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Zusammenfassung

Die vorliegende Arbeit verallgemeinert Resultate von [ST03], [SST04] und [CS09] beziiglich
Finslerminimalflachen in Finslermannigfaltigkeiten, welche mit dem Busemann-Hausdorff-
Volumen versehen sind, wovon sich der Finslersche Flacheninhalt ableiten lasst. Es wer-
den eine Finslermetrik F als auf R™*! definiert angenommen und Bedingungen beziiglich
der m-Symmetrisierung von F' formuliert, die die Elliptizitdt des Finslerschen Flachenin-
halts garantieren. In [STO03] und [SST04] wurden spezielle Randersrdume betrachtet und
in [CS09] Finslermannigfaltigkeiten mit sogenannten («, §)-Metriken, welche Randersmetriken
als Spezialfall umfassen. Verallgemeinert werden in der vorliegenden Arbeit die Sétze vom
Bernsteintyp, welche in [SST04] und [CS09] bewiesen wurden, allerdings umfasst diese Arbeit
auch etliche neue Ergebnisse. Darunter unter anderem Existenz- und Regularitatssitze fir
Minimierer, Hebbarkeit von Singularititen, Einschlusssitze, isoperimetrische Ungleichungen
und Kriimmungsabschatzungen fiir Finslerminimalflachen.



Abstract

The present thesis generalizes results established in [ST03], [SST04] and [CS09] on Finsler-
minimal hypersurfaces in Finsler manifolds equipped with the Busemann-Hausdorff volume
wherefrom the Finsler area derives. Therefore, a Finsler structure F on R™*! is assumed and
some conditions involving the m-symmetrization F{,,) of F' are formulated to guarantee the el-
lipticity of the Finsler area. The present thesis generalizes especially Bernstein-type theorems
of [SST04] and [CS09] beyond the class of («, 3)-metrics. There are even many new results
some of which with no direct counterpart in the aforementioned references. These results in-
clude existence and regularity of minimizers, removability of singularities, enclosure theorems,
isoperimetric inequalities and curvature estimates for Finsler-minimal hypersurfaces.
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Introduction

The present thesis covers an investigation of Finsler-minimal immersions into Finsler man-
ifolds and their properties. Finsler-minimal immersions generalize minimal immersions into
Euclidean space, i.e., Finsler-minimal immersions are critical immersions to the Finsler area
functional. In other words, the first variation of such an immersion w.r.t. Finsler area van-
ishes. Finsler area in this context means the Busemann-Hausdorff definition of area in a
Finsler manifold (see [Bus47]). There were only very few results known regarding Finsler-
minimal immersions. Especially, Souza, Spruck and Tenenblat [SST04] established results
for Finsler-minimal graphs in a Randers-Minkowski space, i.e. a Minkowski space where the
Finsler metric is a Randers metric. A Randers metric is a Riemannian metric plus an additive
linear perturbation term. In [SST04], some results regarding (local) uniqueness, a Bernstein-
type theorem in dimension 3, and removability of singularities are given for such graphs. To
the author’s knowledge, most of the formerly established results including [SST04] were re-
stricted to graphs and target Finsler manifolds of a very specific structure and there were
essentially no results regarding existence, isoperimetric inequalities or curvature estimates for
Finsler-minimal immersions.

In the beginning, we name some of the basic notions necessary to speak of Finsler-minimal
immersions. The Busemann-Hausdorff volume, an extension of the notion of volume on Rie-
mannian manifolds, is one of two main choices of volume on Finsler manifolds. Here, the
most influential work was that of Busemann [Bus47] from 1947. Therein, he not only defined
this Finsler volume, but also showed that it coincides on reversible Finsler manifolds with the
Hausdorff measure induced by the Finsler structure. This property gives it a basic geometric
interpretation and makes it a natural choice of volume.! Most of the founding definitions
and basic results on that type of Finsler volume are due to Busemann. Busemann especially
derived from his volume a Finsler area for immersions, which leads to Finsler-minimal im-
mersions in Finsler manifolds (see [She98]). Shen gave in [She98] a Finsler version of mean
curvature, stemming from the Euler-Lagrange equation and the first variation of the Finsler
area. Then, Finsler-minimal immersions are immersions of vanishing Finsler mean curva-
ture. So, Finsler-minimal immersions can be characterized by a differential equation and they
are critical points of Finsler area. Further investigations on the topic have been carried out
by [ST03], [SST04], where these characterizing differential equations are computed for Finsler-
minimal graphs in a Randers-Minkowski space setting, i.e. in a Minkowski space with Finsler
metric F' = «a 4+  with a Riemannian metric o and a linear 1-form . These differential
equations are identified as of mean curvature type (cf. [GT01]) and being elliptic as such up
to a threshold 1/4/3 on the Riemannian norm of the linear perturbation term 3. An example
in [SST04] shows even more that this threshold is sharp. It is a cone, which is a solution
to the characterizing differential equations of Finsler-minimal graphs for 8 of norm equal to

INotice that the alternative Holmes-Thompson volume (see [APB06]) leads to a different notion of Finsler-
minimal immersions that we do not address here.
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Introduction

1/4/3. For elliptic differential equations of mean curvature type Jenkins and Serrin [JS63] as
well as Simon [Sim77a] proved Bernstein-type theorems, which where then applied by Souza
et al. to the Finsler-minimal graphs as the solution of such an equation. Thereby, [SST04]
obtained, among other results, Bernstein-type theorems for critical graphs to Finsler area in
Randers-Minkowski space. Cui and Shen [CS09] applied this method to more general (a, 3)-
metrics (see Definition 1.4.13). Again, they classify the characterizing differential equation
of critical graphs of Finsler area as being elliptic and of mean curvature type. Notice that a
Randers metric is a special type of (a, 8)-metric. The purpose of this thesis is to investigate
minimizers and critical immersions of Busemann’s Finsler area, generalize results established
in [SSTO04] and [CS09] as well as present some entirely new results not restricted to graphs.
In contrast to those sources, we use a variational approach as the problem naturally arises by
a variation of Finsler area.

The drawback of the approach in [SST04] and [CS09] is that the characterizing differential
equations are highly non-linear in nature. This is the reason why their coefficients can only be
computed in an involved manner. Therefore, classifying the differential equations as elliptic
becomes also quite complicated, which restricts their approach to very specific Finsler spaces.
So, the main idea of the present thesis is to choose a variational approach. In fact, we apply
the theory of so called parametric or Cartan functionals to Finsler area. The Finsler area,
reinterpreted as an elliptic Cartan functional, leads, for instance, automatically to a charac-
terization of Finsler-minimal graphs by elliptic differential equations of mean curvature type
but allows also to treat parametric surfaces beyond graphs. Notice that Cartan functionals
are defined by their invariance under reparametrization of the immersion under consideration.
Assume a smooth immersion X : .# — R" with an oriented smooth m-manifold .#Z and a
Lagrangian I € CO(R" x RY), N = ("), and define the m-form

0X A a—X)du

(3 = I(X,% 8um

m

in local coordinates u = (u®)2_; on .#. This is globally well-defined, since we assume

I(z,tz) = ti(x,z2)

for all (z,2) € R® x RY and ¢ > 0. Then,

I(X) = ///

is called parametric functional or Cartan functional. The most commonly known example
is the Euclidean area functional A(X) with the Euclidean area integrand A(z) := |z| as a
choice of I(x, z), where | - | is the Euclidean metric. There has been established a wide range
of definitions and results regarding minimizers and critical immersions of Cartan functionals.
Namely, there are existence and regularity results (cf. [HvdMO03b], [HvdMO03c] and [Whi91]),
results regarding removability of singularities ( [HS09] and [Sim77b]), enclosure theorems
(cf. [BF09] and [Cla02]), isoperimetric inequalities (cf. [CvdMO02] and [Win02]), curvature
estimates and Bernstein-type theorems (cf. [Sim77c] and [Win07]). Most of these results
assume n = m + 1 as a choice of dimension. So, the Finsler area A (X) of a smooth
immersion X from an m-manifold into R™*! equipped with a Finsler metric F is the main
scope of our investigation and is identified as a Cartan functional. Most results regarding
Cartan functionals assume that the Lagrangian [ is positive for non-zero second argument
and elliptic, i.e. for all R > 0, there is a constant A = A(R) > 0 such that

I(x,-) —A|-| is convex

for all z € R™*! with |z| < R. Hence, we compute the respective Lagrangian A" = AF (z, 2)
for the Finsler area (see Proposition 2.1.9) and then establish assumptions on F' to ensure
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Introduction

that the Finsler area integrand A is indeed elliptic. There are two valuable new observations
useful to achieve this goal. First, the Finsler area is symmetrizing in the sense that F' and
the m-symmetrization F{,,) generate the same Finsler area, i.e. AF = AFe)  where

Finy(@,y) = 27 (F"™(z,y) + F ™ (z,~y)) "=

for all (x,y) € TR™T = R+ x (R™+1\{0}) (see Definition 2.1.10 and Corollary 2.1.13).
F() is indeed the unique reversible real-valued function on TR™*! with that property (see
Theorem 2.3.2). Second, the Finsler area integrand can be represented in terms of the so
called spherical Radon transform R, namely

1

F _
A2 = R

for all (z,z) € R™! x (R™+1\{0}) (see Corollary 2.3.1). The spherical Radon transform
is a mapping from the space of continuous functions on R™*!\{0} to the space of (—1)-
homogeneous functions on R™T1\{0} (see Definition 2.2.1). The theory of the spherical
Radon transform presented here relies mostly on [Hel00] and [Gro96] as well as partially
on [BEGMO3]. An overview to the topic is given in [Gar94]. Of special use is the continuity
property of R and its inverse 7T if we restrict the domain of R to the Fréchet space of smooth
even (—m)-homogeneous functions on R™*1\{0} (cf. Theorem 2.2.20 and Theorem 2.2.28).
Using the representation in terms of the spherical Radon transform as well as the spherical
Radon transforms’ inverse, we construct for reversible Finsler metrics F, G on R™*! and a
given z € R™"! a reversible 1-homogeneous function F}, 5(-) such that

AF(z,) = 6A%(x,) = Af=s()

for § < §p with dg = dp(z, F, G) > 0 sufficiently small. We show for dy eventually chosen even
smaller that there is an integer [ > 2 such that

pa(F(x,) = Fr5(-) < Cpi(A"(z,-) — AT5())

where we exploit the continuity of the spherical Radon transform as an operator in terms
of the seminorms p;(f) = max{|[D*f({)| : ¢ € S, |a| < j}, for j € Ny. Hence if we
choose § small enough in function of F, G and z, F} s is close enough to F(z,-) to be positive
away from zero and convex, i.e. satisfies (F2). Consequently, Busemann’s convexity theorem
(cf. [Bus49]) implies for fixed z € R™*! that Af+s is convex in the second argument. This
implies the ellipticity comparison in Lemma 2.3.7 since A (z,-) — §A%(x,-) is then convex.
Ultimately this leads in combination with the observation regarding F{,,) to Corollary 2.3.8,
which states essentially the following new result:

If (R™TLF) and (Rm+1,F(m)) are both Finsler manifolds, then is AT an elliptic Cartan
integrand.

We call the geometric assumption that (R™*! F) and (R™*!, F,,)) are both Finsler mani-
folds (GA3). So, it is of special interest to know when F{,, is a Finsler metric. A sufficient
condition on F is

deFaHf::’( and Fa(xvy)(Fa)yy‘(z,y)(gaf) < 0

vy) S m+1
for all z € R™*! and y, & € R™T1\{0}, if we split F = F, + F, in an even part Fy and an
odd part F, with respect to the second argument (see Theorem 2.4.13). These conditions are
exemplarily verified for the Randers, two order and Matsumoto metric, which are the three
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(a, B)-metrics presented in [CS09]. We even reproduce their sharp bounds on the Riemannian
norm of B. For the Randers, two order and Matsumoto metric this is done in Example 2.4.3,
Example 2.4.4 and Example 2.4.5 by computing directly F{,,). For a Minkowski metric with
linear perturbation term this is done in Example 2.4.16 and again for the two order metric in
Example 2.4.17 via the sufficient condition. The sufficient condition can not be applied to the
Matsumoto metric, as shown in Example 2.4.18), which were shown in [CS09] to be sharp.

Ellipticity of the Finsler area integrand allows us to apply the aforementioned results on
Cartan functionals to Finsler area and we thereby get existence, regularity and removability
results, enclosure theorems, isoperimetric inequalities, curvature estimates and Bernstein-type
theorems for Finsler-minimal immersions or Finsler area minimizers. Most of these results
seem to be completely new except for the removability results and the Bernstein-type theorems
some of which have counterparts in some very constrained Finsler settings.

The existence results encompass existence for minimizers of A for a given boundary
configuration with suitable properties in a Sobolev setting (see Corollary 3.2.1) and in a
smooth setting (see Theorem 3.2.4 and Corollary 3.2.6), both for the choice m = 2. Notice
that finding a minimizer of some area functional spanning a given boundary configuration
is generally referred to as Plateau problem. Higher regularity for minimizers in the sense of
Corollary 3.2.1 can be achieved if the Finsler metric F' is close enough to the Euclidean metric
| - | up to second order derivatives. This exploits the fact that the Finsler area integrand as
a Cartan integrand then possesses a perfect dominance function by Corollary 1.6.21. These
existence results in a Sobolev setting have already been published jointly by Heiko von der
Mosel and the author in [OvdM13]. Theorem 3.2.4 gives existence of embedded Finsler-
minimal surfaces for m = 2 and a given boundary curve I" in a smooth setting, where F
satisfies (GA3) and some additional assumptions on F' and I" are set.

Removability results can be found in Theorem 3.2.9 and Corollary 3.2.8, of which the
latter is derived from an energy estimate in Theorem 3.2.7. These removability results are
all carried out in a Minkowski setting and generalize a removability result regarding isolated
singularities already shown in [SST04] for m = 2 in a Randers-Minkowski setting.

The enclosure theorems include a convex hull property (see Theorem 3.3.1) and an enclo-
sure result for Finsler admissible domains (see Theorem 3.3.2), both in a Minkowski setting.
The convex hull property basically states that the image of a Finsler-minimal immersion is
contained in the convex hull of the image of the boundary of the immersion’s domain. Theo-
rem 3.3.2 essentially states that if the boundary is contained in a Finsler admissible domain
so is the whole Finsler-minimal hypersurface.

Isoperimetric inequalities are given in Theorem 3.4.1 for the minimizers of Corollary 3.2.1
and in Theorem 3.4.3 for Finsler-minimal immersions in a Minkowski setting. Notice that
Theorem 3.4.3 imposes no conditions on F{,,) for most of its statements.

Curvature estimates for locally Finsler area minimizing C2-hypersurfaces and Finsler-
minimal graphs in a Minkowski space (R™*! F') are given in Theorem 3.5.12 assuming m €
{2,3} and (GA3) as well as in Theorem 3.5.13 assuming m < 7 and the even stronger
condition that the Finsler metric F' in question is close enough to the Euclidean metric up to
third order derivatives. Thereby, we can directly derive Bernstein theorems for entire Finsler-
minimal graphs in R™*! (see Theorem 3.5.15 and Corollary 3.5.17). In Theorem 3.5.14, a
Bernstein-type theorem for arbitrary m > 2 independent of the former curvature estimates
is then presented. It states that an entire Finsler-minimal graph subject to a certain growth
condition in a Minkowski space (R™*1, F') with F close enough to the Euclidean metric up to
third order derivatives, is a plane. These Bernstein results generalize Bernstein-type theorems
established in [SST04] for m = 2 in a Randers-Minkowski space setting and in [CS09] for some
Minkowski spaces with (a, §)-metric and m < 7.

The thesis is structured into three chapters. Chapter 1 contains basic definitions and
notions as well as basic results regarding linear algebra, real analysis, functional analysis,
manifolds, Finsler metrics, immersions and Cartan functionals. These results are grouped in
sections according to the respective topics and in particular the section on Cartan functionals

N
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goes deep into detail and hence contains several subsections. Chapter 2 defines in detail the
Finsler area similar to [She98] and in accordance with [Bus47]. This is part of section 2.1,
where will be also presented the identification of the Finsler area integrand as a Cartan in-
tegrand. In section 2.2, we present the spherical Radon transform in a way adapted to our
needs. Continuity properties as an operator and behaviour with respect to differentiation are
investigated which will prove useful in the proof of ellipticity of the Finsler area integrand.
In section 2.3, we relate the Finsler area integrand to the spherical Radon transform and
show ellipticity of the Finsler area integrand under suitable assumptions on F, i.e. that the
m-symmetrization F(,,) is a Finsler metric on R™*1. Therefore, the relation of the Finsler
area integrand to the spherical Radon transform are exploited as well as the latter’s specific
properties shown in section 2.2. In section 2.4, we investigate the ellipticity of F{,,) for some
special («, 8)-metrics, among others. We establish a sufficient condition and discuss its merits
and drawbacks again exemplarily on the previously mentioned («, 3)-metrics. Section 2.5
introduces a Finsler mean curvature and relates it to similar notions for Cartan integrands.
Chapter 3 collects the results attained for the Finsler-minimal immersions and Finsler area
minimizers resulting from theory on Cartan functionals. Existence and regularity results, en-
closure theorems, isoperimetric inequalities, curvature estimates and Bernstein-type theorems
can be found in separate sections of chapter 3.

(@21
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Chapter 1

Preliminaries of linear Algebra,
Analzsis and Finsler manifolds

In this chapter, we aim to give some basics on linear algebra, real analysis, measure theory,
functional analysis, manifolds, Finsler geometry, immersions as well as parametric or Cartan
functionals. The selection of these topics is driven by the needs on the application side in the
following chapters. The respective sections will by no means be exhaustive, but present most
of the background needed.

1.1 Linear Algebra

This section contains basic definitions and theorems of matrix calculus and linear algebra.
All results presented here are either standard theory or quite easily derived from it by direct
calculations. In our presentation of the topic, we mostly rely on the books of Janich [J&n94]
and [Jan01] as well as Lee [Lee03]. Only the part on projections on finite dimensional vector
spaces is non-standard in its presentation, even though it also involves only straight forward
computations. We chose this approach due to needs on application side. Nevertheless, for a
general overview on projections, we refer to a book of Meyer (see [Mey00, Section 5.13]).

1.1.1 Matrices

Some words to clarify the notation. N = {1, 2, 3, ...} is the set of natural numbers,
Np := N U {0} is the set of non-negative integer numbers, Z is the set of integer numbers
and R is the set of real numbers. For k,l € N let M = (Mj’) = (M;;) € R*! be a matrix
with elements M ; = M;;, row-index ¢ and column-index j. M (*) is the matrix obtained by
dropping the i-th row of M and M is the matrix obtained by dropping the j-th column of
M.ForseN,1<s<kandl<i <...<iz <k, the matrix M?% & R**s is the matrix
formed by the rows @1 ...75 of M. Mj, j, is defined analogously w.r.t. the columns of M.
Sometimes these notations will be combined. By &5, d;; or 6 we denote the Kronecker delta
defined by

. g 1 ifi=j,
(5; = (Sij = 0" = . ']
0 ifi#j

for i, j € N. The identity matriz Id € R*** is defined componentwise by

Id, = 4.

EN|



1 Preliminaries of linear Algebra, Analysis and Finsler manifolds

The components of the product A - B of two matrices A € RF*! and B € R™*™ are given by
l
(4-B) = Y4B
s=1

fori,jeN, 1<i<kand1<j<m. By M7T e Rk we denote the transpose of the matrix
M e RFXL je. (MT)f = M; fori,jeN,1<i<kand1<j <l M™!isthe inverse of
a matrix M. We write shortly M~ if we refer to the inverse of the transpose of the matrix
M. M is said to be symmetric if M equals its transpose M7T. For a quadratic matrix M,
i.e. k=l, the determinant will be denoted by det M. We denote by GL(n) the set of matrices
M € R™ "™ of non-zero determinant det M # 0 and by SL(n) the set of matrices M € R™*"
of determinant det M = 1. The trace of a matrix M € R¥*¥ is the sum of all the diagonal
elements of M, trace(M) = Zle M}. A matrix M = (M;;) € R™ " is said to be positive
semidefinite if

Mg = N EME >0

ij=1

for all £ = (£°) € R™. M is said to be positive definite if

n
¢'ME = ) Mg >0
i,j=1
for all £ = (¢%) € R™\{0}. Negative semidefinite and negative definite are defined in an
analogous way up to the inequalities in the opposite direction in the defining relation. We
will use the Einstein summation convention, which means that we sum over repeated indices
if the indices are not set explicitly.

Theorem 1.1.1 (Leibniz formula for determinats [J&n94, p. 116]). Let M = (M;;) €
REXE be a quadratic matriz. Then the determinant of M is given by

n
det M = Z sgnaH Mo (iyi, (1.1.1)
oeSy =1
where Sy is the set of all permutations of 1,...,k, i.e. the set of all bijections on the set
{1,...,k}, and sgno is the sign of the permutation o.

Theorem 1.1.2 (Laplace expansion of determinants [Jan94, pp. 107, 110]). Let M =
(M}) € R*** be a matriz. Then

det M = (—1)**7 M det M%)

€]
1

-

V)
Il

>

(=)™ M det M),

|

i,5=1

fori,jeN 1<1i,j<k.

Theorem 1.1.3 (Inverse matrix [Jin94, p. 110]). Let M = (M}) € R*** with det M # 0.
Then

1Yiti ()
ary, - DA
J det M

fori,jeN 1<14,j<k.

o)



1.1 Linear Algebra

The following theorem is a consequence of the Laplace expansion Theorem 1.1.2.
Theorem 1.1.4 (Derivative of the determinant). Let M = (M}) € RF¥*F . Then

0

detM = (—1)"" det M) (1.1.2)
OM;

()

fori,j €N, 1<4,j <k. Especially if det M # 0, (1.1.2) can be written as

9
M

det M = det M(M™')] (1.1.3)

fori,jeN 1<4,j<k.

Proof. By using Theorem 1.1.2 and Theorem 1.1.3 we get

M=

0 0
detM = A
oM det M

J s=1

(—1)™* M det M)

S

[
™=

(—1)"+6,; det M)

s=1

(L qy\it) (7)
= (-1) det M3

.y (—1)"+ det M)
- detM—— "G
¢ det M

= det M(M™1)].

?

O

The following theorem on the componentwise derivative of the inverse of a quadratic matrix
is formulated using the aforementioned Einstein summation convention.

Theorem 1.1.5 (Derivative of the inverse). Let M = (M}) € RF¥*F with det M # 0 and
M~' = (N}) € R***. Then
ON§ oMY

. = — NN = —N:N}
oM} ToM; ! o

fori g, s,t € N, 1 <4,j,s,t <k orin matrix notation

oM~ OM

: M
oM oM

where the partial derivative % is applied componentwise.
j

Proof. The matrix M and the inverse matrix M ! obey the following relation
MIN] = §; (1.1.4)

for g,t € N, 1 < ¢q,t < k. If we differentiate this relation, we get

M3 ONT
NS+ ML = 0
oaii -t g

©



1 Preliminaries of linear Algebra, Analysis and Finsler manifolds

and therefore

4 ONY oMa .

T i it
oM oM

If we multiply with N for 1 <s,q <k and contract index ¢, we get

aNtS s (()Mﬂ T s AT
i = —NigENi = -NiN
J J

O

Theorem 1.1.6 (Binet-Cauchy formula [EG92, Section 3.2., Theorem 4]). Let M € R**!

and N € R™>* be matrices with k,l € N, | > k. Then

det MN = Z det M;, ;. det Nt

1<ig <. <ip<l

10k

The following theorem can be verified using Theorem 1.1.2.

