-107!
0.01 1.0448-10 3.0243-1072 3.4608 - 10~2  8.6959 - 1072
0.05 8.8705-10  4.0909-1072 4.1975-1072  1.0082-107!
0.10 4.0608 -10'®  4.6126-1072 8.1716-1072 1.0919-107!

TABLE 21.9: NRMSE for the scalar- as well as the corresponding vector-valued reconstruction
and the relative residual corresponding to the approximation with the smallest NRMSE,
that is Jﬁl*“, for different noise levels dy; € {0,0.01,0.05,0.1} for the scalar synthetic MEG
test case achieved via the spline method

is calculated from the scalar part A® as described in Section 20.2.4. For the two presented
scalar results in Figs. 21.23 and 21.24, the corresponding vector-valued approximation and its
deviation from the vector-valued reference current is plotted in Figs. 21.25 and 21.26. These
plots reveal the same result as Table 21.9: the NRMSE and the quality of the approximation
are worsened by the translation from the scalar-valued solution to the vector-valued solution.
One possible reason for this effect can be found in Eq. (20.14). Therein, the coefficients ¢, ;
are related to the spline coefficients a; by means of an additional damping factor (oo/yx)"™

forallneN, j=1,....2n+1,and k=1,... 1
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FIGURE 21.23: Approzimation of the part AY of the neuronal current (left column) and its
deviation from the synthetic test solution (right column) depending on the noise level oy
plotted on an upper hemisphere with radius 0.950¢
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FIGURE 21.24: Approzimation of the part A of the neuronal current (left column) and its
deviation from the synthetic test solution (right column) depending on the noise level oy
plotted on an upper hemisphere with radius 0.950¢
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F1GURE 21.25: Vector-valued approximation of the neuronal current achieved via approzim-
ating the scalar part AY (left column) and its deviation from the vectorial synthetic test
current (right column) depending on the noise level dy plotted on an upper hemisphere
with radius 0.950q
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FIGURE 21.26: Vector-valued approximation of the neuronal current achieved via approxim-
ating the scalar part AW (left column) and its deviation from the vectorial synthetic test
current (right column) depending on the noise level dy; plotted on an upper hemisphere
with radius 0.950¢
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21.3.2. Scalar Splines for EEG

We have already pointed out in Section 20.2.5 that the scalar spline approach is not appropriate
for the inversion of the synthetic test case from Chapter 18. However, we found some errors
in [73] that have a significant effect on some of their numerical results. Therefore, we present
the corrected numerical results in this section.

For the implementation of all tested methods for the inversion of the EEG problem,
the precise coefficients {8" },en that, for example, appear in the forward operators from
Theorem 19.1 are required. In Chapter 10, we discussed several methods for computing these
coefficients. First, we derived for each n € N a system of linear equations in Eq. (4.15). In
the particular case of the three-shell model, which is used in our numerical computations, we
also stated a corresponding tridiagonal matrix in Lemma 4.1 such that the inversion of this
matrix reduces the computational costs. In addition, we stated a formula for the coefficients
B in Eq. (4.18), which can be achieved for each n € N by recursion over the shells. For
the latter method, no inversion is required. This is an advantage since the two mentioned
matrices are ill-conditioned and the condition number increases as n increases. For example,
the condition is about 1.4413 - 1052 for n = 200.

The inversion of the matrix, the inversion of the tridiagonal matrix, and the recursive
method all yield the same results. The maximal deviation among these methods up to
degree n = 500 is 2.6645 - 10715, which means an agreement of about 12 digits. Note that
the inversions are conducted with Matlab, see [212]. However, all three approaches have
in common that the coefficients 8 for n € N need to be calculated for each degree n
separately. Besides these approaches, we solved the system of linear equations from Eq. (4.15)
symbolically via Mathematica, see [223]. The advantage of this method is that all required
degrees can be calculated simultaneously, which accelerates the calculations. On the other
hand, numerical tests showed that for higher degrees, that is n > 220, this symbolic method
is highly unstable and yields not-a-number results. However, up to this degree this method
yields the same results as the three previous described methods.

In addition, we implemented a fifth method for the calculation of these coefficients, namely
the method described in [73]. This method is based on solving Eq. (4.15). Since the matrix is
ill-conditioned, the authors regularize the system by adding a ‘trial-and-error-value’ of 10 %
of the maximal absolute entry to the diagonal, see [73, p. 22]. Since by now, the methods
described previously are available, the results obtained via the inversion of the regularized
matrix seem unreliable. This is visualized in Fig. 21.27.

In Eq. (20.16), we have already stated a formula for the calculation of the spline matrix.
Only the sequence {ky,}nen from the reproducing kernel remains to be determined. We
choose

Koy = RN/ | = (.99,

which leads to convergent series in Eq. (20.16) as well as in the representation of the
corresponding scalar spline function.

The spline matrix is visualized in Fig. 21.28 and its condition number is given by 133.3776.
Thus, the inversion of this matrix is stable enough without additional regularization.

In addition, the spline approach is compared to a spherical harmonics ansatz in [73]. For
this ansatz, the electric potential uy, is expanded into a finite Fourier series. In analogy to
the regularized Ritz method, one achieves a system of linear equations with the potential
data as the given right-hand side. This system is solved with an additional regularization.
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FIGURE 21.27: The coefficients B for the setting from Eq. (19.2) calculated with several
methods depending on the degree 1 < n < 250: via the inversion of the reqularized matriz
(blue), the unregularized matriz (green), and the tridiagonal matriz (brown), via a symbolic
expression (orange), and via recursion (red)

Afterwards, Eq. (15.34) is used in order to determine the coefficients of ¥ from the Helmholtz
decomposition. In [73, Fig. 10], it is shown that this method does not provide us with a
suitable result. To the opinion of the author, the reason for the failure of this method is the
inaccurate calculation of the coefficients 8. The results with the corrected coefficients as
well as the scalar spline reconstruction are presented in Fig. 21.29. Therein, we used the
synthetic test current presented in [73] and not the current constructed in Chapter 18, which
is used in all other numerical tests.