Theorem 1.1.7 (Trace and determinant). Let L € R"*" and £ := (&1]...|&,) € R™*™ be

matrices. Then

trace(L)det(&y, -+, &) = Y det(&, &1, L&, &igr e, &n)
=1

Proof. With Theorem 1.1.2 we get
Zdet(flw"ﬁi—l,qufiJrl"' +&n)
i=1

Thm'émz Z(—l)i”(Lfi)j det(&r, - &1, &1 o+, n)

i=1 j=1
= DD Ll det (G, Gimn, G, 6n)

i=1 j=1 k=1

n n

= (_1)k+jLZ; Z(_l)thfzk det(flv e gi—la §i+1 e 7£n)j
1 =1

Jj=1k=1
é—l
Thmélazz(_l)kﬂ'[,i det | ¢&F
Jj=1k=1 £j+1
é"n/
= Y 3 (-0 L]k dete
J=1k=1
= ) Lldet¢
j=1
= trace(L)det¢,

(1.1.5)
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where we used the identity
é-l
gt

det ;il = 0} det¢.

é"n
Remember that & denotes the i-th row and &; denotes the i-th column of the matrix £&.  [J

The following theorem of Matsumoto is especially useful in situations, when we deal with
an invertible matrix to which we add a dyadic perturbation.

Theorem 1.1.8 (Theorem of Matsumoto [Mat86, Theorem 30.2, p. 206]). Let Q €
R™ ™ be a symmetric and invertible matriz, C € R™ be a vector and ¢ € {—1,1}. Then the
determinant of the matriz Q +CCT is given by

det(Q +eCCT) = (1+CTQ™'0)det Q.

If 14+ eCTQ™C # 0 then the inverse of Q +eCCT can be written as

€

™1 _ -1 _
(@+eCCT)™ = @~ Frgic

'oQo).

Proof. Due to the fact that @ is a symmetric matrix, there exists a hermetian matrix A € C™"*"
st. Q = A?, ie. through the Eigendecomposition of the matrix ). Therein C is the set

T —
of complex numbers, hermetian means that A = A" with A the componentwise complex
conjugation of A. Thereby, we get

det(Q +eCCT) = det(A? +cA(A'C)(A-1C) A)
—  det Adet(Id + (A~ 'C)(A1C) ) det A
—  det(Id + £(A'C)(AIC) ) det Q.

—_— T
On the other hand, the matrix Id+e(A~1C)(A~1C) is hermetian and has the real Eigenvalues
1 of multiplicity n — 1 and 1 4+ eCTQ~1C of multiplicity 1. So, we get

det(Q +cCCT) = (14eCTQ7'C)detQ.

The remaining assertion regarding the inverse matrix of Q +eCC7 follows by verifying that

Ty(H—1 _ € -1 1Ty  —
@+:C0NQ ~ margmie @ OO = 1
In this case, we assumed 1 +eCTQ~1C # 0. O

The following corollary is a direct consequence of Theorem 1.1.8.

Corollary 1.1.9. Let C € R and a,b € R™ for n > 2. Then, there holds

det (CId + aa” —bb") = C"?((C+a"a)(C —bb") + (a"b)?).
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Proof. Assume C # 0 and C + a”a # 0. With Theorem 1.1.8 we compute

1
det (CId +aa”) = C"(1+ aaTa)
_ Cn—l(c + (IT(I)
(C’Id + aaT)_l = lId — L L a?

C 1+ éaTa aaa

1 1 .
= o(Id‘maTa““)-

By using once again Theorem 1.1.8 we get

T 13T _ T Y, S
det (CId + aa” —6b") = det (C1d + aa )<1 ot - argee )b
n—1 T _l T _ﬂ
C"N(C +a a)(l ol Ui

= C"?((C+d"a)(C—b"b)+ (a"b)?).

By the continuity of the determinant we can extend this result to the cases of C = 0 or
C + a”a = 0, respectively. O

1.1.2 Finite dimensional vector spaces and related topics

For a (real) finite-dimensional vector space V we denote by V* the dual space, i.e. the
space of all linear real valued mappings on V. If V is of dimension n, i.e. dimV = n, there
exists a basis {b;}1"_, s.t. each vector v € V can be expressed by v = " v/b; with v/ € R
for j = 1,...,n. For such a basis, there exists a so called dual basis {6 —1 of the dual space
V* defined by

0i(b;) = &

K2

for i,7 € {1,...,n}. Actually, a vector space V and the dual space of the dual space of
V are isomorphic, i.e. V =2 V** := (V*)* by means of the canonical linear isomorphism
®4: V — V**, which is given by

Pa(v)(w) = w(v) (1.1.6)

for v € V and w € V*. Notice that an isomorphism between to finite-dimensional vector
spaces is a linear and bijective mapping.
A k-linear real-valued mapping T on V is a mapping

T:Vx...xV =R,
E-ti

which is linear in each of its components that is

T(Ula" <> Vi—1, V4 +Oé'UJ,’Ui+17.-.,Uk)

= T(vla-' '7vi717viavi+17"';vk) +aT(’U17'"7’Ui717w7vi+17"-avkt)

forall a € R, w € V, v1,...v5 € V and ¢ = 1,...,k. Such a mapping T will be called
covariant k-tensor. The set of all covariant k-tensors on V will be denoted by T%(V). T*(V)
is a real vector space, where addition of two elements and multiplication with a scalar are
defined pointwise.
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For a choice of w!,...,w"” € V* we define the k-linear real-valued mapping w! ® ... ® w*

on V by
W@ oWk, o) = W)W ()

for all v1,...,vp € V. We call w! ®...®@wF the tensor product of w!,... w*. In fact T*(V)
is the linear span of such tensor products. Notice, the linear span of a subset S of a vector

space is the set of all linear combinations of elements in S and will be denoted by spanS. A
basis of T*(V) is given by

"®...® Qik}ﬁ,...,ikzl’

so T*(V) is a n*-dimensional real vector space. With respect to this basis, each element T' of
T*(V) can be expressed as

r = Til..,ik9i1®...®9i’“.

Further, we define the real vector space of all contravariant k-tensors Ty (V) in a similar way.
We define Ty (V) as the real vector space of real-valued k-linear mappings on V*. For a choice
of vy,...,vx € V we define the k-linear real-valued mapping v; ® ... ® vy on V* by

1 ®...Quw, ..., W) = W) .. wF ()

for all w!,...,w* € V* (cf. (1.1.6)). We call v; ® ... ® vy the tensor product of vy,..., vy.
Again, T (V) is the linear span of such tensor products. A basis of Ty (V) is given by

{bil ® ... b, Z,m,ik:l’

so Tj,(V) is a n*-dimensional real vector space. With respect to this basis, each element T of
T (V) can be expressed as

T = Til“'ikbil R...Q bzk

By means of (1.1.6) we see that Ty (V) = T*(V*).

For a choice vy,...,vx € V we define the alternating k-linear real-valued mapping vy A
... Nvg on V* by
wivy) ... wl(vg)
Ul/\.../\vk(wl,...,wk) = det : :
WF(vr) .. wF(vg)
for all w!,...,w” € V*. Such a mapping v; A ... A vy will be called simple k-vector. The set

of all simple k-vectors is a subset of the vector space of all k-linear real valued mappings on
V*, namely T (V). Especially,

ANV = ngnavg(l)@)...@vg(k)
oeSy

for vy,...,vx € V.

The linear span of the set of all simple k-vectors will be denoted by A*(V*) and will be
called k-th exterior power of V*. An element of A*(V*) is referred to as a k-vector. For a
basis {b;}_; of V a basis of A¥(V*) is given by

{bi1 VANPAN bik}1§i1<4..<ik§n-

13
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Therefore, the dimension of A¥(V*) equals the binomial coefficient (’;) = ﬁlk), Further,

by using (1.1.6) we can identify w! A...Awk € A¥(V) for w?, ..., wk € V* with the alternating
k-linear real valued mapping on V defined by

wiv)) ... wh(op)
WAL AW, o) = det

wk(v) ... wk(.vk)

for all vy,...,vx € V. A¥(V) is a subset of T*(V). Elements of A*(V) will be referred to as
k-covectors. We now concentrate on V = R” the n-dimensional real vector space, equipped
with the Euclidean scalar product (-,-) : R™ x R" — R, the standard basis {e;}_; and the
dual standard basis {67}"_,. The standard Euclidean norm | -|: R™ — R derives from the
Euclidean scalar product through |y| := 1/(y,y) for all y € R™. We can construct an induced
scalar product on A¥(R") and A*((R™)*) by defining it for the basis elements

k
<€il/\.../\€ik,6]‘1/\.../\ejk> = Héiljl’
=1
k
(6" ALASE AL NG = ]
=1

forl1<ip <...<ixg<nand1l<j <...<jir <n. Notice that the presentation of tensors
and k-vectors here is essentially based on [Jdn01] and [Lee03, pp. 260-268, 294-302].

From now on, for indices running from 1 to m we will write greek letters and for indices
running from 1 to n or m + 1 we will write latin letters. A™(R™*!) can be identified with
R™*1 by means of the isometric linear isomorphism ®,, : A™(R™*!) — R™*+! by defining it
for the canonical basis vectors by

Dpler Ao Neg—1 ANegp1 Ao Nemgr) = (—l)kflek7

for 1 < k < m+1 and extending it linearly to common m-vectors. Notice that every m-vector
in A™(R™*1) is a simple m-vector due to codimension 1. This justifies the following definition
of the m-vector in codimension 1, which is compatible with the precedent construction.

Definition 1.1.10. For &, € R™"! with ¢, = &Jej and a € {1,...,m},set & := (&1]...[&n) €
Rm+Dxm  Define the m-vector £ A ... A&y by

SRATERAY Y T (51/\.../\§m)jej
(G N AE) = (—1) det €W,

Theorem 1.1.11. (c¢f. [Fla63, Ch. 2.6, p. 14])Let € := (&]...|&,) € RUHDX™ gng g =
(] ... |1m) € RUPHDX™ be the matrices. Then

(AN Ny A A = det(€Tn), (1.1.7)
LA AEn] = VdeteTE. (1.1.8)

Proof. We start by showing (1.1.7).

(AN ANy Ao A D) Din. 1':1'10(—1)’4_1 det E(i)éij(—l)j_l det n)
m—+1

= Z det €@ det n(i)
i=1
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m—+1

= ) det(¢") ;) detn®
i=1

Thm. 1.1.6
= "det(¢").

(1.1.8) follows directly from (1.1.7) and the definition of the Euclidean norm. O
Theorem 1.1.12. Let € := (&1]...]&,) € ROHDX™ gnd p e R™HL. Then

& N...NEn) = det(n,&,...,&mn)- (1.1.9)
Proof.
M & A A E) P 2 05, (—1)7 71 det €U)
= T]i(sij(—].)lJrj det f(‘j)
- é:I-'Qdet(’r,? 51) s ag’m);
where 1 = nle; € R™HL, O

Definition 1.1.13 (Orthogonal complement). For a set of vectors S C R™*! we define
the orthogonal complement to S by

St = {¢eR™1:(n¢) = OforallyeS}

For a single vector € R™*! we define the orthogonal complement to 1 as the set {n}+ and
denote it by 7= .

Corollary 1.1.14 (Normal). Let £ := (1] ...]&,,) € ROPHDX™ - Thep

(&N NEm) = 0
foralli=1,...,m. If additionally & N ... N &y # 0, there holds

(E1A A §m)L = span{&1,....&m by

where the linear span of a set of vectors is the set of all linear combinations of the vectors.

Proof. Corollary 1.1.14 is a direct consequence of Theorem 1.1.12 and the properties of the
determinant. O

Theorem 1.1.15. Let £ = (&1]...|&m) € R™. Then
A Al < T (1.1.10)
i=1

If &, ..., &n are linearly independent, equality in (1.1.10) holds if and only if &1,..., &y are
pairwise orthogonal vectors.

Proof. Assume that &1, ..., &, are linearly independent. We will exploit the alternating prop-
erty of the wedge product. To do so, we define by means of the Gram-Schmidt process

= - &

61 . 517 T . ‘£1|7

- =l &

& = G- (G, m o= ¥
j=1 ‘€1|
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for ¢ = 2,...,m. Notice that ny,...,n, and 51, . ,fm are orthogonal by construction and
|n;] = 1fori=1,...,m by construction. Using the fact that the wedge product is alternating
and multilinear, we get

QAN = (HI&) (M A A )

i=1

Further, {n;}7, is a set of orthonormal vectors and therefore, due to the definition of the
scalar product on A™(R™), the vector 01 A ... A7y, has norm 1. On the other hand, we can
estimate the norm of &; in the following way

i—1 i—1 1—1
‘£z|2 = <gla€1> = |£l‘2 - 22<§Zvnj><€t7n]> +ZZ 62777] fzﬂ?k <T]]a77k>
Jj=1 j=1k=1
i—1
= &= (. < el (1.1.11)
j=1

Thereby, we get

G AN = <H|§1I>In1A...Anm| = Jllel < Ll
=1

i=1 i=1

If the equality holds in (1.1.10), then by the latter estimate follows that

[1é = JJl
1=1 i=1

and this together with (1.1.11) yields |&;| = \§l| for all ¢ = 1,...,m. This identity can be
rewritten to

i—1
G2 = Gl =D Gom)?
j=1
and thereby
i—1
Z <§i7 773>2 = 0
j=1
forall i =1,...,m. So, we conclude that & = éz for i =1,...,m and since éz are orthogonal
by construction, we get the second statement of the theorem.
On the other hand if we start by assuming that &;,...,&,, are linearly independent or-

thogonal vectors, the norm of the m-vector & A ... A&, computes to

LA NGl = VdetgTE
= /det({&, &)

det(j&20,) =[]l

i=1

by means of (1.1.8).

Finally, (1.1.10) can be extended to linearly dependent &1, ...,&,, as the equality is con-
tinuous with respect to approximation of the mentioned set of vectors by linearly independent
ones. 0

16
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Theorem 1.1.16 (Normal transformation). Let L : R™*! — R™*! be an isomorphism,
i.e. a linear and bijective mapping. Then the following is true:

(LENA ... A(L&m) = (det )L™T(E AL ANEw)
for all vectors & in R™T fori=1,...,m.

Remark 1.1.17. In a slight abuse of notation, the linear mapping L will be identified with its
transformation matrix L = (LZ)7 wherein Lé are defined by Le; = Lg e;, where {€i}i=1....m+1
is the canonical basis of R™!,

Proof of Theorem 1.1.16. Express the linear mapping L in the canonical basis {e;}i=1,.. m+1
by

= e
Le; = Lje;

fori=1,...,m+ 1. By Definition 1.1.10 and Theorem 1.1.6 the components of the m-vector
(L&) A ... A (L&) can be written as

(L&) A A (L&) P 210 1)77 det (L))

= (=1)7 7" det((LLgHY))
Thm. 1.1.6 ek ()

m. 1.1. i — i 1

=0(=1) 7Y det L) det
=1
m+1 (_1)j+l det L(J)
o () -1 (1)
= detL _ (-1 det
¢ ; qoip (M dets

m—+1
T E et LY (LT (G A A )
=1
= ((det L)L™TE A .. A&y)]

O

In the rest of the section, we introduce some concept of linear projections on finite di-
mensional vector spaces. We present it in a probably non-standard manner due to needs on
application side. We refer to [Mey00, Section 5.13] for an overview on the topic, even though
Meyer uses there another approach.

In the following definition, we introduce scalar products on R"™ issued from a positive
definite quadratic matrix. Notice that a scalar product p on a real vector space V is a
symmetric, positive-definite and bilinear mapping p: V x V — R.

Definition 1.1.18 (A-scalar product). Let A = (4;;) € R™"*™ be a symmetric positive
definite matrix. We define the A-scalar product {-,-) 4 on R™ by

(wywya, = viAw = VA W

for v = (v%),w = (w') € R". A matrix M € R"*" is called A-symmetric if
(Mv,wya = (v,Mw)a

which means in matrix notation

MTA = AM.
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A matrix P is called a projection if P2 = P. Given two positive integers m and n s.t. n > m
and a matrix C' € R™*" with rankC' = m, then we define the C-projection w.r.t. to A, Pa c,
by

Pac = Id-c(CTA0)"'CcTA.
Py ¢ is an A-symmetric projection.

Remark 1.1.19. Let V,W be two finite dimensional vector spaces. The rank of a linear
mapping f : V — W is the dimension of the image of V' w.r.t. f. We write shortly rank(f).
We say that f is of full rank if rank(f) = min{dimV, dimW}. The rank of a matrix M € R"*™
is then defined as the rank of its induced linear mapping f : R™ — R™ with f(z) := M -« for
all z € R™.

Theorem 1.1.20 (Kernel of projections). Let A € R"*" be a symmetric positive definite
matriz and C' = (c1,...,¢m) € R™™ a matriz with n > m. Then the Kernel of the C-
projection w.r.t. A equals the span of the columns of C, i.e.

kerPy ¢ = span{c,:a=1,...,m}.

Remark 1.1.21. Let V and W be two vector spaces. The kernel ker(f) of a linear mapping
f:V — W is defined by ker(f) :={v eV : f(v)=0€ W}

Proof of Theorem 1.1.20. Assume £ € R™ with P4 & = 0, then there holds
¢ = C(CTAC)TICTAE = > cqw",
a=1

wherein w := (CTAC)~1CTA¢ € R™. So, £ € span{c,,a = 1,...,m}. On the other hand if
we assume that y € span{c,,a =1,...,m}, we express y as

y = i Cqw®
a=1
for w € R™. Further,
PicC = C-c(CTAC)™'cTAC = C-C = 0
such that for each column of C' holds
Pycco, = 0

for « = 1,...,m. Therefore, we deduce that P4 cy = ZZ;O w* Py ,ccq = 0 such that y €

kerPy c. O
Theorem 1.1.22 (Comparative estimate of projections). Given two symmeltric positive
definite matrices A, B € R™"™ and a matrizc C = (c1,...,cm) € R™™ of full rank, where
n > m. There exist positive constants Ay = A1(A, B), A2 = A2(A, B) > 0 such that
M(Ppc&,)p < (Pacé§a < Ma(Ppcoé)s (1.1.12)

for all £ € R™. The constants Ay and As depend continuously on A and B. Further, the
transformation behaviour of the constants Ay and As for an invertible matric N € R™*" s
given by

Ai(A,B) = A (NTAN,NTBN) (1.1.13)

fori=1,2.
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Proof. Define the constant

Ay = MA(A,B,C) := min (Pacn,n)a
neSe,c
= min (Pacn, Pacna
neSE,c
with the compact set
Spc = {neR":|nlp=1, (n,ca)p=0fora=1,...,m}.

By definition it holds that /11 > 0.

Assume that A; = 0. Then there exists 7o € Sp,c such that (P4 cno, Pa,cno)a = 0 due to
the compactness of Sp . Therewith and by Theorem 1.1.20, we get 19 € kerPa.c N Sp,c =
span{c, : @ =1,...m} N Sp,c = 0, which is a contradiction. Hence, Ay > 0.

Now we decompose & € R” in the following way

§ = Ppc&+(Id—Ppc)é
= T+o,
where obviously 7 = Pp.cé € {n: (n,ca)p = 0fora =1,...m} and ¢ = (Id — Pgc)¢ €

span{c, : = 1,...m} = kerP4 ¢ = kerPp ¢ by Theorem 1.1.20. Putting this into the
expression (P4 &, &) 4 yields

(Pa,c&,€)a (Pa,c&, Pa,c§)a

<PA7c(T + 0'), PA,C(T + O')>A

= (PacT,PacT)a+2(Paco,PacT)a+ (Paco,Paco)a
(

PacT,PacT)a
Z A~1 <T7 T>B
= M(Pp,cé& Pscé)p

= A (Pp &, 6)s. (1.1.14)

Further, it can easily be shown that the following transformation behaviour of the respective
expressions is true for matrices N € R™"*™ and M € R™*™ both of full rank:

(Pt an n-1omMsMntan = (PacNn,Nn)a, (1.1.15)
Snreyn-iom = N 'Spc (1.1.16)

for all n € R™. Therefore, the transformation behaviour of A; is given by

(1.1.15)&(1.1.16)
= m

A (NTAN,NTBN,N~'CM) in  (PacNn,Nn)a

neEN-1Sp.c
= ynin (PacNn, Nia
= Cenéi;c<PA,C<a ¢)a
= Ai(A,B,C). (1.1.17)
Define the orthogonal group to the Euclidean scalar product

O(n,m) = {(wi1] - |wm) € R"*™ : (wq,wg) = dap for a, S =1,...,m}.

O(n,m) is a closed subset of the compact set S"~! x ... xS§"~! C R"*™ and as such compact
by itself. Further, it is a commonly known fact that for every C' € R™*"™ there is an invertible
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matrix M € R™*™ st. CM € O(n,m) (i.e. by means of the Gram-Schmidt process). This
motivates the definition

A (A, B) = min  A,(A, B, D).
DeO(n,m)
A1 (A, B) is positive being the minimum of a continuous and positive function over a compact
set. We have

A, B,c) "EV A4, B.oM)

> Al(A7 B)
for a properly chosen invertible matrix M € R™*™. So, we get
A (A, B) = min  A;(A4,B,D) = inf AL (A, B, D). (1.1.18)
DeO(n,m) DeRnxm™ of full rank

The transformation behaviour of A; (A, B) follows directly from the transformation behaviour
of A;1(A, B,C) in the following way

A(NTAN, NTBN) 19 A (NTAN, NTBN, D)

inf
DeRmxXm of full rank

b=iib inf A (NTAN,NTBN,N~'D)
DeR™»xm of full rank
(11D inf A1(A, B, D)

DeRnxm of full rank
CL94,(4,B),
which proves (1.1.13). Further, (1.1.14) and (1.1.18) lead to the estimate
(Pac&§)a > MAi(Pgct§)p.

By exchanging the role of A and B we get the constant As := A3(A4, B) := m > 0. The
continuity of the constants A; and Ay w.r.t A and B follows by construction. O

1.2 Real and Functional Analysis

1.2.1 Real Analysis and Measure theory

In this section, we will introduce some function spaces on subsets of the real vector space
R™ and state some related theorems. We will also present shortly some useful measure
theoretical theorems. The section is mostly based on the books of Evans & Gariepy [EG92]
and Gilbarg & Trudinger [GT01]. For an open set 2 C R™ denote its topological boundary or
boundary by 09 and its closure by . © C R™ is said to be a domain if  C R™ is an open
and connected set. We will write Q CcC R™ for an open set €, whose closure € is a compact
subset of R™. A compact set in R™ is a closed bounded set. Denote by C*(€) the set of
k-times continuously differentiable functions on an open set 2 C R™, where k € N U {0, 0o},
and by C*(€Q) the set of k-times continuously differentiable functions on an open set Q C R™,
whose derivatives can be extended continuously up to the boundary of Q. For Q CC R™, the
vector space C°() becomes a Banach space, i.e. a complete normed vector space, by means
of the supremum norm

||f‘|CO(ﬁ) = sup|f(z)|
Q

for f € C°(2). Notice that a norm || - || on a vector space V is a mapping || - || : V — [0, 00)
satisfying the following conditions:
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(i) if [|v]| = 0 holds true for some v € V', then v =0 € V;
(ii) ||tv|| = |¢|||v]| for all t € R and v € V;
(iii) [|v+ w]| < |Jv|| + [Jw|| for all v,w € V.