Due to the adjustments of the presented methods, we are able to improve the results in
[73] in the case of the scalar spline method, see Fig. 21.29. The root mean square error for
the spline reduces from 0.009 573 8 to 0.000 395 6. In contrast, we were able to profoundly
improve the spherical harmonics approach. In this case, the root mean square error reduces
from 306.1623 to 0.0039708, which is about 6 orders of magnitude. However, the spline
method still yields the better reconstruction, which can also be seen in Fig. 21.29.
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F1GURE 21.28: Entries of the scalar spline matrixz for the EEG problem
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FIGURE 21.29: Reconstructions of the scalar synthetic test function U stated in [73, p. 23]
(first row) via the scalar spline approach (second row) and a spherical harmonics ansatz
(third row) from non-noisy data plotted on an upper hemisphere with radius 0.8451 9
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21.4. Vector Splines for EEG

In Section 20.3, we introduce a vector spline method. Therein, we construct splines as
vector-valued functions via tensor-product based reproducing kernels, see Eq. (20.18). In this
section, we apply this method to the inverse electroencephalography problem. In contrast
to the MEG case, we cannot employ a scalar spline method for the EEG problem using
the Helmholtz decomposition since this would be incompatible with the minimum norm
constraint. This fact has already been pointed out in Section 20.2, which motivated us to
develop a vector-valued spline method. For comparison, we now apply this vector spline
method to the EEG problem.

For this purpose, we set ¢ = 2 and define the sequence of the reproducing kernel occurring
in Eq. (20.17) as

K@ = p /2 for alln € N

with h = 0.9.

Based on the calculation in Section 20.3, we calculate the EEG spline matrix. This matrix
is visualized in Fig. 21.30. In this precise application with the parameters from Eq. (19.2),
the condition number of the matrix is given by 1755.3073. Thus, the inversion of the matrix
is stable such that additional regularization is not necessary.

- 1250

I 200

150

100

Row

—50

| —100
10 20 30 40 50 60 70

Column

FIGURE 21.30: Entries of the vector spline matrixz for the EEG problem

The reconstruction of the EEG synthetic test current by means of this vector-valued spline
method is presented in Figs. 21.31 and 21.32 for several noise levels. Within these plots, we
see that the quality of the reconstruction is relatively robust for noise levels up to ég = 0.05.
The active regions are localized and their round-shaped structure is reconstructed. However,
the amplitude of at least one activity cannot be recovered very well. This leads to high
maximal deviations of the vector spline reconstruction from the exact solution. In addition,
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21.4. Vector Splines for EEG

the quality of the reconstruction is blurry for 10 % noise on the data. The fuzziness can
be reduced by an additional regularization of the spline matrix inversion, as presented in
Theorem 20.5. Numerical tests showed that the approximation error increases with additional
smoothness of the reconstruction. Thus, we decided not to regularize in this particular
case. The NRMSE of the approximations and the corresponding relative residual is listed in
Table 21.11. Therein, we can also see that the approximation error is relatively constant
up to the noise level of 5%. Even though the NRMSE for 10 % noise on the data is nearly
double as high as for the lower noise levels, the reconstruction is still acceptable. In addition,
the relative residual of all reconstructions is very small. More precisely, it is in the range of
3-107 to 8- 1071,
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FIGURE 21.31: Approzimation Jf? of the neuronal current from electric potential data
obtained by the unregularized vector spline method for different noise levels dg (left column)
and its deviation from the exact solution (right column), see Fig. 18.2, plotted on an upper
hemisphere with radius 0.950¢
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F1GURE 21.32: Approzimation JiE of the neuronal current from electric potential data
obtained by the unregularized vector spline method for different noise levels og (left column)
and its deviation from the exact solution (right column), see Fig. 18.2, plotted on an upper
hemisphere with radius 0.950q
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21.5. Comparison of the Numerical Methods

After solving the inverse MEG and EEG problem with each of the three different recon-
struction methods, that is the R(O)FMP, the regularized Ritz method, and the scalar or
vector spline method, we now compare the results. The numerical results of each method are
separately discussed in detail in the foregoing sections. If several parameters are tested for a
particular regularization method, we now choose the parameter setting that yields the best
results concerning the NRMSE. The particular parameters can be found in the corresponding
captions of Tables 21.10 and 21.11.

First, we consider the MEG problem. A comparison of the NRMSEs and the relative
residuals among the results achieved via the ROFMP, the regularized Ritz method, and the
scalar spline method is given in Table 21.10. The corresponding regularization parameters
are listed in Table 21.1 for the ROFMP method and in Table 21.9 for the spline method.
The comparison of the three reconstruction methods reveals that the ROFMP yields the
smallest NRMSE in the synthetic MEG test case for all noise levels. The Ritz method
yields comparable results to the scalar spline method with respect to the NRMSE but with
higher relative residuals. Thus, in the spline method we gain accuracy in the data space at
the cost of accuracy in the domain when compared to the ROFMP result. However, the
approximation quality of the ROFMP cannot be reached by either of these two methods.

ROFMP Spline Ritz
oM NRMSE rel. residual NRMSE rel. residual NRMSE rel. residual

0.00 | 6.4770-107% 3.5960-1072 | 1.2718-10"' 7.4822-1077 | 9.2598 -1072 7.8985- 1072
0.01 | 1.0797-1072 1.2831-1072 | 8.6959-10"2 3.4608-10~2 | 9.3978 -1072 7.8122-1072
0.05 | 4.6956-10"2 3.7493-1072 | 1.0082-107! 4.1975-1072 | 8.9989-10"2 8.0846- 102
0.10 | 6.0430-10"2 7.6376-10"2 | 1.0919-10"' 8.1716-1072 | 9.9934-10"2 1.2196-107!

TABLE 21.10: NRMSE and relative residual for different noise levels oy € {0,0.01,0.05,0.1}
achieved by the ROFMP (s = 2), the regularized scalar spline method, and the reqularized
Ritz method (s = 0) for the synthetic MEG test case

For the inverse EEG problem, a comparison of the ROFMP, the regularized Ritz method,
and the vectorial spline method is given in Table 21.11. The table reveals that the NRMSE
achieved by the ROFMP has at least one order of magnitude less than the NRMSE obtained
by the other two methods if the noise level is small, that is g < 0.01. While this discrepancy
reduces for higher noise levels, the NRMSE achieved by the ROFMP is still smaller than for
the other methods. For small noise levels, the vector spline method and the Ritz method
yield comparable results. In contrast, for higher noise levels, the vector spline method is
better than the Ritz method with respect to the NRMSE. In addition, the spline method
yields the smallest relative residuals among all tested methods.

Now, we conclude the results of Tables 21.10 and 21.11. The ROFMP yields the best
results among all tested methods for both problems. This accuracy in the reconstruction
is at the expense of computation time. In the case of the vector spline method, the
time required for assembling the spline matrix is (10.5175 £ 0.2399) s. However, the spline
matrix corresponding to one problem only needs to be calculated once. Afterwards, only
the inversion of the (regularized) matrix is necessary. The CPU time required for the
inversion is (90.0000 £ 3.8299) - 10~ s tested among 10000 inversions. With a CPU time of
(10.5175 + 0.2399) s for the inversion of the EEG data throughout our numerical experiments,

356



21.5. Comparison of the Numerical Methods

the regularized Ritz method is slower than the vector spline method but still fast when
compared to the ROFMP. Note that the CPU time required for inversion of the MEG data
is at least as high as for the EEG, since more data is available. The computational time
required for the R(O)FMP is plotted in Fig. 21.15 and is at least five times as high as the
previously mentioned timings, but usually more than tenfold. That does not include the
time required for the preprocessing of the dictionary, see Section 19.2, which is around 6000 s
(wall clock time) for both problems using a parallelized and vectorized code on 12 CPU cores.

ROFMP Spline Ritz
o NRMSE rel. residual NRMSE rel. residual NRMSE rel. residual

0.00 | 3.4866-1073 1.5125-1073 | 4.1598-1072 3.4573-10"'* | 5.7664-10"2 3.7803-10"!3
0.01 | 6.4613-107% 9.0329-1072 | 4.2126-10"2 3.7071-10"** | 7.9113-10"2 2.3378-1073
0.05 | 1.5962-1072 1.7879-10"2 | 4.6886-10"2 3.5985-10"'* | 1.1603-10"! 2.9661 - 1072
0.10 | 4.6999-10"2 3.8657-1072 | 8.6227-1072 8.3282-107! | 1.1695-10"! 5.5270-1072

TABLE 21.11: NRMSE and relative residual for different noise levels oy € {0,0.01,0.05,0.1}
achieved by the ROFMP (s = 1), the vectorial spline method, and the Ritz method (s =0)
for the synthetic FEG test case

A visualization of the comparison can also be found in Fig. 21.33 for the MEG problem.
Comparing the reconstruction of the Ritz method to the ROFMP reconstruction, the active
regions produced by the Ritz method are not localized anymore, which is outperformed
by the results obtained with the ROFMP, see Figs. 21.4, 21.5, and 21.20. In addition, the
maximal deviation of the ROFMP solution from the exact solution is only 16.8 % as high
as the deviation of the spline reconstruction, see Figs. 21.2, 21.3, and 21.26. Concluding,
we clearly see that structure, localization, and order of magnitude of the approximation
obtained by the ROFMP are closest to the synthetic test current from Fig. 18.2 among all
tested methods.

For the EEG problem, the results are shown in Fig. 21.34. In comparison to the results
obtained by the ROFMP from Fig. 21.7, we observe that the amplitudes of the reconstruction
via the spline method are slightly smaller than the one of the ROFMP. Particularly, for
small noise levels, the maximal deviation from the exact solution is up to 6.39 times higher
than with the ROFMP reconstruction, see Figs. 21.7 and 21.21. In the case of the vector
spline method, we see that the amplitudes of the spline reconstruction are smaller than the
one of the ROFMP and the active regions are more spread out. In addition, the maximal
deviation of the vector spline method for the EEG case is up to 6.93 times higher than with
the ROFMP in the case of ég = 0.01, see Figs. 21.7 and 21.31. This can also be seen in
the NRMSE in Table 21.11. This table additionally reveals that the relative residual of
the spline method is substantially smaller than the one of the ROFMP. In contrast to the
spline solution, which is still localized to some extent, the Ritz method yields an even less
localized reconstruction. The active regions are much larger than the exact solution and
their amplitudes do not match either. Concluding, the ROFMP again provides the best
reconstruction in terms of structure, localization, and order of magnitude among all tested
methods.

Naturally, the question arises whether some methods yield better reconstructions than
others. For the regularized Ritz method, the Tikhonov-regularized normal equation is
solved over a finite-dimensional subspace. In this thesis, we use a subset of the orthonormal
basis system for spanning this subspace, which means that the solution vector contains the
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FIGURE 21.33: Approzimation of the neuronal current from magnetic flur data with 5%
noise obtained by the ROFMP (s = 2), the scalar spline method, and the regularized Ritz
method (s = 0) in comparison to the exact test current plotted on an upper hemisphere

with radius 0.950q
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FIGURE 21.34: Approzimation of the neuronal current from electric potential data with 5 %
noise obtained by the ROFMP (s = 1), the vector spline method, and the reqularized Ritz
method (s = 0) in comparison to the exact test current plotted on an upper hemisphere
with radius 0.950¢
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orthonormal basis coefficients of the approximation. Thus, local effects, such as certain
outliers in the data or locally higher noise levels, have a global impact on the reconstruction.
This leads to a general blurriness in the reconstructions for higher noise levels even in the
regions where no activity is presumed. In addition, such ‘global’ methods often experience
difficulties with irregularly distributed data grids, which are also found in our application.
This behaviour is typical for approximation methods based on orthonormal basis functions,
see also the discussion in [158, Sec. 5.3].

The spline based methods are interpolation methods that satisfy a best-approximation
property. In the regularized case, which is used for the MEG scalar spline method, the
solution of this approach is the unique solution of the Tikhonov-regularized normal equation
in a certain Sobolev space, see Theorem 20.1. The results of the scalar reconstruction in
Fig. 21.23 and Section 20.2.2 suggest that this Sobolev space is chosen appropriately. However,
via the transformation to the vector-valued case, structure and quality of the approximation
get lost, see Fig. 21.25, which has already been discussed earlier. Thus, the lack of quality of
the vector-valued reconstruction presumably originates from the Helmholtz decomposition
approach. For this purpose, a direct reconstruction of the vector-valued current should be
preferred. This can also be seen in the vector spline method used for the EEG. This spline
method, which is stated in Section 21.4, is used without regularization. Thus, the spline is
the unique solution of the interpolation problem, see Theorem 20.3. In Fig. 21.34, we see
that this method works well if the activity is near the data points, which is the case for the
activity in the upper left region of the plot. In contrast, the second active region lies in the
middle of a sensor gap, which results in a too flat approximation even in the case of non-noisy
data, see Fig. 21.31. This is a known disadvantage of interpolation based approximation
methods.