Therein, (iii) is called triangle inequality. If || - || only satisfies (ii) and (iii) then || - || is called
seminorm. A normed vector space is a pair (V]| - [[) where V' is a vector space and || - || is
anorm on V. For k € N the vector space C*(2) becomes a Banach space by means of the
norm

k
ller@ = Z Z 1D fllco @y
1=0 |

al=l

where f € C*(Q) and « are multi-indices. Notice that for a function f € C*(Q) or C*(9)
and a multi-index a = (v, ..., ) € NJ* we set |af := 31", o; and

glel

D@ = e a@me ! @

for z = (2%)i=1,..m € Q.

Definition 1.2.1 (Ho6lder continuity). Let  be an open set (or the closure of an open
set). A function f: Q C R™ — R is said to be Hélder continuous with exponent o € (0,1] on
Q if there exists a constant C' > 0 s.t.

[f(@) = fy)l < Cle—yl (1.2.1)

for x,y € 2. The real vector space of all Holder continuous functions on €2 to a given exponent
o € (0,1] will be denoted by C%?(Q). A function f: Q C R™ — R is said to be locally Hélder
continuous on ) if f|x is Holder continuous for every compact set K C €. The real vector
space of all locally Holder continuous functions to a given exponent o € (0,1] on Q will be
denoted by C%7(Q). Further, we define the Hélder norm of f on Q by

loc
oy @) = 1)

Hélo‘,ﬂ(f) = — o
THEYES “T y|

, (1.2.2)

which is the smallest constant C's.t. f satisfies (1.2.1) on 2 for a given fixed constant o € (0, 1].
Remark 1.2.2.
e For every o € (0,1] holds C%?(Q) c C°(Q).

e Let k be a non-negative integer and o € (0,1]. We define the spaces C*7(Q), C*7(Q)
and C{Zf (Q) as the spaces of the respective C* functions, whose differentials of order
k are all (locally) Holder continuous functions to the Holder exponent o. If Q@ CcC R™,
then C*?(Q) becomes a Banach space by means of the norm

I leko@ =l ller@ +Holgal:).

e A (locally) Hoélder continuous function with exponent 0 = 1 on an open set {2 will also
be referred to as a (locally) Lipschitz continuous function or (locally) Lipschitz function.
The so called Lipschitz constant Lipg coincides with the corresponding Holder norm
Holy .
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In the following, we will present some theorems of measure theory. Before doing so,
some notational conventions will be given. Denote by J#™ the m-dimensional Hausdorff
measure on R™, where we choose m < n. For a JZ™-integrable function f : R™ — R, we
write [, f(z)d#(x) for the integral of f over the measurable set A C R™. In the case of
n = m, we will also write [, fdz = [, f(z)dz = [, f(z)d#"(z) what is reasonable as the
n-dimensional Hausdorff measure coincides then with the n-dimensional Lebesgue measure.
The notion ™ almost every x or shortly s#™-a.e. x refers to all x € R™ up to a 5™ null
set. S™ almost everywhere or shortly SZ™-a.e. means for " almost every x € R".

Theorem 1.2.3 (Rademacher’s theorem [EG92, Section 3.1.2, Theorem 2]). Let f : R"™ —
R™ be a locally Lipschitz function. Then f is differentiable ™ almost everywhere.

Definition 1.2.4 (Jacobian). Let f : R™ — R"™ be a locally Lipschitz function. Then the
Jacobian determinant of f is

Jf(@) = \Jdet(Df(x))T(Df(x))

for #™-a.e. x. Therein, Df(x) € R™"*™ is the Jacobian matriz of f given by

Wi(w) ... 2o(a)
Df(z) := : :
@) ... ()

for all x € R™, where f is differentiable.

Remark 1.2.5.

e Notice that if not said otherwise, differentiable means continuously differentiable.

e A generalization of the Jacobian for mappings on manifolds in special choices of local
coordinates is given in (2.1.4).

Theorem 1.2.6 (Area formula [EG92, Section 3.3.2 Theorem 1]). Let f : R™ — R™ be a
Lipschitz function with m < n. Then for each F€™-measurable subset A C R™, there holds

/A Jfde = [ A0 (b)) ().

R

Theorem 1.2.7 (Change of variables [EG92, Section 3.3.3, Theorem 2]). For m < n, let
Q be a ™ -measurable subset of R™ and f : Q0 — R™ be Lipschitz continuous. Then for each
FC -integrable function g : Q — R with fQ lg(x)|dz < oo, there holds

g(z)J f(x)dz = > gl@)darm(y).
/9 /R" zef~1({y})

Remark 1.2.8.

e This theorem is a slightly adapted version of that in [EG92] due to the choice of a
J¢™-measurable subset ) of R™.

e For a set A € R" we define f~1(A) :={x € Q: f(x) € A}.

e Due to the area formula, Theorem 1.2.6, the set f~!({y}) is at most countable for
HM-a.e. y € R™.
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Definition 1.2.9 (LP-space and Sobolev space). Let 2 C R™ be an open set and p > 1.
Denote by £P(Q) the space of p-integrable functions on €, i.e. J€™-measurable functions
u: ) — Rs.t.

/ (@) PAA™ (@) < .
Q

Further, let LP(Q2) be the modulo space derived from the equivalence relation ~ jm, where
for two SZ™-measurable functions u,v : € — R holds u ~_m v if and only if u = v ™
almost everywhere. LP() will be referred to as LP-space and becomes a Banach space by
means of the LP-norm

If for a function u € LP(§2) and a multi-index « exists a h € LP(Q) s.t.
[ haretaarm@) = (0 [ u@peelnanm )
Q Q

for all ¢ € C§°(Q2), we call h a weak derivative of u and denote it by D*u. Therein, C5°(2)
is the set of functions in C'*°(§2) with compact support in 2. Notice that the support suppg
of a function g : A C R™ — R" is the closure of the set where the function is non-zero, i.e.

suppg :={a € A : g(a) # 0}.
We define the Sobolev space for a non-negative integer k and integrability p > 1 by
WhP(Q) = {u€ LP(Q): D € LP(Q) for all multi-indices a with |a| < k}.

W¥P(Q) becomes a Banach space by means of the W¥*?-norm

lullwrp@) = Z [IDul[ e (0)- (1.2.3)

a multi-index,
|| <k

Remark 1.2.10.

e The basic definitions of Lebesgue and Sobolev spaces can be found in [GTO01, pp. 145,
153]. A more detailed treatise is given in [AdaT75].

e Notice that Definition 1.2.9 can easily extended to functions u = (u!,...,u™)T : Q — R"?
with an open set Q C R™. We denote the Sobolev space of such functions by W+ (€, R")
and set the norm of u to

||U||kap(Q,R") = Z Z HDO‘UZHLP(Q)~ (1.2.4)
7—=1 o multi-index,
lal<k

Further, the local Sobolev space VVIIZCP(Q, R™) is defined by
WEP(Q,R™) = {u Q—=R" :ue Wk’p(Q/,R") for all open sets Q' CC Q}

loc

(cf. [GTO1, p. 154]). For an open set Q' c Q, where the closure Q' C Q is a compact
set contained in 2, we write ' CC Q.
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1.2.2 Fréchet spaces and some examples

We based this section on a book of Rudin (see [Rud91]) regarding the functional analysis
of Fréchet spaces. The theory on Fréchet spaces is especially useful in the investigation of the
spherical Radon transform (see section 2.2). We adapted some of the notation to this setting,
but it essentially remains similar to that of [Rud91]. This section is structured as follows:
We start by introducing the Fréchet space with corresponding notations and then we discuss
function spaces of k-homogeneous functions on R™\{0}.

Definition 1.2.11 (Fréchet space (cf. [Rud91])). Let V be a vector space. A seminorm p
on V is a mapping p: V — [0, 00) such that

p(tv) [t|p(v) for allv € V andt € R,
plv+w) < p)+pw) forallv,weV.

A family of seminorms 8 on V is said to be separating if for every v € V\{0} there exists an
p € P with p(v) # 0. A family of seminorms P on V generates a topology on V with local
basis

B = (N Vi {V,...,Vi} C T},
where

¥ = {Vi;:i,j €N},

vy = {revinm<s)

A set O C V is open if for every v € O and p € P, there exists an € = e(v, p) > 0 such that
the set {w : p(v —w) < €} is a subset of O. A sequence {vi}reny C V is a Cauchy-sequence
w.r.t. a seminorm p € P if to every € > 0 there corresponds an integer ko = ko(e) such that
p(ur —v) < e for all k,1 > kg. A sequence {vi}ren C V is a Cauchy-sequence in V if to
every € > 0 and p € B there corresponds an integer ko = ko(e, p) such that p(vy —v;) < € for
all k,1 > ko. A sequence {vi}reny C V' converges to v w.r.t. a seminorm p € B if to every
€ > 0 there corresponds an integer ko = ko(g) such that p(vy — v) < € for all k > ko. We will
abbreviate this by vy, ;fo—j v. A sequence {v}ren converges to v in V if to every € > 0 and

p € B there corresponds an integer kg = ko(g, p) such that p(vy — v) < € for all k > kg. We
will abbreviate this by vy k—) v. V is complete if for every Cauchy-sequence {vy }ren in V,
hde el

there exists a vector v € V' such that vy converges to v. A vector space V with a countable
separating family of seminorms 8, which is complete, will be referred to as a Fréchet space.

Remark 1.2.12. The ingredients to this definition can be found in [Rud91]. There, another
definition of the Fréchet spaces is used in [Rud91, 1.8, p. 9], but the more suitable charac-
terizations we used in Definition 1.2.11 can be found in the remarks [Rud91, 1.38 (b), (c), p.
29).

In the following, we define some special function spaces (see Definition 1.2.13), which are
vector spaces subset to C°°(R™\{0}). On these function spaces, we define two families of
seminorms, one also used in [Rud91] on C°°(R™\{0}) (see Theorem 1.2.15) and another one
is defined in Definition 1.2.18 equivalent to the former one (see Lemma 1.2.19).

Definition 1.2.13 (Homogeneity). A function f : R™\{0} — R is called even if f(y) =
f(=y) for all y € R™. A function f : R"\{0} — R is called odd if f(y) = —f(—y) for all
y € R™. For k € Z, a function f : R™"\{0} — R is called k-homogeneous or homogeneous of
degree k if f satisfies the following condition:

f(ty) = tFf(y) forallt>0andyeR"
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For k € Z and | € NU{0, oo}, HF (R™\{0}) denotes the space of I-times differentiable functions
on R™\{0}, which are homogeneous of degree k. Further, HF%S(R”\{O}) denotes the space
of even [-times differentiable functions on R™\{0}, which are homogeneous of degree k and
HFZO(R"\{O}) denotes the space of odd I-times differentiable functions on R™\{0}, which are
homogeneous of degree k.

Remark 1.2.14. The vector spaces HF} (R™\{0}), HFZG(R"\{O}) and HFZO(R"\{O}) are sub-
spaces of C'(R"\{0}).

In the next theorem, we construct a countable family of seminorms on C*°(R™\{0}) using
Euclidean balls. The open Euclidean ball of radius R > 0 and center p € R" is defined by

Br(p) = Bp(p) = {reR":|r—a| <R},

the closed ball of radius R > 0 an center p € R" is defined by

Br(p) = Bp(p) = {reR":|jz—p/ <R}
and the unit sphere is defined by
St oi= {reR™:|z|=1}.
The wunit ball in R™, i.e. the ball of radius 1 around 0, will sometimes be referred to by B".

Theorem 1.2.15 ( [Rud91, Section 1.46]). C°(R™\{0}) together with the countable family
of seminorms {p;}en,, where

pi(f) = max{[D*f(y)|:y € Kj, |a| <j} (1.2.5)

for j € Ng and f € C°(R™\{0}), is a Fréchet space. Therein, we choose a sequence of nested
compact sets

K; = Bi+1(0)\By-¢+1(0)
for j € Ny and multi-indices o = (o, ..., ) € N§ with |a] =371 | a;.
Remark 1.2.16. The seminorms p;(-) are even well-defined on C!'(R™\{0}) for j <.

Theorem 1.2.17. HF°(R"\{0}), HF" (R"\{0}) and HF,(R"\{0}) are Fréchet spaces
induced by the family of seminorms {p;};jen, -

Proof. Due to Remark 1.2.14, HF;°(R™\{0}), HF}" (R™\{0}) and HF}°,(R™\{0}) are sub-
spaces of C°(R™\{0}). So, the only thing left to show is that they are both closed w.r.t.
the topology introduced in Theorem 1.2.15. For a sequence of converging functions f; — f
with f; an infinitely differentiable function homogeneous of degree k for each [, the conver-
gence in C'*° leads to pointwise convergence of the sequence. This way the properties of being
homogeneous, even or odd carry over to the limit f. O

Definition 1.2.18. For an I-times differentiable function f on R™\{0}, i.e. f € CY(R™\{0}),
we define the seminorms

pi(f) = max{D*f(¢)|: ¢ €S, |af < j} (1.2.6)
for all j € Ny.

Lemma 1.2.19. For an l-times differentiable and k-homogeneous function f on R™\{0}, i.e.
f € HFL(R™\{0}), holds

Al < o) < 20ERDG () (1.2.7)

for all l € Ny.
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Proof. The first estimate in (1.2.7) is trivial since S"~! C K; for all I € Ny. To show the

second estimate, we will make use of the (k — |a|)-homogeneity of D*f, i.e.
D) = JylFDs() forall y € RM\{0),

so that we can deduce directly
Dfy)l < [yl max{|D (O] : ¢ €87 fal <1
for all y € R™\{0}, multi-indices o with || < [. Further, there holds that

ly[F=lel <

(2t yk—a fork—a>0
(2-HDYk=a " for k —a < 0

since 27+ < |y| < 2H41 for y € K;. So, we get

ylFrlel < gUEDIE=lell < oWk < (KD

Consequently, we deduce that

Df(y)| < 20FVEFRD max{|DF(Q)]: ¢ €S, |af < 1}
< 2(l+1)(k+l)pl(f)

for all y € R"\{0} and multi-indices @ with || < [. Taking the maximum over the left-hand
side yields the desired estimate. O

Remark 1.2.20.

e The seminorm-equivalence (1.2.7) implies that the families of seminorms {p;};en, and
{P;}jen, induce the same Fréchet topology on HF}~(R™\{0}). This is also the case for
the subspaces HF, (R™\{0}) and HF}°,(R"\{0}).

e BEach vector space HF,(R™\{0}), HF%Q(R”\{O}) and HF%O(R”\{O}) for I € Ny and
k € Z becomes a Banach spaces by means of the norm p;(-). A Banach space is a
complete normed vector space.

Definition 1.2.21. For a k-homogeneous function f : R™\{0} — R define the restriction of
f to the unit sphere ®(f) := @ (f) by

D(f)() = flsn-1(). (1.2.8)
For a spherical function g : S~ — R define its k-homogeneous extension Wy (g) by
wo = 1) (129)

A function g : S"~! — Ris said to be continuous (or [-times differentiable) if its 0-homogeneous
extension is continuous (or [-times differentiable), i.e. Wo(g) € C°(R™\{0}) (or ¥o(g) €
CY(R™\{0})) and we denote the set of such functions by C°(S"~1) (or C'(S"~!)). For
g € CY(S"71), the spherical gradient V,g is defined by

0
0z
where Wo(g) = Up(g)(2) for 2 = (') € R"\{0} and {e;}" , is the canonical basis of the
Euclidean vector space R™. For g € C?(S"~1), the spherical Laplacian A,g is defined by

Ayg = Po(A¥(g)),

Vog = (I)()( \Ilo(g))5ij€i7

where A = §% a(zi % is the Euclidean Laplacian.
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Remark 1.2.22.

e The mappings ®, and V¥ are inverse one to another. If we choose functions f :
R™\{0} — R k-homogeneous and g : S"~! — R, then

f Wy, 0 @i (f),
g = PpoUk(g).

This is the reason, we will sometimes write <I>,;1 instead of Wy.

e It can be easily shown that in the definition of the continuity and I-times differentiability
on S"!, the k-homogeneous extension can be used in an analogous way instead of the
0-homogeneous extension. Further, the notions of continuity and differentiability on
S"~! are compatible with those given for manifolds (as S"~! is one) in Definition 1.3.7
(cf. [Bar10, Proposition 3.1.11]).

e The spherical Laplacian coincides (locally) with the Laplace-Beltrami operator on S"~!
as we define it in Definition 1.5.5.

Theorem 1.2.23. For | € {0,1}, there is a bijective linear mapping from HF}(R™\{0})
onto C'(S"~1) and from HFLG(R"\{O}) onto CL(S"™1). The bijection is given by ®. as in
Definition 1.2.21 and its inverse is given by <I>,;1 = Uy.
Proof. Define for f € HF, (R™\{0}) the mapping

() = w(HQ) = fler(Q) CEST

and for g € C'(S"71)

U)w) = |yl (&) Ly € RM\{0).

These mappings are both linear in f and g, respectively. Looking at their composition yields

Upo®r(f)y) = [yl"®x(f) (é)

- wi(3)

= f(y)

and

QpoWr(9)(C) = WYi(9)|sn-1(C)

— it (%)

= 9(0).

So, both mappings are inverse one to another and therefore bijective. Moreover if f or g is
even, O (f) or Ui(g) is even, respectively. Also the differentiability in the case I = 1 carries
over due to Definition 1.2.21 and Remark 1.2.22. O
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1.3 Manifolds

The scope of this section is to present some basic differential geometry concepts like the
notions manifold and tangent vector, among others. The section is mainly based on [Lee03]
and in parts on [Jdn01]. Remember that the Einstein summation convention will be used, i.e.
the summation over repeated indices. Further, where it seems useful, the Ricci calculus will
be a notational tool.

Definition 1.3.1 (Topoligical manifold). An m-dimensional topological manifold is a sec-
ond countable Hausdorff space .# s.t. for each point p in .# there exists an open neighbour-
hood U of p and a homeomorphism ¢ : U — o(U) C R™, with ¢(U) an open neighbourhood
of p(p) in R™. We call such a homeomorphism ¢ a (local) coordinate chart on .# and denote
it shortly by (U, ¢).

Definition 1.3.2 (Manifold with boundary). The closed m-dimensional upper halfspace
H™ C R™ is defined as

H™ = {z=(z'...,2™) €R™: 2™ >0}.

We denote by intH"” and OH™ the interior and boundary of H'™, respectively, as subsets of
R™ i.e.

intH™ = {z=(z',...,2™) € R™: 2™ > 0},
OH™ = {$:($17...7$m)€Rm;xm:O}.

An m-dimensional topological manifold with boundary is a second countable Hausdorff space
M s.t. for each point p in .# there exists an open neighbourhood U of p and a homeomorphism
v : U — oU) C H™ with ¢(U) a (relatively) open neighbourhood of ¢(p) in H™. We
call such a homeomorphism ¢ a (local) coordinate chart of .# and denote it shortly by
(U, ). A coordinate chart (U, ) for which ¢(U) C intH™ holds, is an interior coordinate
chart. Conversely if o(U) N OH™ # 0, (U, p) is a boundary coordinate chart. A C* manifold
with boundary is a topological manifold whose transition maps are all k-times continuously
differentiable for k € N U {0,000} fixed. A smooth manifold with boundary or differentiable
manifold with boundary is a C*°-manifold with boundary.

Remark 1.3.3.

e An m-dimensional topological manifold .# with boundary, whose charts (U, ¢) do all
have no intersection of their images p(U) with 0H™, is an m-dimensional topological
manifold. Similarly, we say C* manifold or smooth manifold if all the images of its
charts do have no intersection with 0H™.

e If we intend to name the dimension of an m-dimensional topological, C* or smooth
manifold .#, we shortly write topological, C* or smooth m-manifold. Another way to
name the dimension is to write it as an upper index, i.e. .Z™. Further, dim.# denotes
the dimension of a manifold.

e Given a coordinate chart (U, ) on an m-dimensional topological manifold .# (with
boundary), we call U the coordinate domain of each of its points. The map ¢ is called
the (local) coordinate map, and the component functions (x!,...,2™) of ¢, defined by
o(p) = (zt(p),...,x™(p)) for p € U, are called local coordinates () on U. Therefore,
a local coordinate chart (U, ) on a manifold .# (with boundary) will be sometimes
referred to by (U, (®)), where the 2 for & = 1, ..., m stand for the coordinate functions
of ¢. Further, we will say that a coordinate chart (U, ) contains p as shorthand for a
coordinate chart (U, ¢) whose coordinate domain contains p and local coordinates (z%)
at p if their coordinate domain contains p.
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Definition 1.3.4 (Regularity structures on manifolds). Let .# be a topological m-
manifold (with boundary). A transition map from ¢ to ¢ for two coordinate charts (U, ¢),
(V,4h) with U NV # () is the mapping ¥ o =1 : o(UNV) = »(UNV). A smooth atlas o/
is a set of coordinate charts, where the union of the coordinate domains covers .# and where
all of the transition maps are smooth, i.e.

* M =UwgpeaU;
e Yoo t:pUNV) = p(UNV)isof class C* for all (U, ), (V,v) € & with UNV # ().

For every atlas &7, there exists a unique mazimal smooth atlas; that is an atlas containing
&/ and which is not contained in any other atlas different from the maximal smooth atlas
itself. A smooth structure on an m-dimensional topological manifold .#Z is a maximal smooth
atlas. A smooth manifold is an m-dimensional topological manifold endowed with a smooth
structure on ..

Remark 1.3.5.

e We can define notions as C* atlas, C* structure and C* manifold with boundary for
k € NU {oo} in a similar and straightforward manner by adapting Definition 1.3.4
accurately. In this context, a C'*° manifold is nothing else but a smooth manifold.

e For two coordinate charts on ., namely (U, ) with local coordinates (z*) and (V)
with local coordinates (%), in some cases, we write the transition map o=t : (U N
V) — (U NV) in the shorthand notation

vop l(z) = (@'(2),...,7"(@)" = (@*@))a=tm = (@)
for x € UNV).

Definition 1.3.6 (Boundary of a manifold). Let .# be an m-dimensional smooth manifold
with boundary. A boundary point is a point on .#, whose image under a smooth coordinate
chart lies in OH™, and an interior point is a point on .#, whose image under a smooth
coordinate chart lies in intH". The set of all boundary points of .Z is called the boundary
of .# and will be denoted by 0.#4; the set of all interior points of .# is called the interior of
A and will be denoted by int.Z .

Definition 1.3.7 (Differentiable functions). Assume [ € NU {oco}. Let .# and A4 be
smooth manifolds. A function f : .# — .4 is said to be [-times continuously differentiable in
p if and only if there exist coordinate charts (U, ¢) on .4 and (V, ) on 4" with U containing
p and V containing f(p) such that

Yofopt

is I-times continuously differentiable at ¢(p). f is said to be I-times continuously differentiable
if it is [-times continuously differentiable in every point p € .Z. In the case of a smooth man-
ifold with boundary, the differentials have to exist in the interior and have to be continuously
extendable up to the boundary in each boundary chart. In any case, C'(.#,.#") will denote
the set of all [-times continuously differentiable functions from .# to .#". Especially, we set

cia#) = CY A, R).

Further, C{(.#) denotes the subset of functions in C!(.#) of compact support (cf. subsec-
tion 1.2.1). The support of a function g : # — R is the set

suppg = {p€ .4 :g(p)# 0}.
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Remark 1.3.8. Sometimes we will say smooth instead of [-times differentiable.