However, these methods also have advantages. The reconstructions obtained via splines
are robust with respect to the noise level. In addition, coarse structures can be reconstructed
quickly with the regularized Ritz method, since only few basis functions are required for this
purpose.

The RFMP as well as its enhancement, the ROFMP, combine the advantages of these
methods. Due to the reproducing kernels in the dictionary, which are related to splines, the
R(O)FMP is robust with respect to the noise level and can also handle irregularly distributed
point grids. Coarse structures can be reconstructed with only few dictionary elements using
the additional orthonormal basis functions. This also results in a sparse solution, especially
for lower noise levels, which can be seen in Table 21.3. Using the penalty term of the
R(O)FMP, the smoothness of the reconstruction can be controlled, similar to the spline
methods. In contrast to the spline methods, the R(O)FMP is not an interpolation method,
which results in a better handling of the lack of data. Finally, the R(O)FMP is directly
used for the reconstruction of the entire vector-valued neuronal current, which is more stable
than a reconstruction of scalar-valued parts that are transferred to the vector-valued current
afterwards.

21.6. Inversion of Real Data

After having tested the R(O)FMP extensively within our synthetic test case, we complete this
chapter by reconstructing neuronal currents from real data. For this purpose, a set of real data
was given to the author by O. Hauk, see [116]. In this setting, a subject wearing an EEG sensor
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FIGURE 21.35: Recordings of the magnetic flux density (left) and the electric potential (right)
for the VR data set

cap was placed in an MEG device. The device used for this study is installed at the MRC
Cognition and Brain Sciences Unit, Cambridge, UK. It is a 306-channel Vectorview system
(Elekta Neuromag®, Helsinki, Finland), see [172], which combines 204 planar gradiometers,
102 magnetometers, and 62 to 124 EEG channels providing comprehensive high-density
coverage of electromagnetic brain activity. However, for the recording of the provided data
set 70 EEG channels were used.

In our particular setting, a visual stimulus in form of a chequered pattern is given to the
subject. For this data set, the chequered pattern is presented from the right-hand side (VR,
visual right). Then, the brain activity is measured for a short time frame. The magnetic
flux density and the electric potential are plotted in Fig. 21.35 for a 184 ms recording, where
the time starts when the stimulus is applied. In the case of the magnetic flux density, 102
channels are plotted and in the case of the electric potential, 70 channels are visualized.
After a delay of approximately 75 ms to 80 ms, the brain activity increases as well as the
magnetic flux density and the electric potential. For the inversion, we choose the measurement
corresponding to the point of time with the highest values of the measured quantity. In our
case, we choose the data belonging to the point of time 89 ms for both inversions, which will
also allow a combination of the inversions in the postprocessing.

For the inversion of the magnetic flux density as well as the electric potential, we use the
same dictionary as within the synthetic test case, see Section 19.1. In both cases, we apply
the ROFMP algorithm since it yielded the best approximation results within the synthetic
test cases, see Figs. 21.33 and 21.34 and Tables 21.10 and 21.11. In the MEG case, we use
the norm corresponding to s = 2 for the penalty term. In the EEG case, we test the f}NC(f)— as
well as the f}NC(;)—norm.

In all cases, the absolute value of the neuronal current is plotted on the sphere with radius
0.950¢. For the inversion of one data set, two images of the neuronal current are presented.
One as viewed from the back of the head (always on the left column) and one from the
front (right column). Note that different angles of view are chosen for the reconstructions
belonging to the VR data set. Since the optical nerve fibers associated to the nasal side of
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FIGURE 21.36: Lobes of the human brain with visual cortex marked in red, figure taken from
[222]

the retinas cross each other in the optic chiasm, the brain activity should be maximal at the
contralateral visual cortex, see [133]. This means that, for example, a visual right stimulus
mainly induces brain activity in the left visual cortex and vice versa. The visual cortex itself
is located at the back of the brain, see Fig. 21.36.

In the case of our three-shell model, the medial longitudinal fissure separating the two
brain hemispheres is located in the yz-plane. On the other hand, the position of the face is
reflected in the round-shaped gap in the sensor positions on the front side of the head in the
direction of (0,1,0)%.

In order to get an impression of the quality of the reconstruction, the absolute value of
the measured data is superimposed in each figure. Therefore, each plot has two different
colour bars. The upper colour bar always belongs to the neuronal current, whereas the lower
colour bar belongs to the measurement. In contrast to previous plots, we decide not to show
the direction of the neuronal current in order not to overload the plots.

The regularization parameter is determined via the parameter choice methods presented
in Section 16.3. To this end, the ROFMP is started with 500 to 750 different regularization
parameter values. After applying all parameter choice methods to the results, we manually
select the reconstruction that best fits the data in the following way: as realized within the
test of the parameter choice methods in Section 21.1.2, these methods in some cases choose
regularization parameters that yield strongly over- or underregularized solutions. Thus, we
eliminate these results in a first step. Afterwards, all remaining reconstructions selected by
the parameter choice methods are plotted in combination with the absolute value of the
measured data. We choose the reconstruction that visually fits best to the data based on
the empirical knowledge from the synthetic test case. The parameter choice method that
produced the shown result is stated in the respective caption.

In the case of the real data, also the L-curve method yields a good result. The corresponding
L-curve for this data set is plotted in Fig. 21.37.

In the case of the MEG recordings, numerical results are depicted in Fig. 21.38. On the
back of the head, we see that activity in the contralateral left visual cortex is reconstructed,
which fits to the recorded data, the experiment, and the theory. However, to the opinion
of the author, some artefacts are reconstructed in the front of the brain. These artefacts
are more or less pronounced depending on the chosen regularization parameter. In the case

362



21.6. Inversion of Real Data

U'C(QS)(BQO )-norm of approximation
[\]
T

Relative residual 10-2

FIGURE 21.37: Relative residual plotted against the J-C(;)(IB%QO)—norm of the reconstruction
for 727 regularization parameter values with the chosen parameter marked in red

where the regularization parameter is chosen according to the LCM, we see that this artefact
is located in the data gap in the area of the face.