Definition 1.3.9 (Tangential vectors). Let .# be an m-dimensional smooth manifold. A
tangent vector X to . at p is a linear mapping X : £,(.#) — R, which is a derivation, i.e.
for f,g € E,(A)

X(f-dlp = X(Hlp-9p) + fp) X(9)lp-

Therein,
(M) = {flp:feC™(A)}

wherein [f], is the equivalence class of f € C*°(.#) w.r.t. the equivalence relation ~,. f ~, g
if and only if there exists a neighbourhood U, of p s.t. the restrictions of f and g to U, coincide.
This is the algebraic definition of a tangent vector to .4 in p. The tangent space T, # to A
at p is the set of all tangent vectors to .# at p.

Remark 1.3.10.

e In Definition 1.3.9, the set T,,.# for p € .# can be shown to be an m-dimensional real
vector space. For a coordinate chart (U, ) = (U, (%)) with p € U, we get a basis of
the vector space T),.# by defining the derivations

9 _
<8xa(f090 1)> lo(p) fora=1,....m

and f € E,(A). These vectors will be referred to, in a slight abuse of notation, as
a.%ho' Each a%h, is called coordinate vector.

e There are two other characterizing definitions of tangent vectors, the geometric and
physical one, giving essentially the same vector space up to an isomorphism. The geo-
metric definition of a tangent vector is given by the equivalence class

v — [C}Ig)eo = {6 = C’l((—g’g)’%) for some ¢ >0’5N%eo C}

for a given curve ¢ : (—¢,e) — # for some ¢ > 0 and with ¢(0) = p. Two curves
¢,¢: (—¢e,e) — A are said to be geometrically equivalent at p € .#, namely ¢ ~& ¢
if and only if for a coordinate chart (U, ) with p € U holds ¢(c(p)) = ¢(é(p)) and
%\tzogo(c(t)) = %hzocp(é(t)). For a coordinate chart (U, ) = (U, (z*)) with p € U and
B e€{l,...,m}, the basis vector %hg w.r.t. (U, ) can be expressed in the geometrical
interpretation of the tangent vector to .# at p as the equivalence class of the curve
o ' (p+teg) for t € (—e,e) with e sufficiently small, wherein e., for v = 1,...,m are
the standard basis vectors of R™. The physical definition of a tangent vector is the
following. Let Dp(A) := {(U,p) : p € U and (U, p) is a coordinate chart of .#Z}. A
physically defined tangent vector to .# in p is a mapping v : Dp(#) — R™ which
behaves well under coordinate change, i.e.

B
VU9 = 5@ 0 e (V,v)

for (U, ¢) = (U, (z%)) and (V,¢) = (V, (%)) in Dp(4).
e The dependencies, i.e. on a point p of the manifold .#, will be omitted if they can be

deduced from the context. Especially, we will write shortly S;Z for the components of

the differential of the transition map, so namely for
0
ol
for coordinate charts (U, ) and (V) with local coordinates (x®) and (Z), respectively
andpeUNV.

(2% 0 ™)y
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Definition 1.3.11 (Cotangent vectors). A cotangent vector 6 to .4 at p is a linear mapping
0 : T, # — R. The cotangent space (Tp,.#)* to A at p is the space of all cotangent vectors
to . at p and as such the dual space to T),.#. For a local coordinate chart (U, z) on .# with
p € U, a basis of the cotangent space to .# at p is given by the dual basis dz?',...,dz™ to
the basis 6%1, e a%n of the tangential space T,.# to .4 at p.

Definition 1.3.12 (Tangent bundle and Cotangent bundle). Let .# be an m-dimensio-
nal smooth manifold. The tangent bundle T.# is defined as the disjoint union ¢ , Tp-#
of all the tangent spaces T,.# to .#. The cotangent bundle T*.# is defined as the disjoint
union J,¢ (T, #)" of all the cotangent spaces (1p,.#)" to A .

Ezample 1.3.13. Let R™ be the m-dimensional real vector space. In standard coordinates,
we identify the coordinate vectors with the Euclidean standard basis {e,}7 ;. Hence, each
tangent space T,R™ can be identified with R™. Further, the tangent bundle TR™ can be
identified with R™ x R™, i.e. TR™ = R™ x R™.

Definition 1.3.14 (Differential). Let .# be an m-dimensional smooth manifold, .4 an
n-dimensional smooth manifold and f : .# — 4 a smooth mapping. The differential df :
T# — TN of fis defined pointwise in the following way: Let v € T,.#, then we get a
tangent vector on .4 at f(p) by

v(go fly € Tyt

for a function g € £,(.4#"). By using a coordinate chart (U, ) with local coordinates (u®) on
M, p € U and a coordinate chart (V, (z*)) on A4 with f(p) € V, the differential of f can be
locally expressed by

a ., _ 0 o
(aua(x ofop 1)|«>(p)> @'f(p) ® du®[,.

Remark 1.3.15.

e Definition 1.3.6-1.3.9, Definition 1.3.11-1.3.12, and Definition 1.3.14 also make sense if
we assume .# to be a C* manifold with boundary with k& > 1 or a smooth manifold
with boundary. In this case, the physical definition of a tangent vector in Remark 1.3.10
has to be adapted to contain outward-pointing vectors (cf. Definition 1.3.18). In Defi-
nition 1.3.14, we then require, similar to Definition 1.3.7, the differential of a function
to be extended continuously up to the boundary. The regularity assumption of f being
smooth in Definition 1.3.14 can then be replaced by f being of class C! for 1 < < k.

of?

ou™ |P or ffa‘p WIH be a

e In the spirit of the last point of Remark 1.3.10, the notion
shorthand notation for the expression

o , _
ou® (.’E Ofogo 1)‘90(;0)
as found in Definition 1.3.14.

Definition 1.3.16 (Oriented manifold). Let .# be an m-dimensional smooth manifold
with smooth structure 7. A smooth atlas &/ subset to <7 is said to be consistently oriented
if all of the transition maps of &7 have differentials of positive determinant, i.e.

0P
det <8g§a> > 07

for all coordinate charts (U, (%)), (V,(&°)) in «. A is said to be an orientable smooth
manifold if there exists an consistently oriented smooth atlas «/. Further, due to [Lee03, p.
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327], the smooth structure o/ can then be partitioned into two disjoint consistently oriented
atlases, i.e.

o = U
ANy = 0

with 7], % consistently oriented atlases. o is then either a subset of &% or <. <f; and <
are the orientations of .#. .# together with an orientation & € {4, 2%} is said to be an
oriented smooth manifold. A coordinate chart (U, ) € &/ such that (U, ) € & is said to be
positively oriented and is said to be negatively oriented otherwise.

Remark 1.3.17.

e An analogous construction as in Definition 1.3.16 can be carried out for C* manifold
for an integer k > 1.

e Sometimes if a smooth manifold .#Z is endowed in a somehow natural or commonly
known way with an orientation, we will shortly write —.# to refer to the smooth manifold
endowed with the other orientation.

Definition 1.3.18 (Inward-pointing vector). Let .Z be a smooth manifold with boundary
OM and q € 04 . A vector v € Ty A is said to be inward-pointing if v ¢ T,0.# and if there
exists for some € > 0 a smooth curve ¢ : [0,¢] — . s.t. ¢(0) = g and < |;—oc(t) = v. A vector
in T, is said to be outward-pointing if its multiplicative inverse is inward-pointing.

Definition 1.3.19 (Compact manifold). A smooth manifold .# (with boundary) is said
to be compact if for every family of open sets {V;}icr with V; C & foralli € I, 4 C U;c; Vi
and index set I, there exists a finite subset J C I s.t. .#Z C U;c; Vj-

Definition 1.3.20 (Immersion). Let .# be an m-dimensional smooth manifolds with
boundary and .4 an n-dimensional smooth manifolds with boundary. An immersion X :
M — A is a C' mapping, whose differential dX|, : T — Tx ) is of full rank m for
all p e A .

Definition 1.3.21 (Homeomorphism and Embedding). Let .# be an m-dimensional
smooth manifold (with boundary) and .#” an n-dimensional smooth manifold (with boundary).
A homeomorphism X : M4 — A is a mapping such that for each open set & C A w.r.t. to
the topology of .4, the set X 1(0) = {u € 4 : X(u) € O} is open w.r.t. the topology of
M. A smooth embedding X : .M — A is an injective immersion, which is a homeomorphism
onto its image X (/). X (.#) is therein thought to be equipped with the subspace topology
inherited from .4".

Definition 1.3.22 (Immersed and embedded manifold). Let .4 be an n-dimensional
smooth manifold (with boundary). A subset .# C .4, which is the image of a smooth
immersion, is called m-dimensional immersed submanifold or immersed m-submanifold, where
M is seen as a smooth m-manifold with the smooth structure derived from an immersion,
whose image is .#. A subset .# C .4 is called an m-dimensional embedded submanifold or
embedded m-submanifold if .# is a smooth m-manifold, whose inclusion map v : M — N
is a smooth embedding. If n = m + 1 an immersed m-submanifold is called immersed
hypersurface and an embedded m-submanifold is called embedded hypersurface. If m = 2 we
call them immersed surface or embedded surface, respectively.

Remark 1.3.23.

e Further information on the concept of smooth embeddings and embedded submanifolds
presented in Definition 1.3.21 and Definition 1.3.22 can be found in [Lee03, pp. 156,
174-180].

32
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e Every embedded submanifold is also an immersed submanifold by definition (see [Lee03,
pp. 174, 187)).

e A submanifold or hypersurface can also be a manifold with boundary. We assume this
depending on the context, where the respective notions are used.

e The notions defined in Definition 1.3.22 can be adapted to versions of regularity C!, as
this regularity is necessary to the definition of an immersion. Hence, we will speak of a
submanifold or hypersurface of class C* for k > 1 in that sense.

Definition 1.3.24 (Vector bundle). Let &, .# be smooth manifolds (with boundary) and
m € C®(E, M). Set & = ({p}) for all p € #. Then (&, .#,7) = Upe.n &p 1s called a
C® or smooth vector bundle of rank n over .# if and only if

e cach fibre &, := 7' ({p}) has an n-dimensional vector space structure.

e for every point p on .# exists an open neighbourhood % of .# and a diffeomorphism
Vim N U) = U xR™ s.t. Yls, — {p} x R™ is an isomorphism between vector spaces.
Such a map v is said to be a smooth local trivialization of & and (% ,) is called smooth
bundle chart on &.

A smooth map S : .# — & is called a smooth section of & if the composition 70 .S = id_,
where id_y is the identity map on .#Z. A local smooth section of & is a smooth section
S : U — &, where % is some open subset of .Z. Let ¥ be an open subset of .#Z. Local
sections o1,...,0, of & over ¥ are said to be independent if o1(p),...,on(p) are linearly
independent vectors in &, for every p € .#. Analogously, o1,...,0, are said to span & if the
linear span of o1(p), ..., 0,(p) equals &, for every p € 4. A local smooth frame for & over ¥
is an ordered n-tuple (o1,...,0,) of independent local smooth sections over ¥, which span
E,ie. 01(p),...,on(p) is a basis of the fibre E, for every p € 7.

Remark 1.3.25.

o (&, .4 ) will be abbreviated by UpE/fl &) to refer to a smooth vector bundle & of rank
n over a smooth manifold .# and we write (u,v) € U,c 4 &, to refer to its elements,
wherein v € 4 and v € &,. The map = is then given implicitly via 7(u,v) := u for

(u,v) € Upesr &

e A CF¥ vector bundle of rank n can be defined in a similar way by replacing smooth in
Definition 1.3.24 by k-times differentiable.

e Similar to the manifold case, we can define such notions as smooth bundle atlas, based
on the definition of a smooth bundle chart.

Example 1.3.26. The tangent bundle of an m-dimensional smooth manifold .# is a smooth
vector bundle of rank m. A trivial smooth section of the tangent bundle is the zero section
o={(p,0) e T#}. Let (U, (u*)) be a smooth coordinate chart on .#. A local smooth frame
of T.# over U is given by (%, e %) (cf. induced bundle coordinates in Definition 1.4.1).
A section of T is called vector field.

The cotangent bundle of a smooth m-manifold .# is a smooth vector bundle of rank m.
A trivial smooth section of the tangent bundle is the zero section o = {(p,0) € T*.#}. Let
(U, (u®)) be a smooth coordinate chart on .Z. A local smooth frame of T.# over U is given
by (dul,...,du™). A section of T*.# is called covector field.

Definition 1.3.27 (Tensor). Let .# be a smooth manifold. The bundle of covariant k-
tensors on .4 will be referred to as T*(.#) and is defined by

) = | TT).
peEMA
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A smooth section of T*(.#) is called covariant k-tensor field. The bundle of contravariant
k-tensors on .4 will be referred to as Ty (.#) and is defined by

U 7u(@.2).

pEM

Ty.(A)

A smooth section of Ty () is called contravariant k-tensor field.

Definition 1.3.28 (Partition of unity). Let .# be a smooth manifold with boundary 0.7 .
A smooth partition of unity on 4 is a set of continuous functions {y;};cr for an index set I
s.t. for every p € .# holds

e 0<y;i(p)<lforalliel;
e there exists a neighbourhood where all except a finite number of ¢; vanish;
e the well-defined sum . _; ¢;i(p) = 1.

Let (Vi,x;) be a covering set of coordinate charts for ¢ € I, then there exists a subordinate
partition of unity {y;}icr with suppy; C V; for all ¢ € I. A partition of unity {¢;}ier for
which all ¢; are smooth or C* will be, respectively called a smooth or C* partition of unity.

Remark 1.3.29. Smooth partitions of unity like in Definition 1.3.28 exist on every smooth
manifold .# with boundary (see [Lee03, Theorem 2.25, p. 54]).

Definition 1.3.30 (Alternating form). Let .# be a smooth manifold with boundary 0.2 .
A smooth (alternating) k-form w is a function s.t. w|, € A*(T,.#)*) for all p € .# and
which can be expressed in local coordinates (z%) at p € .4 by

wp = Z Way,...,ar |[pdZ®t AL A da®® (1.3.1)

1< <...<ap<m

wherein the coefficients wa, ... o, |p depend smoothly on p and (1.3.1) is independent of the
actual choice of local coordinates, i.e.

B aj-ﬁt
Way,arlp = Z @py,...,B |p det (81:“) (1.3.2)
t=1,....k

1<B1<...<Bp<m sit=L,...,

for local coordinates (z®) and (Z”) at p. The vector space of all k-forms will be denoted by
QOF(A).
Remark 1.3.31.

e The set of alternating k-tensors QF(.Z) := Upenr AR (T, ) is a subset of T*(.#). A
section w of QF(#), i.e. w € ['(Q*(A)), is a smooth alternating k-form and vice versa.

e A smooth partitions of unity is useful to construct a global smooth k-form from well-
transforming local representations as in (1.3.1).

Definition 1.3.32 (Bundle maps). For two smooth vector bundles 7 : & — .# and 7 :
& — M, a smooth bundle map from & to & is a pair of smooth maps F' : & — & and
[ — M st. ToF = for and where the restriction F|g, : &, — &) is linear for every
pE M.

Remark 1.3.33. Definition 1.3.32 can easily be adapted to define C* bundle maps.

Example 1.3.34. Let .#, A be smooth manifolds and X : .# — .4 a smooth mapping. The
differential dX : T.# — T.# is a smooth bundle map from T.# to T .4 .

34
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1.4 Finsler metrics and Finsler manifolds

This section introduces some basics on Finsler geometry. Our main sources regarding
these fundamentals are the books of Shen [She01] and Bao et al. [BCS00]. Nevertheless, we
will present to some extend weakened notions of Finsler metric and Finsler manifold, similar
to [MRTZ09] or [PT09]. Therefore, we will present this theory in a slightly different way
than usual. Notice further that in its properties, the Finsler metric is very similar if not
equivalent to the so-called elliptic Cartan integrand, which will be presented in section 1.6.
At the end of this section, we give a set of useful assumptions for real-valued maps defined on
the tangent bundle. Most of the definitions in this section assume a smooth n-manifold, but
can be generalized in a straightforward manner to a smooth n-manifold with boundary.

Definition 1.4.1. Let .#" be a smooth n-manifold and T4/ = (J,. , T,/ be its tangent
bundle. The subset 0 := {(z,0) € T4} of T4 is the zero section of TA. Let F: T4 — R
be a real-valued map on the tangent bundle. F' is a continuous real-valued mapping on the
tangent bundle if we write

FecCTw). (b)
F is called homogeneous or homogeneous of degree one if
Fla,ty) = tF(z,y) (h)
for all t > 0, (x,y) € TA. F is called k-homogeneous or homogeneous of degree k if
F(z,ty) = t"F(z,y) (k)

for all t > 0, (x,y) € TA . F is called positive if

Fle,y) > 0 (p)
for all (z,y) € T4 \o. F is called reversible or even if
Flz,y) = F(z,-y) (s)
for all (z,y) € TA. F is called odd if
Fle,y) = —F(z,—y) (a)

for all (z,y) € TA . F is called convez if
F(z,tiyn +t2y2) < tF(z,y1) +t2F (2,y2) (c)

for all t1,to € (0,1) with ¢t; +t; = 1 and yp € T, A for k = 1,2. F is called elliptic if
F € C*(TA\o) and
F F?

9ii(®,y) = (G )yi(zy) > 0 (e)
for all (z,y) € T4 \o, this means that the matrix (gfj(:z:,y))lj is positive-definite for ev-
ery choice of local coordinates x', .-, 2" together with their induced bundle coordinates
Yyl Ly viay = yZ% e € Ty and F(z,y) = F(at,--- 2™yt - ,y"). The expres-
sion (gi];(x, y))i; is named the fundamental tensor and (locally) defines the fundamental form
by

1 0?
2 0sOt
for u = ui%, V= viai,- eT, N.

9" () (1, ) (F?(z,y + su+tv)Hsmimo = g5z, y)u'v’,
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Remark 1.4.2.

e Local coordinates (z*) on an open set U C .4 induce local coordinates (y*) on T,,U C
T,/ for each z € U by means of y = y° 82,; » for each y € T, U (see Definition 1.4.1 (e)).
Hence, we get local coordinates (z*,4") on an open set TU C T.4". These local coor-
dinates are sometimes called local bundle coordinates on U, local bundle coordinates at
x or local bundle coordinates. For a function F' : T4 — R, which is differentiable in

some point (x,y) € T A, we set

Fui(z,y) := aiiF(x,y) and Fi(z,y) := 8(?/1,F(x,y)
for ¢« = 1,...,m to ease notation of derivatives w.r.t. local bundle coordinates. The

vectors % (z,y) and 8%1- (z,y) are elements of Ty, ,y(T'.A") for i = 1,...,n. Notice that
the tangent bundle is by itself a manifold (cf. [BCS00]).

e For a homogeneous function F : T4 — [0,00) with F' € C?(T.#"\0), the condition (e)
implies (p) and (c) (see [BCS00, pp. 7-9]).

e For a homogeneous function F : T4 — [0,00) with F' € C?(T.4"\o), the condition (c)
is equivalent to

gle’yf (‘,E,y)gj > 0

xT-

in local bundle coordinates (z%,y") at © € A with y,& € T/, where £ = £' 52

e A function F': T4 — R is said to be irreversible if the condition (s) does not apply to
F (cf. [CSO5, p. 1]).

The following theorem is useful for some computations involving k-homogeneous func-
tions. We state the theorem for k-homogeneous functions f : R™*1 — R as defined in Defini-
tion 1.2.13. Nevertheless, it can be directly applied to k-homogeneous functions F' : T4/ — R
as defined in Definition 1.4.1, since F(z,-) is k-homogeneous in the sense of Definition 1.2.13
for every xz € 4. Therein, we identify the vector space T,.4" with R".

Theorem 1.4.3 (Euler’s theorem [BCS00, Theorem 1.2.1]). Let H : R™\{0} — R be a
function which is differentiable away from the origin. Then the following two statements are
equivalent

e H is homogeneous of degree k, i.e.

H(ty) = t*H(y) forall t >0, y € R™\{0}.

o The radial directional derivative of H equals k-times H. Namely,

y'Hy,(y) = kH(y) foral t>0,yeR"\{0}.

Remark 1.4.4. For a function H as in Theorem 1.4.3, which is homogeneous of degree k, its
directional derivatives of first order are all homogeneous of degree k — 1.

Example 1.4.5. Let 4 be a smooth manifold and F': T4 — R be a homogeneous function
of class at least C? on T.#"\o. In local bundle coordinates (z%,y"), there holds

Fy(z,y)y" = F(z,y),
Fyiyf(xay)y] = 0,
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as a direct consequence of Theorem 1.4.3 and since

95 (x,y) = Fui(z,y)Fy(x,y) + F(z,y)Fyiy(z,y)

by differentation, we finally deduce that
gi(xyy'y = F(x,y).

Definition 1.4.6 (Finsler metric [BCS00, pp. 2-3]). Let .4 be a smooth n-manifold and
T/ its tangent bundle. Then, a function F' : T4 — [0, 00) is called weak Finsler structure
or weak Finsler metric on A" if F € C*°(T.4"\o) and F is a homogeneous, positive definite
and convex function on the tangent bundle, which means that (h), (p), (c) and (b) hold.
F :TA — [0,00) is called Finsler structure or Finsler metric on A if F € C>®(T.A4\o)
and F' is a homogeneous and elliptic function on the tangent bundle, which means that (h),
(e) and (b) hold. A smooth manifold .#* with a (weak) Finsler structure F is called (weak)
Finsler manifold or (weak) Finsler space and will be denoted by (A", F) or (4™, F).

Remark 1.4.7.

e The notion of a weak Finsler structure has been introduced by Papadopoulos and Troy-
anov [PT09, Definition 5.1, p. 6] and there is a similar concept of Finsler metric pre-
sented by Matveev et al. [MRTZ09, p. 937].

e In Definition 1.4.6, we do not necessarily need as much regularity to guarantee that the
conditions (b), (h), (p), (c) or (e) are well-defined. So, we will speak of F' as a (weak)
C*-Finsler structure on a smooth n-manifold .#" meaning that F € C*(T.#"\o) and
then (.4, F) will be referred to as a (weak) C*-Finsler manifold for (k > 0) k > 2.

e Every Finsler metric is also a weak Finsler metric due to Remark 1.4.2.

e For a reversible weak Finsler manifold (.4, F) and = € A4 each tangent space T, A
becomes a normed vector space with norm F(z,-).

e The Finslerian length of a smooth curve 7 : [a,b] — A4 is defined by

Lr(y) = [b]F(’y(t)»‘/(t))dt (1.4.1)

where 4(t) := g—'Z(t) for all ¢ € [a,b]. The main idea of defining a Finsler metric F' on
an smooth manifold .4 is to measure the distance between two points p,q on 4. This
distance can be measured by computing the infimum of the Finslerian length of smooth
curves joining p and q, i.e.

dr(p,q) = veifclf Lr(7), (1.4.2)

where Cp 4 == {y € C>([0,1],.4) : v¥(0) = p,v(1) = q}. We refer to dr(p,q) as the
Finslerian distance from p to q for all p,q € A". The Finslerian distance distp(A, B)
of aset AC A toaset BC ./ is defined by

istp(A, B) = inf . 1.4.
distp(A, B) peflxl’lqudF(pv‘I) (1.4.3)

We will sometimes speak of the Finslerian distance dp(p, B) of a point p € A4 to a set
B C A where we set dp(p, B) := dp({p}, B). We can even define the Finslerian length
of a continuous curve 7 : [a,b] — A4 by setting

k
Lp(y) = sup {Z dp(y(tic1),(ti) sa <tg<t1 <...<tp = b} - (1.44)
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The Euclidean length L(v) of a continuous curve v in R" is defined by L(v) := L},(7).
The Euclidean distance d(p,q) from p to g is defined by d(p,q) = d|.|(p,q) and can be
computed to be d(p,q) = |p — g| for all p,q € R™. The Euclidean distance dist(A, B) of
aset A C R" toaset B CR" is defined by dist(A, B) := dist|.|(A, B). The Euclidean
distance dist(A, B) of a point p € R™ to a set B C R" is defined by dist(p, B) :=
diStH (p, B)

Definition 1.4.8 (Dual Finsler metric (cf. [BCS00, pp. 406-411] & [She98, p. 35))).
Let (4, F) be a weak Finsler manifold. The dual Finsler structure or dual Finsler metric
F*:T*4 — [0,00) is defined by

F*(z,0) = sup oy)

1.4.5
yeT, N F(l‘,y) ( )

for (x,0) € T*. AN .