Concluding, the MEG real data inversions yield activity in the desired regions. However,
in certain cases artefacts arise, especially near the data gap, which may correspond to an
insufficient regularization or an inappropriate penalty term.

According to O. Hauk [116], the brain activity should be bipolar in the case of the EEG
recordings, that is a positive brain activity at the back results in a (smaller) negative brain
activity at the front. Inversions of the real EEG data are visualized in Fig. 21.39. The
activity of the visual cortex on the left-hand side is clearly recognizable and only small
activity at the front is reconstructed. In the case of J:C(IQ)—regularization, however, no tested
parameter choice method yields a suitable result such that the regularization parameter is
chosen manually.

Now, we further investigate the ROFMP runs belonging to the presented parameters for
the VR data set. In Fig. 21.40a, the chosen dictionary elements depending on the number
of iterations is visualized. One can see a trend in the choice of the dictionary elements. In
the first 75 iterations, mainly orthonormal basis functions and reproducing kernels with
a larger width, that is h = 0.8 and sometimes h = 0.9, are chosen. Afterwards, smaller
reproducing kernels belonging to h € {0.9,0.95} are chosen primarily. In the end, the very
fine reproducing kernels belonging to h = 0.99 are chosen increasingly. This trend is more
pronounced in the real data case as in the synthetic test case, which could be attributed to
the structure of the real neuronal current and the synthetic test current. In Fig. 21.40b, the
centres belonging to the chosen reproducing kernels are plotted. We observe that mainly
reproducing kernels located in an outer shell of the cerebrum are chosen. This corresponds
to the structure of the brain and the location of the visual cortex. In addition, there are
significant accumulation points of centres in the left visual cortex, which fits to the presumed
active region.
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(a) Back view, s =2, LCM (b) Front view, s =2, LCM
FIGURE 21.38: Neuronal current reconstruction from real magnetic flur density data (VR)
plotted on a sphere with radius 0.9509. The result is obtained via the ROFMP for different

parameter choice methods. The upper colour bar denotes magnitude of the current, whereas
the lower colour bar belongs to the measurement.
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FIGURE 21.39: Neuronal current reconstruction from real electric potential data (VR) plotted
on a sphere with radius 0.950¢. The result is obtained via the ROFMP for different penalty
term parameters s and parameter choice methods. The upper colour bar denotes magnitude
of the current, whereas the lower colour bar denotes the absolute value of the measurement.
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ROFMP depending on the number of iterations. The colour in the right figure represents
the distance of the kernel centres from the origin.

For the inversion of the real electric potential data, we conclude that the ROFMP is able
to reconstruct a reasonable neuronal current, which can especially be verified in Fig. 21.39.
However, depending on the data set and the chosen penalty term, it is hard to find an
appropriate regularization parameter. In contrast, in some tests activity is reconstructed
in areas where no activity is recorded, such as in the case of Fig. 21.38. It is standing to
reason that this activity is an artefact fostered by the lack of data. This could be solved, for
instance, by adapting the dictionary. One could think of removing reproducing kernels from
the dictionary that are located in the regions of the face, in the bottom of the ball-shaped
brain model, or in parts of the brain where no activity is presumed.

We chose the same point of time for the reconstruction of both measurements, which
enables us to combine the MEG and EEG reconstruction to a simultaneous inversion. For
this purpose, we choose the MEG reconstruction obtained via the regularization parameter
obtained by the L-curve method. For the reconstruction of the neuronal current from EEG
data, we take the manually chosen regularization parameter with regularization term s = 1.
Eventually, the joint inversion of the two separate inversion from Figs. 21.38 and 21.39 is
given in Fig. 21.41. The plotted reconstruction on the sphere in Figs. 21.41b and 21.41c
reveals some activity on the bottom of the cerebrum, which seems to be unreliable and can
be attributed to the missing sensor positions in this area. Besides, Fig. 21.41c reveals some
small activity in the frontal lobe, which is anticipated due to the bipolar behaviour of the
neuronal current. The main activity of the brain is located in the visual left cortex as it
should be, see Fig. 21.41b. In the visualization of the neuronal current on a cutout of the
ball, one can additionally observe that most of the activity is located in the outer region of
the ball, which corresponds to the structure of the visual cortex. Concluding, the ROFMP
solution for this joint data set yields a plausible reconstruction of the neuronal current.
The presumed active regions are clearly reconstructed and the visualization of the neuronal
currents fits to the data. Artefacts, which especially occur in the MEG reconstruction, can
be smoothed by the joint inversion.
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FIGURE 21.41: Neuronal current reconstruction from real magnetic flux density and electric
potential data (VR) plotted on a cutout of the cerebrum viewed from the back (top) and on

a sphere with radius 0.950¢ (bottom)
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Based on the review of the executed real date inversions, the results of the ROFMP can
still be optimized. This enhancement can be performed on different levels.

First, from the implementation point of view, several extensions are reasonable. The lack
of data in the MEG case can be reduced by including the additional 204 gradiometer meas-
urements into the R(O)FMP algorithm. The theoretical foundation for the implementation
can be found in Appendix A. The dictionary, which is required for the ROFMP, consists
of orthonormal basis functions and particular reproducing kernels in our numerical tests.
Besides these two sets of trial functions, we could add more different types of functions
into the dictionary. For example, wavelet-based reconstructions and multiresolution analysis
yield good results in spherical applications, see, for example, [20, 25,150, 153] for vectorial
cases. The construction of appropriate wavelets as dictionary elements for the inverse MEG
and EEG problem is not such challenging, since we have already found the corresponding
SVDs which are required for the construction of adequate scaling functions. Note that
the usage of wavelets as dictionary elements differs from the previously mentioned wavelet
method for the inversion of ill-posed problems. Therefore, it is reasonable to include them
as trial functions for the inverse MEG and EEG problem. Furthermore, Slepian functions,
as particular linear combinations of the used vector-valued orthonormal basis functions,
yield good spatial localization, see [5,37, 140,202,203, 221]. Thus, Slepian functions could be
constructed for particular regions of the brain, such as the real-shaped visual cortex or even
smaller parts of it. A foundation for this approach is presented by V. Michel, N. Schneider
and the author in [146], where vector-valued Slepian functions for certain regions on the ball
are constructed. However, in the construction of these Slepian functions only a localization
property with respect to the region is incorporated. In [164], an approach is presented which
enables to construct Slepian functions in relation to an inverse problem. For this approach
the singular values of the underlying operator are required, which is not a problem in the
inverse MEG and EEG problem for the multiple-shell model.

Besides an enlargement of the dictionary, we could additionally test regularization terms
that also take the time dependency of the data into account. Instead of only penalizing
the approximation in a certain norm, we could additionally penalize its deviation from the
one of the previous time step. By means of this approach, we can take advantage of the
time dependency of the data that is not yet taken into account in the current investigations.
Additionally, many more data points would become available. This idea could be taken
further to a postprocessing step that penalizes the deviation from the previous and the
next approximation after all single time points have been inverted independently. Of course,
different Sobolev norms that have not been tested yet as penalty terms for the inverse MEG
and EEG problem could also improve the results.

Second, from the algorithmic side, we could also try several enhancements of the R(O)FMP.
For instance, in [137,138], a massively accelerated variant of the algorithm called the
regularized weak functional matching pursuit algorithm (RWFMP) is developed, which
yielded good results in the considered numerical test cases. Due to the acceleration of
the algorithm, more iterations in a shorter period of time are realizable, which is generally
desirable. Moreover, in a forthcoming work, see [201], a learned-dictionary-based enhancement
of the RFMP will be presented, which may improve the numerical results by adapting the
used dictionary.

Third, a reason for the discrepancy between the quality of the results obtained in the
synthetic test case and in the real data situation may be grounded in an insufficient modelling
of the brain. In the case of the used multiple-shell model, we assume that the conductivities
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are known and constant on each particular shell. Instead of setting the conductivities on
each shell based on values stated in [117], novel approaches for their inference can be used,
see [32]. In addition, one could allow different radial and tangential conductivities, which is
considered in [174], for instance. Another reason for the inferiority of the real data results
might be the multiple-shell model itself, since the real structure of the brain is inherently
non-spherical. In order to overcome this model error, other geometries could be used, such
as the elliptical-shell model, see [39,54,95]. In this case, however, more research concerning
the theory of the inverse MEG and EEG problem is required. Although real-shaped brain
models cannot be used to achieve theoretical knowledge of the null spaces of the operators,
they may well be used in the numerics. For this purpose, the derived integral equations
modelling the inverse MEG and EEG problem need to be adapted.

Lastly, an additional difficulty in the real data situation is that, besides technical noise,
one has to handle supplementary human-driven noise. In order to handle this situation,
additional postprocessing of the real data could be helpful according to [116]. Alternatively,
the R(O)FMP could be further tested with some benchmark data sets as provided in [98].
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Chapter 22.
Conclusion and Outlook

Solving the (inverse) MEG and EEG problem for the spherical multiple-shell model from the
theoretical as well as the numerical point of view was the main task of this work. For this
purpose, we first derived in Part I an integral equation connecting the sought neuronal current,
which we model as a continuous dipole distribution, with the measured magnetic flux density
in the exterior of the head and the electric potential on the scalp. These derivations were
based on the quasi-static version of Maxwell’s equations and used the spherical multiple-shell
model. In accordance with the literature, the EEG model includes a sequence of coefficients
{ﬁ;(gL)}keN depending on the degree k, the radii of the various shells in the multiple-shell
model, and their conductivities. The novel analysis of the asymptotic behaviour of these
coeflicients was crucial for the well-definedness, which implies the convergence of the integral
kernel series representation of the EEG problem. In addition, for both problems, the a-priori
assumptions on the neuronal current in our derivation could be substantially reduced in
comparison to other derivations in the literature.

Via the extensive analysis of more general classes of integral kernels, such as the continuous,
the star-shaped, and the harmonic vector Legendre-type integral (VLI) kernels, and their
corresponding integral operators in Part II, results concerning the inverse MEG and EEG
problem could be achieved. Besides, the different VLI operators are not limited to MEG
and EEG, but also cover other problems occurring, for example, in the geosciences, such as
the inverse Earth’s crustal magnetization problem or the inverse gravimetric problem in the
scalar case.

Based on the definition of ill-posed problems according to Hadamard [106, 107], we analyzed
three aspects of the inverse MEG and EEG problem in Part III:

Non-uniqueness Even though the non-uniqueness of the inverse MEG and EEG problem
is extensively discussed in the literature, see [47, 71-75, 108], there are still some open
questions, which we were able to answer within this work. We expanded the neuronal
current by means of a tailor-made orthonormal basis for the space La(B,,). This basis
consists of Edmonds vector spherical harmonics in the angular part. These particular
basis functions allowed to characterize precisely which direction of the neuronal current
can be detected by the measurement devices. The part belonging to the Edmonds
type i = 2 functions can be measured by the electroencephalograph, whereas the part
belonging to type ¢ = 3 is detected by the magnetoencephalograph. In addition, the
part belonging to type ¢ = 1 is silent for both devices. Thus, the information that
can be obtained by the two measurement methods is complementary. This improves
and concretizes the results of, for instance, [47]. As a novelty, we also expanded the
radial part of the neuronal current by means of an appropriate orthonormal basis on
the interval. In combination with the derived singular value decomposition (SVD) of
the MEG and EEG operators, we could characterize their null spaces precisely. For the
joint inversion, we concluded that only the harmonic solenoidal part of the neuronal
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current can be reconstructed from magneto-electroencephalography data. In addition,
we stated several additional uniqueness constraints to overcome this non-uniqueness.
The most natural condition seems to be the minimum-norm condition on the entire
vector-valued neuronal current, due to the principle of stationary action, see [70].

Instability The instability of the inverse MEG and EEG problem is presumed in former
research, see [33,108,117]. In this work, we provided a mathematical foundation for
this instability. Based on the derived SVDs for both operators, the exponentially fast
decay of the singular values to zero is proved, which implies the severe ill-posedness of
the two problems, see [148, 214].