Remark 1.4.9.

e In the setting of Definition 1.4.8 assume that F' is a Finsler metric so that the coefficients
gf; as in Definition 1.4.1 are well-defined in local bundle coordinates (z’,y") on A

Denote by (g¥")¥ the coefficients of the inverse matrix to the matrix with coefficients
E. Th
gi;- Then

F*(z,0) = es;lpw\/(gF)ij(x7y)9i|19j|x (1.4.6)
yclz

for x € N,y = y's%|, € ToN and 0 = 0;da’|, € (T, N)* (see [GHI6, p. 16]).

Sometimes we write ||t9||gAF | instead of F*(z,6).

e If F is a reversible weak Finsler metric, F*(z,-) is the dual norm on (T,.4)* to the
norm F(z,-) on TN at z € A (cf. [Rud9l, p. 92]).

Example 1.4.10. Let .4 be a smooth n-manifold together with a family of scalar products
a={alg}eer on TN =], , TN such that the quantities

0 o
Oxt’ OxJ

a;ij(z) = als( ) for xe N

are smooth in local coordinates (z%). Such a family of scalar products a is called a Riemannian
metric. The pair (4, a) is then called a Riemannian manifold. Remember that a scalar
product p on a real vector space V is a symmetric, positive-definite and bilinear mapping
p:VxV — R (see section 1.1.2). A Riemannian manifold is automatically a Finsler
manifold with Finsler metric a(z,y) given in local coordinates by

alz,y) =/ ai(x)yty

for z € A and y = yi%\z € Tp/. In fact, the fundamental tensor (¢);;(z,y) - given
in local bundle coordinates (z%,y’) - coincides with a;;(z). In this work, the Finsler metric
issued from a Riemannian metric will also be called a Riemannian metric or Riemannian
Finsler metric, if we have to make a distinction. Let § be a 1-form that is an element of
QY A) = I'(T*#). Notice that a 1-form can be seen as a family {b|,}c s, wherein the
quantities

bi(z) := b\z(%) for x e N
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are smooth in local coordinates (z%). The (dual) norm of such a 1-form 3 w.r.t. the Rieman-
nian Finsler metric « is given by

IBllz|, = o (z,bl.) = sup Bz, y)

. 1.4.7
YyETy N O[(l'7y) ( )

Expressed in local coordinates (z¢) this gives rise to

||ﬁ||a‘m = o (z,b],) = bi(x)bi(x) = ati(x)b;(x)bj(x),

wherein a* denote the coefficients of the inverse matrix to the matrix with coefficients ij
and we raise or lower indices by multiplying and contracting with a* or a;;, respectively. A
general overview on Riemannian metrics can be found in [dC92] or [Jos02]. An investigation
from the Finslerian point of view can be found in [BCS00, p. 351].

Definition 1.4.11 (Minkowski space [BCS00, pp. 6-7, 275]). Let F' be a non-negative
real-valued function on R™ with the following properties:

o FeC=®\{0},R)
o F(ty) =tF(y) for all t > 0 and y € R";
e the matrix (gf;(y)) € R™*" is positive definite for all y # 0, where gf; (y) := (%z)yzyg (y).

Such a function is called a Minkowski metric and a finite-dimensional vector space R™ together
with a Minkowski metric F' is called a Minkowsk: space. A Minkowski metric induces a Finsler
structure on R™ by means of translation. So, a Minkowski space is also a Finsler manifold.
A Finsler manifold (A4, F) is called locally Minkowski space if for all & € .4 exists an open
set Q = Q, C .4 containing x, with a coordinate chart z',--- ,z™ and corresponding bundle
coordinates y',--- ,y™ (see Definition 1.4.1) such that

F(z,y) = F(y',---,y") forall (z,y) € T,
Remark 1.4.12.

e Every n-dimensional real vector space can be identified by means of an appropriate
isomorphism with the Euclidean real vector space R™, which is equipped with the Eu-
clidean metric. Having this identification in mind, we can also speak of a Minkowski
space (V| F) for an arbitrary finite-dimensional vector space.

e When talking about a Minkowski metric F' on R", we will simply write in a slight abuse
of notation F' : R" — R and F(y) for all y € R", inducing a Finsler structure F' on
TR™ =2 R™ x R" by translation, i.e. F(z,y) := F(y) for all (z,y) € TR™ 2 R" x R™.

e The second and third property Definition 1.4.11 can be formulated even if we only
assume F € CK(R™\{0},R) for k > 2. Hence, we will speak of a C*-Minkowski metric
and a C*-Minkowski space in that sense.

Some useful examples of Finsler metrics are the so called («, §)-metrics, which are to some
extend of a simple structure.

Definition 1.4.13 ((«, §)-Finsler space [AIM93, p. 49]). Let .4 be a smooth n-manifold.
Let « be a Riemannian Finsler metric and S(z,-) a 1-form on T.4" (cf. Example 1.4.10). An
(a, B)-metric is a scalar function on T4 defined by

F o= ag(D), (1.4.8)
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where ¢ is a C*°-function on (—bg, bg). For any Riemannian metric o and any 1-form 8 on
A with ||ﬁ||a|x < by for all z € #the function F' := a(ﬁ(g) is a Finsler metric if and only if

"

d(s) > 0 and ¢(s)—sd (s)+ (B> —s2)g (s) > 0 (1.4.9)
for all |s| < b < by. Such a manifold will be denoted by («, 5)-Finsler space.

Remark 1.4.14. A proof that the condition (1.4.9) characterizes an (o, 3)-metric as a Finsler
metric can be found in [She09, Lemma 2.1].

FEzample 1.4.15 (Randers metric). The choice ¢(s) = 1+ s leads to the (a,)-metric
F = a+ f, a so called Randers metric, which is a Finsler metric for ||B\|a‘z < 1 for all
x € A . In this case the Finsler manifold (A, F) is also called Randers manifold. The
Randers metric was introduced by Randers in [Ran4l]. For more details on this topic, we
refer to [AIM93], [BCS00] or [She01].

Ezample 1.4.16 (Two order metric). The choice ¢(s) = (1 + s)? leads to the (c, 3)-metric
F .= a(b(g), which is a Finsler metric for ||ﬂ\|,3;‘m < 1 for all z € A4, since

"

#(s) = (1+s)?% d(s) = 20+s), ¢ (s) = 2

where ¢(s) is well-defined and positive for all |s| < b < 1, and

"

B(s) — s (s)+ (B> = s2)d () = (1+5)%—2s(1+s)+2(b* — 5?)
= 1425+ 5% —2s5—25%+20% — 24>
= 142 —3s>

> 1-v > 0
for all |s| < b < 1. This («, 8)-metric is called two order metric and it seems to have been
introduced by Cui and Schen [CS09].
Ezample 1.4.17 (Matsumoto metric). The choice ¢(s) = L leads to the (c, 3)-metric

F = ad)(%), which is well-defined if Hﬂ”a’w < 1for all z € 4. F is a Finsler metric if
||ﬁ\|a|$ < L forall z € 4, since

¢(8) - ¢ (S) = ma ¢ (S) = — 8)3’

where ¢(s) is well-defined and positive for all |s| < b < 1, and

' " —5)2—s(l—s 2 _ g2
B(s) — 50 (s) + (B* — %) (s) = (1—s)2—s(1—s)+2(b )

(1—s)?
1—2s+ 82— 5+ 52+ 2% — 242
- (1 s)?
14262 —3s
EECIENE
202 — 3b+ 1 0
T (1-s)?

for all [s| < b < 1, since 20> —3b+ 1 = 2(b — 1)(b — 3) is positive for b € [0,%). This
(o, B)-metric is called Matsumoto metric. It was first mentioned by Matsumoto in [Mat89].
We conclude this section with the introduction of a set of properties of functions on the
tangent bundle of a manifold, to ease reference on such a kind of function. Let .4 be an n-
manifold for some n > 2. A function F': T4 — R will sometimes be subject to the following

assumption:
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(M) F:TR™ 2 R" x R" — R is a function on the tangent space of A/ =R"™ independent of
its first argument, so F(x,y) = F(y) for all (z,y) € R™ x R™.

In case F' is subject to (M), we sometimes simply write F': R” — R and F' = F(y). We then
get a structure on TR™ = R™ by means of translation (cf. Remark 1.4.12).
For a function F : T4 — [0, 00) we formulate the following list of assumptions:

(F1) F is a 1-homogeneous, positive and continuous function on the tangent bundle of N,
i.e. (b), (p) and (h) hold,

(F2) F is a weak C°-Finsler metric, a 1-homogeneous, positive, continuous and convex func-
tion on the tangent bundle of A, i.e. (b), (p), (h) and (¢) hold,

(F3) F is a C?-Finsler metric, a 1-homogeneous and elliptic function on the tangent bundle
of N with F € C*(T_#\o), i.e. (b) and (e) hold.

Notice that the following implications hold:
(F3) = (F2) = (F1).

Assuming that the properties (F3) and (M) hold for F' is equivalent to assuming (.4, F') to
be a C2-Minkowski space. When the property (M) holds for F, then we will simply write in
a slight abuse of notation F : R" — R and F(y) for all y € R™, thereby inducing a structure
on TR™ 2 R™ x R™ by translation.

1.5 Immersions into Euclidean space

This section is dedicated to the fundamental differential geometric quantities regarding
immersions of codimension 1 which map into Euclidean space. Notice that an immersion of
codimension 1 is an immersion mapping from a smooth m-manifold with boundary to a smooth
(m+1)-mainfold. We already gave a more general definition of immersions in Definition 1.3.20.
The definitions and theorems of this section are a synthesis of standard theory to the topic and
can be found, for example, in the books by Forster [For09], do Carmo [dC93] and Bér [Bér10]
in a R? setting and further in the one by Kiihnel [Kiih99] for hypersurfaces in R™*!. We
additionally compute some basic identities, which are useful in later computations regarding
the comparison of Finsler mean curvature to other curvature notions. Remember also that
we label indices running from 1 to m with greek letters, indices running from 1 to m + 1
with latin letters and we use the Einstein summation convention, i.e. we sum over repeated
indices. Further, we drop some times the dependencies on points of the manifold - if they are
clear given the context - and suppress the actual coordinates chart in which a local quantity
is expressed.

Definition 1.5.1. Let .# be an oriented smooth m-manifold (with boundary) and an im-
mersion X : .4 — R™*! of class C! that is a C''-mapping whose differential is of full rank
everywhere on .# ( see Definition 1.3.20). Its first fundamental form g is defined in local
coordinates (u®) at p € .# by

glp(v,w) = gapdu® @ du’ (v,w) = gasgvw’ (1.5.1)

for v = vo‘a%, w = waa% € T, M, T, # the tangent space to .# at p and

0X 0X
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This defines a Riemannian metric on .# if X is smooth. We define the Gauss map N : M4 —
S™ of X in a positively oriented coordinate chart (V,u) on .# by

X A DX
N _ ou ou™
| s

for p € V. The Gauss map is a well-defined global continuous map on .# as can be shown by
using the definition. If X is of class C? then we can define the second fundamental form in
local coordinates (u®) at p € 4 as

hlp(v,w) = hepdu® @ du’ (v,w) = hagv®w? (1.5.3)
forpe A, v=nv" 03(, , W= w aga € T, #, T,.# the tangent space to .# at p and
ON 0X
ha = —(=—,=— 1.54
b <8u0‘ 8uﬁ> (15.4)
X
= N, ———— ). 1.5.5
< ’ au‘lﬁuﬁ> (1.5.5)
Further, the so called Christoffel symbols are then given by
0%X 0X
——— = I7,—— 4+ hugN 1.5.6
Ou*ouP B Py + flap ( )
or more concretely by
0?’X  0X
I, = ¢ {(—r—,— 1.5.7
af g <8u“8u5’ ou™ > ( )

2

(0 0 7)
o our  Ou~
wherein g7 are the coefficients of the inverse matrix to the matrix (gog) € R™*™. The
(Euclidean) mean curvature H of the C%-immersion X is given in local coordinates (u®) of

M by

H = ¢"%hag. (1.5.9)

Remark 1.5.2.

e The first and second fundamental form are smooth covariant 2-tensor fields on .# for
a smooth immersion X : .#Z — R™*!. The first fundamental form g defines even a Rie-
mannian metric on .# and hence (.#, g) is a Riemannian manifold. The corresponding
Riemannian Finsler metric is given in local coordinates u® on 4 by \/gapu®v?® for

u:uaaga andvzvo‘aga in T/ .

e For a smooth immersion X : .# — R™*! with an oriented smooth m-manifold .#, we
define the vector bundle TX := dX (T #) = U ¢ , dX(T,.#) C TR™! and call it the
tangent bundle to the immersion X.

Theorem 1.5.3 (Normal derivative). Let .# be an oriented smooth m-manifold and X :
M — R™L be an immersion of class C%. Then we have in local coordinates (u®) on A

ON 0X
= —harg " =—, 1.5.1
ou™ g ou” (1.5.10)

where the respective quantities are those of Definition 1.5.1.
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Proof. By the definition of the Gauss map N for an immersion X (see Definition 1.5.1)

%, R 8um,N} is a basis of R™*!. So, we can express gﬁ for a = 1,...,m as a linear
combination of those basis vectors, i.e.
ON 0X
— = W— + W™\,
ou® ur
with unique coefficients W' for s = 1,...,m + 1 and therewith
b (oM X
o ou®’ OuT
8X 0X
= w~
< ou " OuT >
0X 0X
= W’Y _—
< our’ dur >
= W’Yg'yr-
Contracting with g™ yields
W7 = —heg""
and further we get
wmtt = IN N
oue’
1 0
)
10
= _—_— ]_ =
2 Ju™ ( ) 0
Putting all together concludes the proof. O

Lemma 1.5.4. Let .# be an oriented smooth m-manifold and X : .4 — R™T! be an immer-
sion of class C2. Then we have in local coordinates (u®) on . the following identity

0X 0X | 150X 0X 0X 0X 0X

== A = A A AN A AN AN——. (1.5.11
Oul our | ouP Oul Oue—1t Ouatl! oum’ ( )

where the respective quantities are those found in Definition 1.5.1.

Proof. Start by setting

W e aiX A A aiX AN A aiX A A aiX
T out Oue—1 Ouatl um’
The vector W can be represented in terms of the basis { ST aum X N } as
8X m+1
w = W7 e + W™mTEN,
where we have to compute the coefficients W for i = 1,...,m+1. By exploiting (g%, N)=0
for all y =1,...,m and Theorem 1.1.12, we get
WrL = (W, N)
0X 0X 0X 0X
= (= A A—-ANA=—-A---A=—N
<8u1 Que—1 Quett um’ >
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C et aiX 0X N 0X 0X
= M\ Gl gue T et T g
= 0
0X 90X
¥ — v 22 2
Wigs = W <8u7’ 8u5>
_ v 0X 00X
o ouv’ duP
0X
- (%)
_ o Jox o 0X o 0X o 9X 0X
- oul Oue—1 Ouotl Aum™’ QuP
— 87)(37)(/\ /\aX AN A 8X/\ /\aX
T\ 0uf aul duo—1 Quotl du™
0X 0X 0X 0X 0X
_ _1\a—1 - A s
= ( 1) <8UB,N/\ ul A A Oue—1 A Ouetl A A aum>
0X 0X 0X 0X 0X
_ /_1ya-1 el
= (-1 det (6uﬁ’N’ ul’ P o1’ Gyatl’ ’ 8um)
0X 0X 0X 0X 0X

—  (_1)2a-1 o L. = T
= (-1 det (N’ oul’ T Oue—1’ duB’ Huatl’ ’ 6u’”>

0X 0X
— _5aﬁdet(N’aul,’au7n>

0X 0X

5 < ggg A N2 oX X >
= —bap (73 - A A
a%AmAaT"fnl ou! Ou
N L.
a B Hul oum |’
wherein 6,4 is the Kronecker delta. By multiplying with the inverse matrix of g,3 we get
0X 0X
WY = el aAa
I |t oum™
thereby yielding (1.5.11). O

Definition 1.5.5 (Laplace-Beltrami operator). Let .# be an oriented smooth m-manifold
and X : 4 — R™t! be an immersion of class C2. The Laplace-Beltrami Operator for a
function f: .# — R™T! is defined in local coordinates (u®) on .# by

2
AT
Ou®ouf By’
This representation is invariant under coordinate change and therefore the Laplace-Beltrami

Operator is globally defined on .#. The mentioned quantities are those found in Defini-
tion 1.5.1.

Ayf = g™ (1.5.12)

Theorem 1.5.6. Assume the setting of Definition 1.5.5. The Laplace-Beltrami operator can
be written in the form

_ aﬁ f
Agf = \/(W@ua ( det gg ), (1.5.13)

wherein det g is set to be the determinant of the matrix (gag) e Rmxm,
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Proof. By using (1.5.8) and Theorem 1.1.4 we get in local coordinates (u%) on .#

maua i (Vo 5

- (%i:: . 5) et
R A

of of
— af Y a S
g (3u°‘ ouP Las ou )

= Ayf

O

Theorem 1.5.7 (Laplace-Beltami and mean curvature). Let .# be an oriented smooth
m-manifold and X : # — R™F! be an immersion of class C%. Then it holds that

A, X = HN, (1.5.14)

where the Laplace-Beltrami operator is taken component wise. Therein, N is the Gauss map
and H is the mean curvature of X.

Proof. By (1.5.6) we directly get in local coordinates u = (u*) on .#

02X 0X
_ aB _ T 2
BgX =g (8ua6u5 FW@UT)

= gaﬁha[gN
= HN.

O

In the following, we define the shape operator. The shape operator will be useful to define

the mean curvature notions adapted to Cartan integrands as presented in subsection 1.6.2
(cf. [Cla99] and [Cla02]).

Definition 1.5.8 (Shape operator). Let .# be an oriented smooth m-manifold, X :
M — R™H! be an immersion of class C? and N : .# — S™ the Gauss map. We can
identify Tn,)S™ C R™* with (N(p))* due to the properties of S™. Further, (N(p))* =
AdX |, (Tytl) C Tx(yR™H =2 R™ ! as we regard dX|,(T,.#) as embedded in T'x () R™*! by
means of the inclusion mapping. So, we can identify Ty (,)S™ with dX|,(7},.#). Hence, the
mapping

S = —(dX)'odN:TH - T.H

is well defined and is called shape operator, since dN : T.# — dX(T.#) and (dX)~!
AX (T M) = T M.

Remark 1.5.9.

e The shape operator is given by —(dX) ' odN : T.#4 — T.#. Choose p € .# and
v € Ty and local coordinates (u®) at p. Then holds

ON

ANB() = o5 ()
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Thm. 1.5.3 s 0X
- ! — 0 hyag 5—au5(p)
wg O
= dX|p(=v"hyag BWIP) (1.5.15)

s.t. we deduce —(dX) ! odN(v) = U"’hwagaﬂﬁ|p~

e It can be seen easily by using a local coordinate representation that

9lp(S(v),w) = glp(v, S(w))

holds for p € .4 and v,w € T,.#. So, the shape operator S is at any point p € .# an
self-adjoint operator, and can be diagonalized as such. The resulting ordered Eigenvalues
k1(p) > ... > km(p) are called principal curvatures at p and a corresponding choice of
Eigenvectors v1]p, ..., Um|p are called principal curvature directions, which are chosen
to form an g-orthonormal base of T,,.#. The principal curvatures can also be seen as
the Eigenvalues of the second fundamental form as we easily deduce by (1.5.15) that

hlp(v,w) = glp(S(v),w)

for all p € A and v,w € T),.# . Notice that the principal curvatures of the boundary of
a convex set are non-negative if we choose as normal the inward-pointing normal.

1.6 Cartan functionals

In the present section, we introduce some basic definitions regarding Cartan functionals, i.e.
functionals invariant under reparametrization of the involved immersion. We start by giving
a short introduction to the topic and continue by some mean curvature notions issuing from
the first variation of a Cartan functional. Notice that we also investigate the non-parametric
situation in this context. Then, some existence, regularity and removability results are given,
some of which use the curvature notions mentioned before. Especially, geometric boundary
value problems for Cartan functionals on 2-dimensional surfaces are considered, either in a
Sobolev as well as in a smooth setting. The existence results in particular are not restricted
to a Minkowski setting. Further, enclosure results are presented followed by a presentation
of isoperimetric inequalities. The listing of theorems on Cartan functionals is concluded by
curvature estimates for Finsler-minimal immersions, which imply Bernstein-type theorems.
The enclosure theorems, isoperimetric inequalities and curvature estimates do all assume a
Minkowski setting and involve some of the Cartan mean curvature notions mentioned in this
section.

1.6.1 Review of variational results of Cartan functionals

In the following, we discuss some basics about parametric variational integrals or Cartan
functionals. The definitions in this section are essentially based on a paper of Hildebrandt and
von der Mosel [HvdMO05]. The name Cartan functional is therein a tribute to a paper of Cartan
[Car33], wherein he develops a theory of anisotopic surface area in arbitrary codimension
similar to the Finslerian length of curves. Especially, Cartan also requires the 1-homogeneity
of his Lagrangians in order to have notions of area invariant under reparametrization.

Similar to [HvdMO05], we identify A™(R") =2 RY by using the canonical isometry w.r.t.
to the Euclidean standard norm | - | on RY. Further, if we choose N := dimA™(R") = (),
we identify R™ x A™(R") = R™ x RY. Especially, if we choose n = m + 1, N computes to
(™) = m + 1. Notice that [HvdMO5] actually only deals with Cartan functionals, where N
is set to (%) and in most other sources, it is chosen to be () for some integer m.
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Definition 1.6.1 (Cartan integrand). Let N, n be two integers with N > n. A Lagrangian
I(x, 2) is a function of class C°(R™ x RY). A Lagrangian [ is said to be parametric if I satisfies
the condition

I(x,tz) = tI(z,z) forall t>0, (z,2) € R" x RV, (H)

A Cartan integrand is a parametric Lagrangian (cf. [HvdMO05, p. 2]). A Lagrangian T is said
to be positive definite if there are two constants M7 and My with 0 < M; < M, such that

M|z| < I(x,2) < Ms|z| forall (z,2) € R" x RV, (D)

Remark 1.6.2. Let n > m, N := (7””) be integers and a Cartan integrand I on R™ x R,
i.e. (H) holds, which is strictly positive on R™ x (RV\{0}). Further, let .# be an oriented
smooth m-manifold and X : .# — R™ be a C'-immersion. Then we can define the parametric

functional or Cartan functional Z of X in the following way

I(X) = ///

where the m-form i on ./ is given in positively oriented local coordinates (u!,...,u™): % —
Qfor % C . #,Q C R by
0X 0X

for p € . This form is well-defined globally on .# due to its invariance under a coordinate
change and Z 4(X) € [0,00) U {oo}. Notice that we simply write Z(.#) := Z(t| ) for an
embedded smooth m-manifold .# with embedding ¢ : .# < R™. Thereby, we can even define
Z(&) for H™-measurable subsets ./ C .# by an approximation argument. If we choose
n=m+1, # = for an open subset 2 C R™ and (u®) to be the standard coordinates on
R™ Z(X) computes to

il = I(X(x)

0X ox .