Existence of a Solution Via the SVDs of the two operators, we formulated Picard’s
criterion for these problems in order to guarantee the existence of a solution.

Besides this, the SVD provided us with a representation of the best-approximate solution.
In addition to the comprehensive analysis of the derived integral equation and operator, we
compared our approach with former approaches from the literature. Most existing methods
for continuous dipole distributions in spherical geometries further decompose the neuronal
current. Preceding decompositions are the Hodge and the Helmholtz decomposition used
in [47,50, 71-75], which both yield integral equations relating some scalar-valued parts of
the neuronal current to the measured quantities. These decompositions are insufficient for
a precise characterization of the reconstructable parts of the neuronal current, since, for
example, an orthonormal basis decomposition for the radial part of the neuronal current is
missing. Furthermore, they can only be combined with additional uniqueness constraints
in some cases. For instance, we proved that the Helmholtz decomposition for the EEG
problem always produces parts of the neuronal current that cannot be measured by the
electroencephalograph. Thus, the Helmholtz decomposition cannot be combined with the
minimum-norm condition of the neuronal current. The detailed comparison among these
approaches and further improvements of the existing methods were presented in Chapter 15.
In Part V, we presented the regularized functional matching pursuit (RFMP) algorithm and
its enhancement, the regularized orthogonal functional matching pursuit (ROFMP) algorithm,
see [66,68, 137,138,159, 163, 166, 210]. We improved some of the existing convergence results
on the RFMP and analyzed further properties of the solution obtained by the algorithm.
Afterwards, in Part VI, we applied these two algorithms to the inverse MEG and EEG
problem in order to solve them numerically. For this purpose, we constructed a synthetic test
case with known solution that satisfies the minimum-norm condition as additional uniqueness
constraint. The instability of the problems was handled by the Tikhonov-regularization
term occurring in the RFMP as well as the ROFMP. For appropriate penalty terms, we
constructed novel vector-valued Sobolev spaces on the ball. We conducted the synthetic
tests for non-noisy data as well as for noisy data with 1% to 10 % additive white Gaussian
noise. Besides difficulties attributed to the ill-posedness of the problems, we also needed to
handle the lack of data. Each measurement device only provides 70 to 102 measurements per
time step at irregularly distributed sensor positions. Nevertheless, the REMP yielded good
reconstruction results concerning the normalized root mean square error of the approximation
as well as concerning the visual representation of the reconstruction itself. In addition, the
RFMP was outperformed by the ROFMP with respect to reconstruction quality and sparsity
of the solution. In order to compare these two algorithms with established methods, we also
implemented the regularized Ritz method as well as two different spline methods. We used the
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scalar spline method from [73] for the inverse MEG problem as well as a novel tensor-valued
reproducing kernel based spline method on the ball for the inverse EEG problem. Whereas
the Ritz method generally produced comparably poor results, the two spline methods yielded
good numerical results, which are stable with respect to increasing noise level, but still
inferior compared to the ROFMP solution. Another disadvantage of the scalar spline method
is given by the transformation of the good scalar reconstruction to the vector-valued density.
Within this transformation, accuracy of the scalar spline reconstruction is lost due to the
additional damping term. Concluding, the ROFMP yielded the best results among all tested
methods independent of the noise level and resulted in satisfactory reconstructions of the test
current. Furthermore, we solved some issues from [73] concerning the scalar spline method
for the EEG problem.

We completed this part with the inversion of real MEG and EEG data from a visual
stimulus experiment. The results of the real data inversion, especially for the combination of
the MEG and EEG inversion, were satisfying and the ROFMP worked as it should. However,
some artefacts in the reconstructions were observed. This opens up directions for future
research.

For further investigations, the ROFMP could be applied to more realistic benchmark
problems for which the exact solution or at least an approximation of the solution is available.
Such benchmarks are included in the MNE software package, for example, see [98]. In
addition, the approximation power of the R(O)FMP could be enhanced by adding further
types of functions to the dictionary, such as vector-valued wavelets, see [20, 25,150, 153], or
Slepian functions that can be concentrated on particular real-shaped brain regions, such as the
visual cortex or even the entire human brain, see [146, 164]. Eventually, the numerical tests
could be accelerated by using the regularized weak functional matching pursuit algorithm
instead, see [137,138].

Besides this, we could improve on the model itself and the constants involved. The
determination of the conductivities required for the multiple-shell model could be more
sophisticated. For example, the method developed in [32] could be used for the determination
of the conductivities. In addition, the multiple-shell model could be extended by allowing
different radial and tangential conductivities, see [174]. Of course, the same analysis that is
carried out in this thesis would be required for the extended model. A further step could be
the analysis of the ellipsoidal-shell model, see [39,95], for which certain forward solutions
exist. However, finding a singular system in this particular case seems challenging since the
angular and the radial part of an expansion into ellipsoidal harmonics are not decoupled.

Another, more radical, possibility would be to drop the quasti-static approach and to
analyze the time-dependent Maxwell’s equations because the measurements are also dependent
on time. In this context, novel integral or integro-differential equations need to be derived
for the multiple-shell model. However, finding the corresponding operators and their singular
systems seems to be very challenging. Alternatively, the time dependency could be included
in the regularization of the quasi-static approach by using spatio-temporal regularizations.
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Appendix A.

Supplementary Calculations for the MEG
Gradiometer

In Section 9.2, we investigate the quantity measured by the MEG gradiometers, that is a
tangential derivative of the magnetic flux density. The following result is stated in Lemma 9.5
with the proof omitted. Now, we present the missing proof and some lengthy auxiliary
calculations.

Lemma A.1. The gradient of the magnetic flux density B, is given for y € BS by

oo 2n+1
. n—+1 N
VyBu(y)=> Y B,f(n,y)<+ S 1V(y)Yn,j(y)
n=1 j=1
+ @) 9) [+ 30 ey @) + (4 2) [y (9)
2n + 1™ 2n + 1™
n(n+1)2

o 1 9 (W) u@) - 2nﬁl<u<y>-v;>y£i}<@>>).