The value Z(X) can be guaranteed to be finite by assuming X € W™ (Q, R™*!) and I to sat-
isfy the positive definiteness relation (D). This can be seen by using (D) and Theorem 1.1.15
to get the simple estimate

X 0X 0X 0X

m aX
< m:]]|55
et ou
< M, |DX|m.

Therewith follows directly

X X

I(X, = A...AN=—)du"...du™ < M DX dut...du™

/Q ( aum)u u < 2/9\ |"™ du u
< OoQ.

Ezample 1.6.3 (Euclidean area). A special parametric Lagrangian or Cartan integrand is
the Euclidean area integrand A(z) :=|z|. It leads to the classical Fuclidean area

AX) = /Q 0X 0X

— N N\ —
oul ou™

for an open set Q@ C R™, an immersion X € C'(Q,R™*!) and standard coordinates (u®) on

R™,

dut ... du™
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Now we say some words on the notation of gradients and Hessians. Let f: 2 x © — R be
a mapping with open sets Q C R", © C RY and (z,2) € Q x ©. If f is differentiable in z at
(z,z), we write

sz(x,z) = fz(mvz) = (le(x,z)) eRY

for the gradient of f w.r.t. z at (z,z). Notice that f,: is the i-th partial derivative of f w.r.t.
z. If f is two times differentiable in z at (z,2), we write

vif(xvz) = fzz(mvz) = (fz"'zj(xaz)) € RN

for the Hessian matrix of f w.r.t. z at (z,2). We define f;, foz, f2z and f,, in a similar way.
Again, in accordance with [HvdMO05], we define ellipticity of Cartan integrands.

Definition 1.6.4 (Ellipticity). Let N,n be two integers with N > n. A Cartan integrand I
is said to be semi-elliptic on Q x RN for Q C R™ if it is convex in the second argument, i.e. if

I(x,tz1 + (1 — t)zg) < tl(z,21) + (1 —t)I(x, 22), (C)

for all x € Q, 21,2 € RY and ¢ € (0,1). Moreover, a Cartan integrand I is called elliptic if
there exists for every R > 0 a constant A;(R) > 0 such that

I — A1(R)A is semi-elliptic (E)

on B7(0) x RY. Remember that B%(p) denotes the closed Euclidean ball with radius R > 0
and center p € R™, i.e. BE(p) :={v € R" : |v —p| < 0}.

Remark 1.6.5.

e Assume that [ is a Cartan integrand of class C2(R™ x (RV\{0})). Then I being semi-
elliptic, i.e. (C) holds, is equivalent to the assumption that the Hessian matrix I,,(z, 2)
is positive semidefinite for (z,z) € Q x (RV\{0}). Hence, I elliptic means that for every
R > 0 there is a positive constant A;(R) > 0 such that I,, — A;(R)A,, is positive
semidefinite on BR(0) x (RV\{0}) (cf. [GH96, p. 72]).

e Notice that the conditions (H), (C) and (E) forn =m+1and N = (") =m + 1
are equivalent to (h), (c) and (e) of Definition 1.4.1, if we choose therein .4 = R™*1,
Especially, the equivalence of (E) and (e) follows by an argument of [GH96, p. 72].

In the following lemma, we choose n =m + 1 and N = (anZA) = m + 1. Therein, we give
a useful quantification of ellipticity.

Lemma 1.6.6 (Ellipticity quantification (cf. [GH96])). Let I € C?(R™*! x (R™T1\{0}))
be a Cartan integrand. Then the following two statements are equivalent:

(i) I is elliptic;
(ii) For any R > 0 there are constants A; = A;(R) > 0 such that

Ay (R)

||

Az(R)

2|

2
|§|2_<|i|7£> ‘| S €TIZZ($7Z)§ S

for all (z,2) € Bpt1(0) x (R™+1\{0}).
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Proof. By Remark 1.6.5 we already know that I elliptic is equivalent to the following state-
ment: For any R > 0 there is a positive constant Ay = A1(R) > 0 such that I, — A1 (R)A,.

is positive semidefinite on B (0) x (RNV\{0}).
Since the Hessian matrix of the Fuclidean area integrand computes to

d— % (IEI)T] (1.6.1)

for z € R™T1\{0}, the condition of I,, — A;(R)A,. being positive semidefinite is equivalent

to
M (R) [Id oz <Z>T

1

A..(z) = m

: < T I.(x,2)- 1.6.2

for (x,2) € BET(0) x (RV\{0}) and ¢ € R™*1. On the other hand, the expression

z z T
M. = Id—<>
2] \|2|

can be seen as the orthogonal projection on the linear subspace spanned by é II, . especially

fulfills HfL L = Hi . = Id. Using Theorem 1.4.3 and the 0-homogeneity of the gradient
I(z,2) € R™T! wrt 2, we deduce that I, (z,2) -z = 0. So, we can write

Izz(zvz) = HZL : IZZ(:C,Z) 1

what is a continuous expression in (z,z) € BR(0) x (R™T1\{0}). This together with the
(—1)-homogeneity of I,, implies

& L.(z,2)- & < Az(R)gT. [Id z ( z )T] €, (1.6.3)

E EIRNE]

for R >0 and (z,2) € BET'(0) x (RV\{0}), where we choose

Ao(R) = max  max€” La(,2) €
(z,2)EBRTT(0)xsm &€

as the largest eigenvalue of the Hessian matrix I,, on Bjp"!(0). Notice that by (1.6.2), we
can deduce that As(R) > A1(R). (1.6.2) and (1.6.3) together conclude the proof, since

z z T z 2
w-5(5) |6 = - (G -
EAE E

¢r-

1.6.2 Notions of mean curvature

In the following definition, we will give notions of mean curvature for a Cartan integrand
I. We introduce the I-mean curvature based on the one proposed by Clarenz in [Cla99], which
can also be found in [CvdMO02]. This mean curvature is related to other such constructions,
i.e. that of Bergner and Dittrich in [BD08], which they developed in the more general setting
of weighted mean curvature. Further, we introduce the I-mean curvature used by White
in [Whi91] and name it full I-mean curvature here. The full J-mean curvature issues directly
from the first variation of the Cartan functional. Again, this mean curvature notion is related
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to the one of Clarenz. In the end of the section, we introduce, among others, I-mean convex
domains, which rely on a definition proposed by White in [Whi91] and by Bergner and Frohlich
in [BF09]. Notice that these definitions apply only to the case of codimension 1, since we

assume n=m-+ 1 and N = (mril) =m-+1.

Definition 1.6.7 (I-mean curvature [Cla99, Definition 1.2, p. 14]). Let I be a Cartan
integrand in C?(R™*! x (R™*T1\{0})), .# be an oriented smooth m-manifold and X : .# —
R™*+! a C%-immersion with normal N : .# — S™. The I-shape operator is defined by

Sy = (AX)'L.(X,N)dXoS,

wherein S := —(dX)" ' odN : To#/ — T.# denotes the standard (Euclidean) shape operator
(see Definition 1.5.8). Further, we define the I-mean curvature as

Hp := traceySt.
Therein, traceg is the trace of a bundle map f : T.# — T.# w.r.t. the first fundamental form

g of X, ie. trace,f := gaﬁg(f(aga), %) with (g%?) = (gap) " in local coordinates (u®) on
M (see (1.5.1)).

The following theorem gives a coordinate representation of the I-mean curvature. This
result can be found in a work of Bergner and Frohlich [BF09].

Theorem 1.6.8 (cf. [BF09, Remark 1, p. 365]). Let .# be an oriented smooth m-manifold
with boundary, I € C?*(R™*! x (R™*1\{0})) be a Cartan integrand and X € C*(.# ,R™*1)
be an immersion with normal N : .# — S™. The I-mean curvature can be given in local
coordinates (u®) on .4 by

(1.6.4)

H,& = —g¢° <IZZ(X7N) ON 8X>.

ou*’ uf

wherein g® are the coefficients of the inverse of the matriz with coefficients gag given by

_ (90X ox
Job = u’ ouP /-

The latter are the coefficients of the first fundamental form in local coordinates.

Proof. The differential of X is a mapping
dX :T.# —TX,

wherein TX = dX(T#) = U,c 4 dX(Tp4) C TR™*! is the tangent bundle to X (see

Remark 1.5.2). In local coordinates (u®) on .# and with the standard basis (e;) of R™*! one
has

0 o 0X aaXi
= v = v¥——e¢;.

dX(U) = dX(’U aua ) W aua

We denote the inverse of dX by
dX)™"':TX - T..

Let V = V'e; be a vector field in TX, i.e. (V, N) = 0. Then there exists for a suitable choice
of local coordinates (u®) a vector field in (or section) v = v* 3% s.t.

dX(wv) = V.
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In local coordinates we get

)¢ 0
dX)"Y (V) = Vi——g* —
(@X)~ (V) S
for all V€ TX. Further, the differential of the normal vector dN maps into the tangent
bundle TX.

0

Si( %)

)

— (dX) 'L (X, N)dX o S(

0
Ju)

>
- (dX)_IIzZ(X7 N)dN(
ON
ou™
ON* 0X' Bvi
oue 0P Y B

- (dX)_IIzZ(X7 N)

= —L. (X,N)—

Thereby, we get

H;(X,N) traceq St

0 0
= QTUQ(SI(%% @)

o ONFk X' 1o} 1o}
= —4g Q(Izzzk(x N)—— Pr— >

ur ouP Y Bur’ duv
ONF X7

ouT Oub

o ONF oX*

- -9 55]zlz (X N)a T 8’116

ONk oX?

ut ouf

ON 0X
_ a8
I <IZZ(X N)a T’ 3u5>

= gTUgB’yg'vazlzk (X7 N)

= _gTﬁIzizk(X7N)

O

The following proposition expresses the I-mean curvature as a weighted sum of the prin-
cipal curvatures. This result can be found in a work of Bergner and Frohlich [BF09].

Proposition 1.6.9 (cf. [BF09, Proposition 1]). Let .# be an oriented smooth m-manifold
with boundary, I € C?(R™*! x (R™T1\{0})) be a Cartan integrand and X € C*(.# ,R™+1)
be an immersion with normal N as well as principal curvatures ko, € R, o« =1,...,m. Then
the I-mean curvature of X can be expressed as the weighted sum of its principal curvatures,
i.e.

Hi(X,N) = Y 0a(X,N)s
a=1
The weight factors are further given by

0a(X,N) = (Izz(X,N)dX (v4),dX (v4)),

where vy, € R™T fori=1,...,m are the principal curvature directions. If I is additionally
elliptic, then the weights are all positive, i.e. 9o(X,N) >0 fora=1,...,m.
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The I-mean curvature can be interpreted as being derived from the first variation of the
Cartan functional corresponding to I. In [Cla99], the first variation has been carried out for
normal variations constructed in a certain way. Nevertheless, this is no big obstruction, as
it can be shown that only the normal part of the variation directions contributes to the first
variation, as by arguments of Jost in [Jos02, Lemma 8.2]. Variations in general directions of
Cartan functionals are considered by White in [Whi91]. The following lemma is a synthesis
of these sources.

Lemma 1.6.10 (First variation (cf. [Cla99])). Let .# be an oriented smooth m-manifold
with boundary 0.4, I € C*(R™T1x (R™+1\{0})) be a Cartan integrand and X € C*(.#/ ,R™*1)
be an immersion with normal N. Let X € C?((—¢,e) x .4 ,R™1) be a mapping for some
e > 0, where each function X:(-) := X (t,-) is an immersion with normal N, s.t. Xg = X,
No = N and X; = X outside a compact set X C M\O.M . We call {X;}4e(—c ) a variation
of X. We define V := %\tzoXt c M — R™L gs the variational vector field. Notice that the
support of V is subset to  and hence is compact in M\OM . Then holds

d
CleoI(X) = - / (h, VYA,
M

where hy = hy(X,N) : # — R™L is vector valued. Especially, hy computes to
hi(X,N) = (H;(X,N)—tracel,,(X,N))-N. (1.6.5)
We call hi(X, N) the full I-mean curvature. We call an immersion X I-minimal if
hi(X,N) = 0. (1.6.6)

The property of X being I-minimal is equivalent to X being a critical immersion of I, i.e.
L1,_0Z(X¢) = 0 for all variations {X;}e(—c.c) of X.

Remark 1.6.11.

e The I-mean curvature as defined in [Cla99] is a scalar value and does not fully reflect
the first variation of the Cartan functional Z in the case that I indeed depends on
the first argument. The I-mean curvature defined in [Whi91] for m = 2 does fully
reflect the first variation and is in fact a vector field. Nevertheless, both definitions
are related and coincide for I independent on the first argument in the sense that
H;(X,N)=(h;(X,N),N). We distinguish them especially by the simple additive word
“full” to refer to the definition based on [Whi91] but extended to arbitrary dimension
m > 2.

e An immersed submanifold is called I-minimal if it is immersed by an [-minimal immer-
sion.

Proof of Lemma 1.6.10. A proof of this has been done in the proof of [Cla99, Satz 1.1] for a
special type of variation X; = X +t@oN, where ¢ € C§°(#). Therein, C§° (A ) is the set of all
real-valued C*° functions on .# of compact support. The proof generalizes straightforwardly
to the type of variation, we chose in the theorem’s statement. O

Now we present an example, where we compute the various I-mean curvature notions for
graphs and relate them to the so-called non-parametric functional corresponding to the Cartan
functional Z. We especially look at the first variation of the non-parametric functional, i.e.
its Kuler-Lagrange equation.
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Example 1.6.12 (Non-parametric functional). Let I : R™*! x R™*! — R be a Cartan
integrand (i.e. I = I(z,2)) and an embedded hypersurface .#, which is the graph of a C?-
function f : Q@ — R for an open subset 2 C R™. The manifold .# can be represented by the
immersion X : O — R™+! with

for u € Q. We set Xo := gﬁ and so forth. We intend to compute
Hi(X,N) = —g*(.(X,N)Nya,X,s),

where w.l.o.g. the normal map N :  — S™ is given by

- e ),

Notice that V denotes here the Euclidean gradient on R™. We see directly that the normal
map is well-defined on € since X is an immersion. The components of the normal map to .#
write down to
. 1 . .
N = e (=07 fur + Ol).

VI+ IV

Notice that we can write |V f|? = §77 f,+ fus. The derivatives of the components of the normal

map, i.e. Nia, compute to
3 fu"(STqu"u” 1 ; 1 ;
Nyo = —————=(=0"fur +0p41) + ————=(—0" furu~)
JIT VI VI+IVIP
fu"fs‘rﬂfu"uCx i 1

S NS TS N RS S LTSN} (1.6.7)

L+ [V f[? V14 [VF2

On the other hand, we have

Xio 8ty + Oy 1 fuo
and
Xpows = Opg1funus.
Thereby follows
gop = (Xuo, Xys) = XpabiyXJs = dap+ fuefur.
We deduce by Theorem 1.1.8 that

8 fun fur 6P

L+ [V f[?
Since [ satisfies (H) together with Theorem 1.4.3 and (1.6.7), we have I,:(x,tz) = Li(x, 2),
Li(z,2)2" = I(z,2) and L, (x,2)2 = 0 for all t > 0 and (x,z) € R™H x (R™1\{0}).
Therefore holds

gaﬁ — §ab _

(Lo(X,N)Nyo, X,s) = Lii(X,N)N..X/,
9 j iy
- (%(Iﬂ» (X,N))X?, — Lis (X,N)X?, XL,
9 0 o
= (%(IZ’3 (X7 N)) + fuﬂ %(Izm‘*'l (Xa N)) - Iwizj (X7 N)XiBXZLO‘ .
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Combining the former identities with the following computation

1

af
e

gaﬁfu"

as well as regrouping and inverse application of the chain rule lead to

9P (L.(X,N)Nyo, Xyo) + Lioi (X, N)X1ag®P X7,
9
a @

= P ai (Is(X,N))

+ fur g7 (= fur

(o (L (X N)) - fus s (i (X, N)

0 0

%(Izﬁ (X’ N)) + %(Iz""*l (X’ N)))

0 ;0
= 8 (L (X)) +\/1+|Vf2fmgmN137a(Izi(X7N))

o )
= 5aB ( zﬁ X N + \% 1+|Vf fu”g’ya NlIzl(X N))_N;”Izi(XaN)

du®
— XLyt (X, N) + XL (X, N))

B
= 0o (Lo (X, N)) 4+ VI [V g™ (5 (X, N)) =
+ X1, I (X, N))

0
= 0905 (L (X, N) + V14 VIR fur g Xl L (X, N)
= 50 D (L (X N)) 4 T VTR0 X s (X, N).

By simple linear algebra we deduce that

89 = Xi.g*®X7, + N'NJ
and thereby
gmtli = xmtlgefXT 4 NN,
Hence, we conclude
Xfﬂflgo‘BXZ,; —  sm+Ds _ nym+l i
somii _ 1 g
V1I+I|VE?

This together with I:(x,2) = I, (z, 2)2’ by Theorem 1.4.3 leads to

9P (I,.(X,N)Nyo, Xs) + 69 1:.:(X,N)

7]
oo (1X,1)

= ¢P(L.(X,N)Nyo, Xyp) + Lioi (X, N)X1ag®? X7, + Lis (X, N)N' N7
= ¢*P(L.(X,N)Nyo, Xy5) + Lyioi (X, N)X'ag®? X7, + L (X, N)N*

0
= 50(,88 (Ls(X,N))+ 1+ |Vf2me (X, N).
So, the (full) I-mean curvature can be written in the simple form

(hi(X,N),N)
= H(X,N) — tracel,.(X,N)
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0
= 0 Lo (X, N)] = VI + [V P L (X, N)

e (i ) O] e ()0

where we used again (H). Indeed, when we look at the following functional

() = /Q (s (), V7 f () du (16.8)

I(( . ) ( - )), (1.6.9)

for all w € R and u,p € R™, the Euler-Lagrange equation for critical graphs of J can be
written as

with

J(u,w, p)

0 = =0 [helon J(), V)] Gl f0), VW) = —(he(X, N), N,

(1.6.10)

what corresponds - as we have seen - to vanishing I-mean curvature. J is the non-parametric
functional corresponding to the parametric or Cartan functional Z.

The following definition is motivated by the works of White [Whi91] as well as Bergner
and Frohlich [BF09]. White defines in [Whi91] the notion I-mean convex for a given Cartan
integrand I by means of the full I-mean curvature, which he also defined similar to the classical
mean curvature via a variational approach. Bergner and Frohlich define in [BF09] weighted
mean convex sets. This definition is applicable to Cartan integrands and is then based on
the I-mean curvature. Their approach coincides with the one of White in the case that the
underlying Cartan integrand is independent of the first argument. They also give examples
for weighted mean convex sets, such as convex sets of smooth boundary and hyperboloids of
a certain structure (see [BF09, Remark 3, p. 368]). So, the following definition is synthesis of
both sources.

Definition 1.6.13 (I-mean convex). Let Q be a domain with C%-boundary 9 in R™*+1.
Assume that 02 has the full I-mean curvature hy. € is called

e star-shaped (w.r.t. some g € Q) if for every ¢ €  holds that gg + A(¢ — qo) € Q for any
0< A<,

e I-mean convex if (hy, N} > 0 at every q € 9f), wherein N : 92 — S™ is the inward-
pointing normal;

e strictly I-mean convez if (hy, N) > 0 at every g € 912, wherein N : 92 — S™ is the
inward-pointing normal;
e admissible if there exists an index set J, which is non-empty, and a family of star-shaped
I-mean convex C%-domains {7}, such that
Q = ﬂQj and Q = ﬂ@

jeJ jeJ
Remark 1.6.14.

e Let £ > 1. An open set Q C R™*! with C*-boundary 02 means that the topological
boundary 02 can be locally represented as the graph of a C* function. In other words,
) is an embedded m-submanifold of class C*.
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e The notions I-mean convex and strictly /-mean convex are motivated by [Whi91] and
[BF09].

e Sometimes we say that 9 is (strictly) I-mean convex if Q C R™*1 is (strictly) [-mean
convex.

e Instead of evaluating ({(h;, N) > 0) (h;, N) > 0 to characterize  as (strictly) 7-mean
convex, we can assume that ((hy, V) > 0) (h;, V) > 0 for all inward-pointing vectors V'
on 0f.

e In the case that the Cartan integrand [ is elliptic and independent of its first argument,
convex sets with C2?-boundary are also I-mean convex and convex sets in general are
admissible. This is due to the fact that a convex set can be written as the intersection
of half spaces (see [BF09, Remark 3]).

1.6.3 Existence of minimizers and regularity

This section contains some existence and regularity results regarding minimizer of the
Cartan functional under some assumptions.

We present existence results in a Sobolev and a smooth setting. The results in a Sobolev
setting are geometric boundary value problems for Cartan functionals on two-dimensional
surfaces, which have first been treated by Sigalov [Sigh0, Sigh3, Sigh8|, Cesari [Ces52], and
Danskin [Dan52] establishing the existence of continuous minimizers, before Morrey [Mor61,
Mor08], and Resetnjak [Res62] gave a simplification of their methods and obtained minimizers
with interior Holder continuity. However, non of these contributions produced conformally
parametrized minimizing surfaces, i.e. satisfying (1.6.12) a.e. on the domain, which is crucial
for higher regularity. In the work of Hildebrandt and von der Mosel [HvdM99, HvdMO02,
HvdMO03a, HvdM03b, HvdM03c, HvdM05, HvdM09] the existence of conformal minimizers was
established, and higher regularity investigated. Notice that they restricted their results to
mappings from a 2-dimensional unit ball to n-dimensional ambient space for n > 3. Hence,
we choose N = (g) = w, even though we will choose n = 3 later on application side
(see section 3.2). In this section, we present the results of [HvdMO03b], especially with a
result on existence in a certain class of functions (see [HvdMO03b, Theorem 1.4]) and a result
on regularity for such minimizer (see [HvdMO03b, Theorem 1.5]). Higher regularity results for
such minimizers are then presented for Cartan integrands with perfect dominance function (see
[HvdMO03b, Theorem 1.9], [HvdMO03c, Theorem 1.1]). In particular, if the Cartan integrand
is close enough to the Euclidean area integrand in a C%-topology (see [HvdM03a, Theorem
1.3]). Afterwards, existence in a smooth setting will be presented. Therefore, White [Whi91]
and Winklmann [Win03] are cited giving existence of 2-dimensional [-minimal immersed
submanifolds of suitable properties in a 3-dimensional ambient space.

Finally, some results regarding removability of singularities for critical immersions to Car-
tan functionals are presented. We start by an energy estimate due to Hildebrandt and Sauvi-
gny [HS09] leading to a removability result. Further, we present a removability result due to
Simon [Sim77b].

We start with some basic definitions necessary to formulate the existence results in a

n) _ n(n—l).

smooth setting. Remember that we choose N = (2 5

Definition 1.6.15 (Curves in vector spaces). A curve ¢ in R™ is a continuous mapping
of an interval into R. Such a curve can be represented as a mapping ¢ : [a,b] — R™ for an
interval [a,b]. A curve c is said to be a simple curve if it is injective, i.e. for all z,y € [a, D]
with & # y holds ¢(z) # ¢(y). A curve c is said to be a closed curve if c(a) = ¢(b). A closed
curve can be reparametrized to be a continuous mapping ¢ : S' — R™. A simple closed curve
is called a Jordan curve. A rectifiable curve is a curve of finite Euclidean length.
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Definition 1.6.16 ( [DHKW92, vol. I, p. 231]). Let I" be a closed Jordan curve in R™ and
let ¢ : S — I' be a homeomorphism from S!' onto I". Then a continuous mapping v : S* — I’
of S* onto I is said to be weakly monotonic if there is a non-decreasing continuous function
7:[0,27] = R with 7(0) =0, 7(27) = 27 such that

Y((cosh,sinf)) = ((cosT(0),sin7(h)))
for 0 <6 < 2.

First, the formulation of the Plateau problem in a weak setting regarding regularity of the
minimizer. This is necessary to give the results of [HvdMO03b]. Let I" be a rectifiable Jordan
curve in R” and B := {(u'!,u?) : (u!)? + (u?)? < 1} the unit disc, which is chosen to be the
parameter domain of the competing surfaces X : B — R™. C(I") denotes the class of surfaces
X € WH2(B,R") whose trace X|sp on B is a continuous, weakly monotonic mapping of 9B
onto I'. C(I') is non-empty.

Theorem 1.6.17 ( [HvdMO03b, Theorem 1.4]). Suppose that I € C°(R™ x RY) satisfies (H),
(D) and (C) and denote by T the corresponding Cartan functional. Then there exists a
minimizer X of T in C(I), i.e.

IX) = inf 70, (1.6.11)

Therein, X is (Euclidean) conformally parametrized almost everywhere on B by construction,
1.€.

X1 > = | X2 and (X1, X,2) = 0 H?-ae onB. (1.6.12)

Theorem 1.6.18 ( [HvdMO03b, Theorem 1.5]). Suppose that I € C°(R™ x RY) satisfies (H),
(D) and (C) and denote by T the corresponding Cartan functional. Then every minimizer X
of T in C(I"), which is (Euclidean) conformally parametrized almost everywhere on B satisfies

X € C°(B,R") N C*"(B,R") n WhH(B,R") (1.6.13)
for o = My /My € (0,1] and q > 2, where M; fori = 1,2 are given by (D).

To gain higher regularity for these minimizers in a weak setting, we need a so-called
dominance function for the Cartan integrand. This dominance function plays then the role,
which is played by the Lagrangian of the Dirichlet energy for the Euclidean area.

Definition 1.6.19 (Perfect dominance function [HvdMO03a, Definition 1.2]). Let I =
I(x,z) € C°(R™ x RY) be a Cartan integrand. The associated Lagrangian to a Cartan
integrand I = I(x, z) is set to be

i(x,Z) = I(z,21 N\ 2)

for Z = (21,22) € R®" x R® = R?" and = € R™. A perfect dominance function for I is a
function DI € CO(R™ x R?") N C?(R™ x (R*\{0})) such that the following conditions are
satisfied for all (z,2) = (z, (21, 22)) € R x R?":

D1) i(z, Z) < D'(z, Z):

D2) i(z, Z) = D! (x, Z) for all (z, Z) with |z1| = |z2| and (21, z2) = 0;
D3)
)

(
(
( D¥(z,tZ) = t*D(x, Z) for all t > 0;
(

D4) there are universal constants 0 < pu3 < ps such that p|Z] < Di(z,7) < w2l Z|;
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(D5) for any Ry > 0 there is a constant Ag(Rg) > 0 such that
§-DL(z.2)- € = Xa(Ro)lEl
for |z| < Ry, Z # 0 and & € R?".

The following theorem established by Hildebrandt and von der Mosel in [HvdMO03a] guar-
antees the existence of a perfect dominance function for some Cartan integrands.

Theorem 1.6.20 (Perfect dominance function [HvdMO03a, Theorem 1.3]). Let I* €
COR™ x RV) N C?(R™ x RV\{0}) be a Cartan integrand satisfying the conditions (H), (D)
(see page 47) with constants M (I*), Mo(I*). In addition, let I* be elliptic in the sense of
Definition 1.6.4 with

A(T* = inf  Ajp« . 1.6.14
() = it A (Ro) >0 (16.14)

Then the Cartan integrand I defined by
Iz,z) = klz|+1I"(z,2) (1.6.15)
possesses a perfect dominance function for all fized

ko> ko(I*) = 2[M2(]*)—min{/1([*),Mlél*)}]. (1.6.16)

This corollary is a direct consequence of Theorem 1.6.20 and guarantees the existence
of a perfect dominance function for Cartan integrands close enough to the Euclidean area
integrand in a C2-topology.

Corollary 1.6.21. Let I € CO(R™ x RY) N C?(R™ x RM\{0}) be a Cartan integrand. If

6 = sup{p(I(z,’) —A())} < %
TER™

)

then the Cartan integrand I possesses a perfect dominance function. I then especially satisfies
(H), (D) and (E).

Proof. We intend to apply Theorem 1.6.20 to the present situation and therefore we define
the scaled Cartan integrand Ig(xz,z) := RI(x,z). We represent Ig(x, z) as the sum

Ir = A+1Ij

with I} (z,2) := RI(z,z) — A(z) = RI(x,z) — |z| for some R > 0 and apply Theorem 1.6.20
with £ = 1. We start by computing constants regarding the positive definiteness and ellipticity
of the involved Cartan-integrands. We estimate

I(z,2) = |Z|I(x,ﬁ)
> |z|<A<|—j|>+I<x,§>— (é))

> J2l(1 - polI(a, ) - A())
> J2l(1-8) >0

for z € R", z € RN\{0} and 6 < 1. In a similar way, we compute

I(z,z) < J|z|(149)
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for x € R, z € RV\{0}. Further, regarding the ellipticity constant of I, we get the following

lez\Izz(aﬁ)f = gT(AzAﬁ)HZZ(x,ﬁ)—Azz(ém
= () (e () o Lanly 1) = Ans () ()
= € A+ () (Ras (0, 1) = Asa () (T.8)
= € AL ()6 (s ) (Loas (0 1) = v (1) (T8
= A= Ralle) — AQ)IL €
= €A e~ Ol gP
= (1—6>£TAZZ(§>£
= A" A (e

where we exploited the fact that A,.(2)z =0 = I,,(x, 2)z by Theorem 1.4.3 and 0 < § < 1.
Therein, II,. denotes the orthogonal projection onto z* and can be expressed by II,.n =
0= (n,2/|21)2/ 12| = Aua() - for all 5 € R™.

So, we get as positive definiteness constants for I}, (see (D))

Mi(Ip)lzl = (R(1=6)=1)z| < Ip(x,z) < (RO+0)—-1)z[ = Ma(lg)lz],

wherein we assume R > (1 —4)~!. In a next step, we compute the ellipticity constant A(I}).
Hence, we compute the Hessian of I, i.e.

gT(I}k{)zz(xvz)g = RETIzz(l'vz)g - fTAzz(z)f
> (RA(C) = 1)ET AL (2)¢
1

||

= (R(1—0) = 1)1

ATR)
]

‘HzLﬂz

where z € RV\{0}. Now we can write
Ig(z,z) = A(z)+Ix(z,2)

whereon we apply Theorem 1.6.20. So, k£ = 1 in Theorem 1.6.20 and we compute

ko(lf) = 20My(I7) - min{a(ry), MallR)y
— 2RO +6)—1—(R(1-46)—1)/2]
= R+3R-1

by exploiting that A(I5) = R(1—9) —1 > (R(1—9)—1)/2 = Mi(I})/2. If R tends to
(1 —6)~! from above, we get as limit 46/(1 — §). The limit is strictly less than 1 for § < 1/5
such that we can assure that 1 > ko(I},) for R sufficiently close to (1—4)~!. So, the conditions
of Theorem 1.6.20 are fulfilled and thereby we know that Ip possesses a perfect dominance
function. As Ig is just a positive scalar multiple of I, and the fact that the property of a
Cartan integrand to have a perfect dominance function is invariant w.r.t. positive scaling, we
get that I possesses a perfect dominance function by itself. O
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In the following two theorems, we present the regularity improving results for minimizers
of the Plateau problem in a weak setting (see Theorem 1.6.17). Notice that none of the
two theorems excludes branching points. Branching points are points, where the minimizer’s
differential fails to be of full rank.

Theorem 1.6.22 (Higher regularity in the interior [HvdMO03b, Theorem 1.9]). Let I €
COR™ x RY) N C3R™ x RN\{0}) be a positive definite elliptic Cartan integrand (i.e. I
satisfies the conditions (H), (D) and (E)) and assume that I possesses a perfect dominance
function. Then any Euclidean conformally parametrized minimizer X of T in C(I") is of class
W22(B,R") N CY7(B,R") for some o > 0.

loc

Theorem 1.6.23 (Higher regularity [HvdMO03c, Theorem 1.1]). Let I € C°(R™ x RY) N
C?(R™ xRN\{0}) be a positive definite elliptic Cartan integrand (i.e. I satisfies the conditions
(H), (D) and (E)) and assume that I possesses a perfect dominance function and that I" is
of class C*. Then there is some o € (0,1) such that any Euclidean conformally parametrized
minimizer X of T in C(I") is of class W*2(B,R™) N C**(B,R") and satisfies

[ X|lw22rr) + I X[lcrerny < ol}])
where the constant ¢(I',I) depends only on I' and I.

The next result gives existence of an embedded surface in R? minimizing the Cartan func-
tional Z among all embedded surfaces of a certain topological genus, which are spanned into
a given boundary curve contained in an /-mean convex surface. This result was established
by White in [Whi91].

Theorem 1.6.24 (Existence in a smooth setting [Whi91, Theorem 3.4]). Let Q C R? be
a domain with smooth boundary OQ. Further, let I € C°(Q2 x R?) N C?(Q x (R3\{0})) be an
even (i.e. I(x,z) = I(x,—z)), positive definite and elliptic Cartan integrand and assume that
Q is strictly I-mean convex. Then for a smooth simple closed curve ¢ on 02 and each g > 0

exists a smooth embedded surface that minimizes Z(.#) among all embedded surfaces M with
boundary O.# = ¢ and genus(A) < g.

Remark 1.6.25. Some words on the genus of an oriented smooth manifold can be found
in [HvdMO3b, p. 39]. We denote the genus of an oriented smooth manifold .# by genus(.#).

The following existence result in a smooth setting is due to Winkelmann [Win03]. It is
restricted to Cartan functionals with even positive definite elliptic Cartan integrand indepen-
dent of the first argument.

Theorem 1.6.26 (Existence in a smooth setting [Win03, Thm. 1.2 and Cor. 1.3]). Let
I € CO°R3) N C>®(R3\{0}) be an elliptic Cartan integrand independent of the first argument
(i.e. I = I(z) satisfies (D), (H) and (E)). Further, let I be a graph of bounded slope
over the boundary 9Q of some plane bounded convex domain 2 C R?, then there is an (up to
reparametrizations) unique Finsler-minimal immersions X € C*(Q,R3)NCY(Q, R3) spanning
I'. Notice that the surface X parametrizes a graph.

Remark 1.6.27.

e In the context of Theorem 1.6.26, an immersion X € C*(Q,R?) N C°(Q, R3) is said to
span [ if X(0Q) =1

e The bounded slope condition in the last part of the theorem means that we find a constant
R > 0, so that we can write I" as a graph,

r = {(u,y(u) €R®:u=(u',u?) €N}
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for some function 7 : 9 — R, such that for any curve point (ug,y(uo)) € I" there exist

two vectors par, Dy € B%(O) C R? such that the two affine linear functions
lg(w) = pg-(u—uo)+y(u) and £5(u) = py - (u—1uo)+7(uo)

satisfy £ (u) < y(u) < €5 (u) for all u € 9Q. In particular, if  is strictly convex and
I' is a C?-graph over 99 then I satisfies the bounded slope condition (see [GTO1, pp.
309, 310]).

The following energy estimate for I-minimal graphs in codimension 1 is due to Hildebrandt
and Sauvigny [HS09]. Therein, we choose n = m+1 and N = m+ 1 for a positive integer m.

Theorem 1.6.28 (Energy estimate for graphs [HS09, Theorem 3.1]). Let I € C°(R™*! x
R™H1) N C2(R™F x R™HI\{0}) be a positive definite, elliptic Cartan integrand independent
of the first argument (i.e. I = I(2) satisfies (D), (H) and (E)). Let Q be an open set in R™
with compact closure, K a compact subset of Q with H™ Y(K) = 0. Let Ay > 0 be the lower
ellipticity constant of I (see (E)). Assume two critical graphs of the non-parametric problem
(i.e. both satisfy (1.6.10)) f1, f2 € CO(AxR)NC? (2 x R), then we have the following weighted
energy estimate

| ot pOh-Vapa < [ jn plaen
O\K 1 Joq
with

p(fi, fo)(@) = (max{Wi(z),Wa(x)})™> for z€Q\K.
Therein are

Wi(z) = 1+ |Vfi|2 for i = 1,2.

Proof. A combination of (1.6.10) and [HS09, Theorem 3.1] proves the stated assertion. Notice
that the ellipticity of the characterizing differential equation (1.6.10) derives directly from the
ellipticity of I. O

The following corollary is an uniqueness result, which is a direct consequence of the energy

estimate in Theorem 1.6.28.

Corollary 1.6.29 (Uniqueness [HS09, Theorem 4.1]). Assume that I,Q, K and f1, fo are
satisfying the conditions of Theorem 1.6.28. Assume further that Q\K is connected and that

filx) = fa(z) forall x € Q.
Then it follows that
fi = fo on Q\K.
Proof. The assertion follows directly of Theorem 1.6.28 in a similar way as [HS09, Theorem
4.1] is based on [HS09, Theorem 2.1] in the proof given in [HS09]. O

The following removability theorem for I-minimal graphs was established by Simon in
[Sim77D].

Theorem 1.6.30 (Removable singularities [Sim77b, Theorem 1]). Let I € C°(R" xRN)N
C?(R"™ x RN\{0}) be a positive definite, elliptic Cartan integrand independent of the first
argument (i.e. I = I(z) satisfies (D), (H) and (E)). Let f € C*(Q\K) be a critical graph of
the non-parametric problem on Q\K (i.e. f satisfies (1.6.10) on Q\K ), wherein K is a locally
compact subset of Q with H™~1(K) = 0. Then f can be extended as critical graph of class C*
on Q. In other words, there exists a function f € C%(Q) which is a solution to (1.6.10) even
on Q such that f = f on Q\K.
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Remark 1.6.31. A set K C R™ is locally compact if for each xo € K there is r = r(zg) > 0
such that AN B2 (x) is compact (see [Sim96, Section 4.1, p. 91]).

1.6.4 Enclosure results

In this section, we present some enclosure results. Notice that all the enclosure results
presented here assume that the Cartan integrand in consideration is independent of the first
argument.

The following result, established Clarenz in [Cla02], is a convex hull property for critical
immersions of a Cartan functional.

Theorem 1.6.32 (Convex hull property [Cla02, Theorem 2.3]). Let I € CO(R™*! x
R™H) N C3(R™ L x R™MHIN{0}) be an elliptic Cartan integrand independent of the first ar-
gument (i.e. I =1(z) satisfies (H) and (E)). Let .4 be a compact oriented m-manifold with
boundary 0.4 , M = int. M JOM and X € C?(int. 4 ,R™H)NCO (. ,R™ 1) be an I-minimal

immersion. Then we have
X(A) C convX (0.4),
wherein convy denotes the convex hull of the subset ¥ C R™*1,

Remark 1.6.33. In contrast to [Cla02, Theorem 2.3|, we require .# to be compact as it seems
necessary to apply the maximum principle [GT01, p. 32] on each coordinate domain of .#
in the proof of [Cla02, Theorem 2.3] properly and then use a finite covering of the manifold
with such coordinate domains. By using the fact that convA C conv(A U B) holds true for
each A, B C R™*! we can then conclude the proof correctly.

If the boundary configuration of an /-minimal immersed hypersurface is contained in a
set of special characteristics then the whole I-minimal surface that spans that boundary is
contained in this set. This is essentially what the following theorem established by Bergner
and Frohlich [BF09] is about. Most of these results were made in the more general setting of
weighted mean curvature whereof the I-mean curvature is a special case.

Theorem 1.6.34 (Enclosure result [BF09, Lemma 2|). Let I € C°(R™T! x R™+1) N
C?(R™ x R™T\{0}) be a positive definite, elliptic Cartan integrand independent of the first
argument (i.e. I = I(z) satisfies (D), (H) and (E)). For some bounded open set Q C R™,
let X € CO(Q,R™H1) N C2(Q,R™HL) be an I-minimal immersed hypersurface. Furthermore,
let ¥ C R™! be an admissible domain. Then, the following two implications hold

X0 cE=XQcCcxn (1.6.17)
and

X0 CE A XOQ)NT#0= X(Q) CX. (1.6.18)

As mentioned in Remark 1.6.14, we know by [BF09, Remark 3] that every convex domain
is admissible. Thereby, we deduce the following corollary.

Corollary 1.6.35 (Enclosure result for convex domains). Let [ € CO(R™! x R™H1)N
C?(R™H x R™H\{0}) be a positive definite, elliptic Cartan integrand independent of the first
argument (i.e. I = I(z) satisfies (D), (H) and (E)). For some bounded open set Q C R™,
let X € COQ,R™ ) NC2(Q,R™Y) be an I-minimal immersed hypersurface. Furthermore,
let ¥ C R™*! be a convex domain. Then, the following two implications hold

X0 CcE=X(Q)cCcx (1.6.19)
and

X0 CE A X(OQNT#£D= X(Q)CX. (1.6.20)

Remark 1.6.36. Such a result was shown for m = 2 and Euclidean balls of arbitrary radius as
convex domains by Sauvigny in [Sau88| and can also be found in [Fr608, p. 57].
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1.6.5 Isoperimetric inequalities

In this section, we will present some isoperimetric inequalities for immersions in terms of
the Cartan functional. Let .# be a compact oriented smooth m-manifold with boundary 0.4
and a smooth immersion X : .# — R™*1. Define ¢ := X|s_4 as the restriction of X to 0.#.
Notice that ¢ is a smooth immersion on 0.# by construction. We define in this section

dA = dVx«
and
ds = dVg..
For the definitions of dVx.|.| and dV,.||, we refer to (2.1.1) for proper choices of dimen-

sion. Hence, [, dA = AM(X) = A(X) is the m-dimensional Euclidean area of X (.#) and
JopdS = Alvﬁ'71(X|8//l) is the (m — 1)-dimensional Euclidean area of X (0.#).

Theorem 1.6.37 ( [Win02, Theorem 2.2]). Let I € C°(R™ I xR™T1)NC2(R™ T xR™ 1\ {0})
be a Cartan integrand independent of the first argument (i.e. I = I(2) satisfies (H)). Let A
be a compact oriented smooth m-manifold with boundary 0.4, # = int.# VOM, X : M —
R™* be a smooth immersion with normal map N : A4 — S™ and X(#) C Byt (a). Then
we have

R
I(X) < (/ \HI(X,N)|dA+||IZ\|OO,Sm/ ds),
M oM

m
If X is an I-minimal immersion (i.e. Hf =0), we get

R
I(X) < Z\Lflses / as.
m o.M

If X is closed (i.e. 0.4 =10), we get
7)< o [ (XN
m.J o

Now we state some more specialized result for /-minimal immersions and m = 2.

Theorem 1.6.38 ( [Win02, Theorem 3.2]). Let I € CY(R® x R3) N C?(R3 x R3*\{0}) be a
Cartan integrand independent of the first argument (i.e. I = I(z) satisfies (H)). Let .4 be a
compact oriented 2-manifold with boundary 0.# , where 0.4 is assumed to consist of exactly
k > 1 closed curves vy,...,v. Let X : .4 — R3 be an I-minimal smooth immersion with
boundary curves Iy = X (vy;) fori=1,...,k. Then we have

k 2 L

L; i
I(X) < ||Iz||oo,s2 Z <4;r + ?dlSt(a7 Fz)> .

i=1
for every point a € R3. Therein, we let L; := fﬂ/_ dS stand for the length of I; fori=1,... k.

Theorem 1.6.39 ( [Win02, Corollary 3.3]). Let I € C°(R? x R?) N C?(R3 x R3\{0}) be a
positive definite elliptic Cartan integrand independent of the first argument (i.e. I = I(z)
satisfies (H), (D) and (E)). Let A; > 0 for i = 1,2 be the ellipticity constants as in . Let
M be a compact oriented 2-manifold with boundary 0.4 , where 0.4 is assumed to consist of
exactly two closed curves vy1,7v2. Let X : M — R3 be an I-minimal smooth immersion with
boundary curves Iy = X (v;) for i =1,2 such that X (.#) is connected. Then we have

k 2 L

L; i 5
I(X) < |:loos? Z (47? + 2d1st(a,Fi)> .
i=1
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for every point a € R3. Therein, we let L; := fvx dS stand for the length of I; fori=1,... k.
If k=2 and X (M) is connected, then

F/L2L
I(X) < |Lles Y (47; ; ;dist(a,ﬂ')> .

=1

1.6.6 Curvature estimates and Bernstein results

In this section, we introduce some concepts and sets necessary to formulate curvature
estimates of Simon [Sim77c] for a special class of hypersurfaces embedded in R™*! which
minimize locally an elliptic Cartan functional I. These curvature estimates imply Bernstein
theorems for m < 7, i.e. for an elliptic Cartan functional on R™*! independent of the first
argument, an entire /-minimal graph is an m-hyperplane. Therein, an entire graph is a graph

for v € R™ and a function f : R™ — R. Simon developed the curvature estimates even
for currents but we restrict these results to a more regular setting. Afterwards, we present
a Bernstein theorem established by Winklmann in [Win07] for I-minimal graphs in general
dimension assuming a growth condition on the gradient of the graph.

We start by defining some basic notions.

Definition 1.6.40 ( [Sim77c]). Let U be the set of all complete oriented C? m-manifolds
A with boundary 9.# embedded in R™*! such that H™(.# N K) < oo for all compact
subsets K of R™*!. U(xg, R) will denote the set of .# € U, which contain zy € .# and
OM C R™\ Br(xq).

We say that .# € U is I-minimizing in A, where A is chosen to be an open subset of
R™*1 if for each bounded open V with V' C A holds

(V) < T(N),

whenever .4 € U satisfies A4 C A and (A NV) = 0N .

Mi(zo, R) will denote the collection of .# € U(xg, R) such that .# N Bgr(zg) is I-
minimizing in Bgr(xp) and such that .# N Br(zg) = U4 N Br(zy) for some open set
Uy C R™ M (20, R) will denote the collection of .# € U(xo, R) of vanishing I-mean
curvature, which can be represented as a graph of a C?-function f on B}'{‘(xlo), ie.

MNBEtH(zg) = {z=(z',... 2™t e R ¢ =t .27 e Bg(xé))

and 2" = f(2)}

and f satisfies (1.6.10). Therein, we define 2 := (z!,...,2™)7 for z := (2',...,2™*t!) €
R™*!. Notice that each .# € M (xo, R) is I-minimizing in B (z,) xR and hence M (z¢, R) C
M (zo, R) by an argument in [Sim77c].