Proof. Keep in mind within this proof that y € BSX'. For the gradient of the investigated
quantity, we obtain

VyBu(y) = Vy (v(y) - B(y))- (A1)
We use the product rule for the gradient, see [141, Sec. 22|, that is the identity
V(g9 =FNVAG+gN VAL +(f-V)g+(g-V)f

for all f, g € C(R3), in order to further expand the expression in Eq. (A.1). This leads to

Vy (v(y)- B(y)) = (v(y) - Vy) By) + (B(y) - Vy) v(y)
+v() A (Vy AB(y)) + Bly) A (Vy Av(y)).

Since the normal vector v(y) = v is constant on each sensor surface, the second and the last
summand vanish. Hence, the formula reduces to

Vy(v-B(y)) = (v-Vy)B(y) +v A (Vy A B(y)).

For the last summand, we keep the derivation of the magnetic field B in mind, which is
generated by the gradient of the scalar magnetic potential in the exterior of the head. Since
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conservative (i.e. gradient) fields are always irrotational and y € B¢, the last summand in
the previous equation also vanishes. Thus, with » > or,, we get

Vy(v-B(y)) = (v-Vy) B(y)

oo 2n+1
) (Z > an,j)h;;gj(r;y)) .

n=1 j=1

The series representation of the magnetic field is valid, see Theorem 9.4. The derivative and
the series of B can be interchanged due to Theorems 8.7 and 9.4 and the fact that the MEG
integral kernel is a harmonic VLI kernel. Hence, using y = yy, we can apply the derivative
term-by-term. For this purpose, we use Theorem 2.14 for the representation of the gradient
and obtain for alln € N, j =1,...,2n + 1 the identity

9 1,
(v Vy) b i(r;y) = <V : (yay + V@>> (5 y@)
0 1 «\ La .
= (v- y)ayh;}(r o) + ” (V : V@) h (5 yg). (A.2)

In order to calculate the two remaining summands of the right-hand side of Eq. (A.2), we
first use Definition 5.27 to expand the vector outer harmonics into

n+2
h,i(r;y) = i(r) : U5, (@) (A.3a)

[ n+ 1 N n .

Hence, inserting Eq. (A.3a) into Eq. (A.2), the first summand reduces to

n+2
v a) g =09 () e

Jr
- (D)D)
’I'L+3 ’I'L,] :

For the second summand in Eq. (A.2), we obtain using the representation in Eq. (A.3b) the
identity

1 N e » n+1 N (2>

” (1/ : V@) h,;(riyg) = n+3 V5 (\/; (@) \/E Ys
— r’ n+1 *\ (A ~ ) (§
TRs (\/;( Vi) 0¥ 0) ~ 7 v Vi)

We expand the first summand on the right-hand side. Recall that ¢ depends on the longitude
o and the polar distance t, see Definition 2.11. By means of the coordinate representation of
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the surface gradient, see Theorem 2.14, we get the representation

(V- V3) (§Yn;(9) = Yo ;(9) (v - V)i + (v - Vi)Yo ;(9)
1 0 9
:YTL‘A . 4 t ].—t2 ~ ~ . fYn/\
(@) <V (6 Ao, e 6t)> y+yv-VyY,,;(9))

N 1 a . o
= Ynild) (“"6@) =gyt () Vi-e aty)

+y/n(n+ D)y - y2i(@))

=Ya; (@) (v e9)e% + (v-e') ') +/n(n+ )7 (v 32 @)),

where we used the identities of Corollary 2.13 in the last step. Inserting these results into
Eq. (A.2), we obtain

(v-Vy) h%l,)j(rs y)

We further analyze the first two summands. Since v can also be represented in the local
basis, that is v = (v -€¥)e? + (v - €')e’ + (v - §)Y, we use Eq. (A.3b) to obtain

—(n+2)(v-PIG) + 27;111 Yo i (%) ((u e¥)e¥ + (u et) st)
= (2 DI E) + oY) 0 v 9))
- (n+2)w-P) ( 27:;113/%(@) - \/Eyi’j(i/)>
e (s @)~ (v 9) 8 (9)

R n+1 o . n 2) [ n n—+1 R
[ / A 9) @ DY, (@),
v y)< (30 53 ¥ns @) + (0 20y 57 ¥ () | 45— v ()

Inserting the last two results into Eq. (A.1), we obtain the desired result:

oo 2n+1
VyBu(y) = (v-Vy) (Z > Bf(mi)’lii}(m;))

n=1 j=1
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n+1 R
T\ anr1 @) (e €¢+(” Et>€)
n+1 @ (2) V V* y(2> )
2n + 1 V2 ™d
oo 2n+1
n+1 R
=22 B ”]< \ 2n+1 V¥ (9)
n=1 j=1
n+1 n
3 M [a 9 @ (2
(v-9) ( n+34 5= leyn,j(y)Jr(nJr )\/2n+1yw(y)
n(n+1)* y( n £\ () (5
— V . O

(2)

For numerical implementation, further calculations of the term (v - V*)y,”. are required.

n.j
Lemma A.2. The identity
(VLY () = (1 - £2)—— ( *Aa+v*a> @)
0 t 2t 0
t 42 A * _ * ~
toe) (VTR (<54 V5) 5 -~ Jo) Vi@ ()

holds true for alln e N, j=1,...,2n+ 1.

Proof. We use the product rule for the derivatives combined with Corollary 2.13 and obtain

V1—120p Ot
1 0 1 0 0
— ¢ ey ) Y ot 1Y ;
v ”mw(s o o V! P i) Vs 0)
0 1 0 0
t _ 27 [ g¥ _ t _ 42 r
b (v eI tat(e eV tat)YnJ(y)
1 0 1 o2 2
- ® t_ /1 — 24 il ® — te¥f— t i)
(v-e?) (te ty)l t28cp+5 1 — 12 9yp? TR 8t> n.(9)
0? t 0 0 0
t 77} © -~ 1 — 24 tl_ 2\Y 4t Yn ~
+ (v s)(s 8t8g0+€ 2oy vV tyat+s( t)8t2 te 8t> 3(9)
J— %2 L* A~ 8 * a Y A
=(-e )\/7t2 tLy 3 +V-’78 .3 (D)
bv-eh) (\/1—752 (c4+v;) 2 - vy wa)y (@).
o Ji_g 1—t27 9p) ™

The last step can be verified by inserting the definition of the surface curl and the surface
gradient into the equation from Theorem 2.14, which results into a lengthy calculation. [
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