Remark 1.6.41.

e A complete embedded manifold with boundary is automatically a closed set as a subset
of R™+1. Complete is meant with respect to the manifolds topology. The definition of
manifold with boundary used here includes the boundary.

e The set U corresponds to the set of similar name in [Sim77c, p. 267] as conditions
(3) and (4) of [Sim77c, p. 267] are fulfilled automatically for each complete oriented
embedded C? m-manifold .# with boundary with .# € U.
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e Notice, we used that in the notation of [Sim77c] reg# = int.#, sing.# = sptd[.#] =
0./ for such manifolds .# € U by an application of Stokes’ theorem an the special
properties of .#Z. So, the definition of ¢/ here is a bit more restrictive than the one
in [Sim77¢c]. The definitions of reg.#, sing.# and sptd[.#] are given in [Sim77c, pp.
265-268|.

The following two corollaries are results of [Sim77c]. Essentially, they give for some m <7
and a Cartan integrand I with additional properties constants ¢ = ¢(m,I) such that the
curvature estimate

Ui C
> Ki(ze) < T (1.6.21)
=1

holds, where k1 (zo),. .., km(xo) are the principal curvatures of .# € Mj(zo, R) at xo. The
first corollary gives a result for dimensions m = 2 and m = 3.

Corollary 1.6.42 ( [Sim77¢c, Corollary 1]). Let I be a positive definite, elliptic Cartan inte-
grand of class C* on R™T1N\{0}, which is independent of the first argument, i.e. I = I(z):

loc
R™1 — R satisfies (D), (H), (E) and I € C2X(R™N\{0}). If m = 2 then there is a con-
stant ¢ = ¢(2,1I) such that (1.6.21) holds for # € M(xo,R). If m = 3 there is a constant
¢ =c(3,I) such that (1.6.21) holds for any A € M’I(xo,R). Especially if f is a function in
C?(R3), whose graph has vanishing I-mean curvature (i.e. (1.6.10) holds on R3) then f is

affine linear.

Similar results for higher dimension (i.e. m < 7) in [Sim77c] make use of an additional C?-
closeness of the Cartan integrand I in consideration to the standard Euclidean area integrand
| - |. This closeness will be expressed by the seminorm ps, defined by

ps(f) = max{[D*f(()]: ¢ €S™, |a] <3}
for f € C3(R™T1\{0}) as given in Definition 1.2.18.

Corollary 1.6.43 ( [Sim77c, Corollary 2]). Let I : R™1 — R be a positive definite, elliptic
Cartan integrand of class C3(R™1\{0}) independent of the first argument on R™Tt. In case
m < 6 there is an n > 0 with the following property: If I satisfies p3(I(-)—1|-|) < n then there
is a constant ¢ = c¢(m,I) such that (1.6.21) holds for each M € M(xo,R). In case m <7
there is an n > 0 with the following property: If I satisfies p3(I(-) — |- |) < n then there is a
constant ¢ = ¢(m, I) such that (1.6.21) holds for each .4 € M7 (xo, R). Especially if f is a
function in C2(R™), whose graph has vanishing I-mean curvature (i.e. (1.6.10) holds on R™)
then f is affine linear.

The following Bernstein theorem for general m > 2 is due to Winklmann (see [Win07]).
Crucial to this theorem is an additional growth condition on the gradient of the considered
graph. Without such additional conditions, one can not expect Bernstein theorems for general
m > 2.

Theorem 1.6.44 ( [Win07, Theorem 4.1]). Let m > 2. Let I : R™™ — R be a positive
definite, elliptic Cartan integrand of class C3(R™1\{0}) independent of the first argument
on R™*Y. There ewists §(m,vy) > 0 and v € (0,1) such that the following holds: Assume

ps(F()—|-]) < ¢
and that f is a Finsler-minimal graph with

IDf ()| =O(|(z, f(2))[") fir [x] — oo, (1.6.22)

wherein |(z, f(x))| = v/|x|? + f2(x). Then f is an affine linear function.
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Chapter 2

Finsler Area

2.1 Finsler Area as a Cartan functional

In this section, we define the Busemann-Hausdorff area or Finsler area for immersed sub-
manifolds in Finsler manifolds. For this, we follow the definition of Busemann [Bus47] con-
cerning the volume on a Finsler manifold and the resulting area notion. But we use an adapted
version of the more modern notation Shen used in [She01] and [She98] to express the notions
of volume and area. His main aim in [She98] was to define an analogon of the mean curvature
for Finsler manifolds, which will be discussed in the section 2.5. The Busemann-Hausdorff
area is based on the Busemann-Hausdorff volume. Notice that this volume is one of many
possible choices of volume on a manifold.®

Definition 2.1.1 (Finsler area [Bus47]). Let .#™ be an oriented compact smooth m-
manifold with boundary 0.#, (4™, F) an n-dimensional Finsler manifold and X : .#™ —
™ be an immersion of class C2. For any point ¢ € .4 there exist local coordinates ', ..., 2"
on a suitable open neighborhood W, C .4 and local coordinates u', ..., u™ on a suitable open
neighborhood V; C .# such that the given immersion X : .# — 4 satisfies X (V) C Wj.
We denote the local coordinate chart (W,,x) on .4 by X. F induces through the immersion
X a pullback Finsler metric X*F on .#, where

X*F(u,v) = F(X(u),dX|,(v)) for (u,v)eT.#.

We define the m-dimensional Busemann-Hausdorff area form or m-dimensional Finsler area
form as the Busemann-Hausdorff volume form (see [Bus47], [She01] and [She98]) of X*F on
A given in local coordinates by

dVx-r = ox«p(u)du' A... Adu™, (2.1.1)
7 (3
A ({(y) €R™: X F(u,y” gz la) < 11)°

Ux*F(u) =

wherein J#™ denotes the m-dimensional Hausdorff measure. dVx« is a global m-form on .#
due to the invariance under coordinate change of the expression (2.1.1) (see [She98, Lemma
5.1]).

The m-dimensional Busemann-Hausdorff area or m-dimensional Finsler area of the im-
mersion X is defined by

AP(x) = /j{ dVy-p. (2.1.2)

INotice that the alternative Holmes-Thompson volume (see [APB06]) leads to different notions of area and
Finsler-minimal immersions that we do not address here.
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A rewritten version of the local expression ox-p(u) gives

A (B
A ({(y*) € R7 < F(X (u), y* X (u) 12

Ux*F(’U,) =

w) < 1})

wherein coefficients X (u) are defined by the representation of the differential of X in local
coordinates

Out v

dX = X! (u)du® . 2.1.3
e @ (213)
and we set for such a choice of local coordinates the matrix

DX(u) = (X.(u)). (2.1.4)

So, we define for the chosen local coordinate chart X on .4 the expression

A (B™) . _
oF (@, P) = QAR P )< if rank P = m, (2.15)

' 0 if rankP < m.

Therein, P = (Pi) € R™™ P, = (P.)i=1., € R", P! = (P!)o—1..m € R™. We call
aﬁ,x(m, P) the m-dimensional Finsler area integrand for a given choice of local coordinates
X on . Thereby, we get in local coordinates on .#

oxep(u) = af 2 (X(u), DX (u)). (2.1.6)

In the case when n = m + 1 we call AT (X) := AL (X) simply the Busemann-Hausdorff area
or Finsler area and ok (z, P) = ag,x(x, P) the Finsler area integrand for a given choice of
local coordinates X on 4.

Remark 2.1.2.

e Assuming the setting of Definition 2.1.1, we have that the manifold .# is compact
and can therefore be covered by a family of local coordinates u},...,u™ on suitable
neighbourhoods U; for ¢ = 1,..., N, whose image under X is a subset of a coordinate

chart (W;, x;) on 4. Further, we choose a subordinate partition of unity {¢;};. This

means that each ¢; : .4 — [0,1] is a smooth function on .4” with suppy; C Ug, for
some ¢; and such that for each point p on .4 there are only finitely many ¢, (p) differing

from zero. So, the sum 3 ¢;(p) = 1 is well-defined (see [Lee03, p. 54]).

.AF(X) = dVX*F

= Z/ Sﬁi(qu)UX*F(qu)duéj Ao Adup
i uq; (Ug;) ’
J J

= Z/ ©i(uq;) "L’(‘,‘,Mci)(X7 VX)du;j Ao Adug?
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e In Definition 2.1.1, it is sufficient to assume a smooth n-manifold .4 and a function
F : T4 — [0,00) satisfying (F1) to assure that the expressions in Definition 2.1.1
are well-defined. Remember that (F1) means that F' is a continuous and homogeneous
function on T4, which is positive on T.#"\o. We will use this generalized assumption
(F1) in the rest of this section.

e The compactness condition on .# in Definition 2.1.1 is not a nessecary obstruction, it
just guarantees the finiteness of the integral

/ dVx«p.
M

e Indeed, the Finsler area as in Definition 2.1.1 is invariant under reparametrization of the
immersion X . This is the reason, we can rewrite the Finsler area integrand for n = m+1
to be dependent of Py A --- A P, instead of the whole matrix P = (Py|---|Pp) €
RM+DXm due to a result of Morrey [Mor08, chapter 9] reinvestigated by von der Mosel
in [vdM92]. We do this explicitly in Proposition 2.1.9.

Before we investigate the Finsler area, we give some motivating examples.

Ezample 2.1.3 (Riemannian area on R?®). We look at R? endowed with the Riemannian
metric

F(r,y) = Qij (z)y'y?

for v € R3, y = (y') € R® and A(z) = (a;j(2));; € R3*3, A(z) a symmetric matrix, depending
smoothly on x, everything expressed in cartesian coordinates. It is easy to show by using
integration theory and the properties of ellipsoids that

A ({w = (w*) € R*: F(z,w*P,) < 1})
= (det(Play;(x)P])ap) "2 % (B)

with P = (P) € R3*2, P of full rank, P, = (P);—1. 3 € R3 for a = 1,2. By means of the
Cauchy-Binet formula we get

(det(PA(z)PT)™?
= (det(Péaij(iE)Pg)aﬁ)_l
Thm. 1.1.6 Z Z det P12 det (A(z ))lef; det(P )Ju’z

1<i1<i2<31<51<j2<3

33 (—1)F det PO (1) det (A(2))(l) (—1)7F" det PY)
i=1 j=1
i (-1
det A(x) > D (- 1+1detP()d A()det(A(x))Eg;( 1)7+1 det PO)

=1 j=1

Thm 118 & Din 1110 p A )T A= (2)(Py A P3) det A(z).

This way we get as Finsler area integrand in standard coordinates on R™t!
1 1
a(z,P) = ((PLAP)"A Y (z)(P1 A P))? (det A(z))2,

where we omitted the dependence of af of the actual choice of coordinates as we chose a
specific one in the beginning.
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2 Finsler Area

Ezample 2.1.4 (Euclidean area). Choose (.4, F) to be the Euclidean space (R™*1 |- |).
Then, we can easily compute in a similar way as in Example 2.1.3 that

af(z,P) = |PLA...APy|
for all z € R™*! and P = (Py|---|P,,) € R(™*D*™ Hence, the Euclidean area A defined in
Example 1.6.3 coincides with the Finsler area Al'l issued from the Euclidean metric.
The following theorem illustrates the transformation behaviour of the Finsler area inte-

grand and is a result established by Shen in [She98].

Theorem 2.1.5 (Transformation behaviour [She98, Lemma 5.1]). Let n > m > 0, A be
a smooth n-manifold and F : T4 — [0,00) satisfy (F1). Choose X = (W, ) = (W, (2%)) to
be a local coordinate chart on A . Further, let P = (P.) and Q = (Q?)) be matrices in R"*™,
P,....P, and Q1,...,Qn span the same subspace of R™ and C = (Cg) be the matriz in
R™*™ st. P=QC. Then we have

ah, x(x,P) = (detC)al, x(z,Q) (2.1.7)

[det PTP
= =+ (ﬁw%ﬁ,x(%@) (2.1.8)

for all x € (W) C R™. The sign in (2.1.8) depends on whether the bases Pi,..., Py and
Q1,-..,Qm are oriented in the same way or not.

Proof. For the case that rankP = rank@ < m the claim follows directly, so we assume P and
Q@ to be of full rank. For the first identity (2.1.7) we refer to [She98, Lemma 5.1] and the
second comes from

det PTP = det(QC)TQC = detCTQTQC = (detC)?detQ”Q
by using the multiplicativity of the determinant. O

Theorem 2.1.6 (Spherical integral representation of Finsler area). Letn >m > 0, 4
be a smooth n-manifold and F : T4 — [0,00) satisfy (F1). Choose X = (W, ) = (W, (z%))
to be a local coordinate chart on A . Further, let P = (P!) be a matriz in R"*™ of full rank
and Py, ..., P, be the columns of P. Then we have

3 — 1 / -m a pi 9 -
U x (T, P) = <%m_1(8m_1) Sm_1F x,0 PaaxiLr dS(0) (2.1.9)

for all x € (W) C R™. Therein dS is the spherical measure.

Remark 2.1.7.

e The representation (2.1.9) shows especially why it is sufficient to assume that F': T4 —
[0,00) satisfies (F1) (i.e. (b), (h) and (p) hold) in order to assure that afl’x is well-
defined for every choice of local coordinates X on a smooth manifold .4”. Further, the
expression F (x, 6P B‘zi x) is positive for every § in S™~! because the linear combina-
tion of the columns of P, namely * P, differs from zero and (p) holds for F. Actually,
af;l’x(x, P) is positive for every z € W and matrix P € R("+1)xm of fyll rank. Further,
it is easy to see that the homogeneity of F and (2.1.9) imply af, (z,tP) = tmaf;’x(x, P)
for t > 0.

e It seems to the author that Theorem 2.1.6 gives a new type of representation of the
m-dimensional Finsler area integrand.
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2.1 Finsler Area as a Cartan functional

Proof of Theorem 2.1.6. We essentially need only to rewrite the Hausdorff measure term in
expression (2.1.5) by a change of variables using [For09, Satz 8, p. 144], i.e.

AU ER™ 2l Pho],) < 1))

> m—1
/Smfl/o X{(r6i);€R™:rF (6 P} i\x)gl}(‘so)s dsdS(0)

@ gt

}
/ / ) gm 548 (9)
sm—1 Jo
1

ds(o).

= /vSm71 mFm(oaPli

@ Jxt

x)
Further, the following identity holds

<}ipm—l(Sm—l) [F(;OQ] m™ (Bm)
Putting all together concludes the proof. O

The following corollary allows for a comparative quantification of Finsler areas issued from
two different Finsler metrics. The corollary is a direct consequence of Theorem 2.1.6.

Corollary 2.1.8 (Positivity quantification). Let n > m > 0, A be a smooth n-manifold
and F,G : TN — [0,00) both satisfy (F1). Choose X = (W,¢) = (W, (x%)) to be a local
coordinate chart on A . Let there be a fized v € W C A with o(x) = & such that there exist
positive constants co(z) > c1(x) > 0 with

a@)G(zy) < Fly) < co@)G(y) (2.1.10)
for ally € TN . Then follows
mi(5)aS 25 P) < ab1(EP) £ ma()al (5 P) (2.1.11)
for all P = (P.) € R™™ of full rank, where we set m;(%) := ¢ (x) fori=1,2.
Proof. By (2.1.10) follows
" (@) M (wy) < FMzy) <0 o M@)G M (zy)

for all y € T,.#". Combining this with the representation of a%x and afz)x in (2.1.9) yields
the stated (2.1.11). O

In the following proposition, we give a representation of the Finsler area that will become
useful to reinterpret the Finsler area as a Cartan functional.

Proposition 2.1.9 (Normal representation of Finsler area). Let m be an integer, AN
a smooth (m + 1)manifold and F : TN — [0,00) satisfy (F1). Further, let X = (W, p) =
(W, (2%)) be a local coordinate chart on A . We define

|l (B™)
Al(z,z) = 4 O EETT ) =00 {yeR T F Gy g )<1D) Jorz#0,
0 forz=0
forx e (W) C A, z€ R, Then
ah x(x,P) = Af(z,PLA...AP) (2.1.12)

for all P € R™ ™. AE is homogeneous of degree 1 in z and is positive on (W) x R™T1\ {0} =
T(e(W)).



2 Finsler Area

Proof of Proposition 2.1.9. We start by showing the identity (2.1.12). Let P = (P!) €
R +1)xm P he of full rank and P, = (P2)i=1. mi1 € R™T1. We define

M = {(y*)eR™: F(x,yaPiaii) <1}, (2.1.13)
Q = {(w)eRm!: F(x,wi%) <1}
x
N{w = (w') e R™™ . (w,PLAP,A...ANP,) =0} (2.1.14)

The set € can be seen as the intersection of the Finsler unit ball with the hyperplane spanned
by Pi,..., P, in tangent space at the point X given in local coordinates. We define a linear
mapping by ¢ : R™ — R™*! by ¢(y) = y*P,, wherein y = (y*) € R™. This mapping has
due to the assumptions on P full rank. As a first step we show that

o(M) = Q. (2.1.15)

Indeed, for w = (w') € p(M) there exists v = (v*) € R™, such that w = ¢(v) = v*P, and
F(z,0*Pi+%) < 1. For such w holds (w, PLAPyA...APp) = y*(Pa, PLAPyA...APp) =0

and F(z,w 8‘31») < 1. Therefore, w € Q and thereby follows

o(M) c Q.

On the other hand if we assume w € €, then holds det(w, Py, Py, ..., Pp) = (w, PP APy A A
P) =0 and F(z,w'5%) < 1. Since det(w, Py, Ps,...P,) = 0, we deduce that the columns

of the matrix (w, Py, Ps, ... Py,) are linearly dependent. We assumed further that Py, ..., Py,
are linearly independent, and this way it follows that w is a linear combination of Py, ..., Py,.
So, there exists v = (v*) € R™ such that w = v*P, and F(z,v*Pi+%) = G(z,w'5%) < 1.
Therefore, w € p(M) and consequently
(M) DO Q.
This proves (2.1.15).
In a next step, we need to show that
AMNe7'() = xal) (2.1.16)

holds, wherein xq is the characteristic function of the set €, i.e.

) 1 ifzeQ,
z =
e 0 ifz € R™\Q

for all z € R™. We already know that ¢ is injective, given the fact that Py, ..., P, are linearly
independent and ¢(R™) = span{ Py, Pa, ..., P, }. There are two different cases to discuss.

Case 1:
If w ¢ span{Py, Ps,..., Py} = o(R™) it follows that =1 (w) = 0 and then M N~ (w) = 0.
We get #°(M N~ (w)) =0.

Case 2:
Now let w € span{ Py, Py, ..., P,}. Since ¢ is injective and ¢ (M) = Q, we conclude

span{P, Ps,..., P} = oR™\M)Up(M) = oR*\M)UQ.

Thereby, if w € ) we have f (M N (p_l(w)) = 1 due to the injectivity of ¢ and consequently
HAO(M N o~ (w)) = 1. Therein £S denotes the cardinality of the set S. On the other
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2.1 Finsler Area as a Cartan functional

side the injectivity of ¢ yields § (M N¢~!(w)) = 0 and therefore J#°(M N ¢~ (w)) = 0 if
w € p(R™\M).

Both cases together yield #°(M N p~1(:)) = xq(*) as claimed in (2.1.16).

Using the area formula (see Theorem 1.2.6), we get

A (M)

= / 1dyt. .. dy™

= PiA...AP,|dy" ... dy™
AP|/|1 |dy y

|P1 A
- |P1 Pm|
Thm. 1.2.6 1 _ m
=B Al ﬂffo(M”*" H(w)d A (w)

1 m
= B APl Jas xo(w)ds?™ (w)
A ({w € R < PLA A Pp,w>= 0N {w e R™H: F(z,w' ;) < 1})

[PLA ... A Pyl

By substitution we finally get
aﬁ;x(m,P)
|Py A ...\ Pp|s™(B™)
A({w e Rt w AP A APy =0} N {w e R : F(z,wiz) <1})
So, we showed (2.1.12).

By exploiting (2.1.12) and the fact that every z € R™*! =2 A™(R™*1) can be represented
as z= P, A... N\ P, for properly chosen Pi,..., P, we can identify

Af(z,2) = al x(z,P) (2.1.17)

for P := (Py|---|Py) € R"+1Xm_ This expression is obviously homogeneous of degree 1 in
z. So, we get by using (2.1.17) and Remark 2.1.7

Al(z,tz) = AL(z,(t"P)A...A(t7Py))

(2117)aF (mt P)

Rmk. 217 ta mx(x,P)

tAL(x, 2)

(2.1.17)

the stated homogeneity of degree 1 in the second argument of A%. Further, combination of
(2.1.17) and Remark 2.1.7 yields also the positivity of AL on W x R™1\{0}. O

In the following, we define a symmetrization of a Finsler metric, which generates the same
Finsler area (see Theorem 2.1.12).

Definition 2.1.10 (Symmetrization). Let n > m > 0 be integers, .4/ be a smooth n-
manifold and F' : T4 — [0, 00) be a function satisfying (F1). We define the m-symmetrization
of F' as

(2.1.18)

F(m)(x7y) — {Qm(F ™(x,y))+ F"™(x,—y))" ™ for (x,y) € TAH\o,

0 for (z,y) € o.
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2 Finsler Area

Remark 2.1.11.

e As F is a homogeneous and positive function on the tangent bundle 7.4 of class C?,
i.e. satisfies (F1), it can easily be shown that F{,,) is also a homogeneous and positive
function on the tangent bundle T.#" of class C?, i.e. satifies (F1). Since Finy is
homogeneous, it can be continuously extended by zero to points on the zero section.
Further, F{,,) is at least as regular as F' on T'.4#" or T.4"\o, respectively.

e The name m-symmetrization for F(,,) is justified by the fact that F{,,) is obviously even
and that F' equals F,, if and only if F" is by itself even. F,,)(z,y) is even more the
m-harmonic mean of F(z,y) and F(z, —y) for all (z,y) € TA".

e The property of F being elliptic, i.e. (e), does in general not carry over to its m-
symmetrization F{,,).

The following theorem especially shows that the m-symmetrization of a Finsler metric
generates the same Finsler area.

Theorem 2.1.12. Let 0 < m < n, A4 be an n-manifold, F : TN — [0,00) be a function
satisfying (F1) and choose local coordinates X = (W, @) = (W, (z')) on A . Further, let P be
a matriz in R™™™ of full rank. Then we have

ap x(z,P) = aff,? (z,P) (2.1.19)
for all x € (W) C R™. Further, let A4 be a smooth oriented m-manifold with boundary and

XM — N an immersion. Then the m-dimensional Finsler area w.r.t. F of X coincides
with the m-dimensional Finsler area w.r.t. Fi,,) of X, i.e.

AF(X) = AP (X).

Proof. Assume the setting of Theorem 2.1.12. Let P = (P!) be a matrix in R"*™ of full
rank. By applying Theorem 2.1.6 we get

a7 (z, P)

Thm. 2.1.6 1 o i O -1
N (jfml(Sml)/Sml F(m) <x,9 P, axl|w> dS(@))
1 —m o pt a —-m a pi 8 -1
B <MW—1(S’”—1) L.F (“”’9 Paaxi'x) o (‘”’3"" Paaxi'w) dS“’))
1 —m o D1 8
— (Z%”M(Sml) [/SMI F (l‘,@ P, po |w) ds(9)
9 -1

1 9 -t
= (ot [ (et ) ast0)

Thm. %1.6015;7%(‘%, P)

wherein we exploited the fact that

0 )
F—m (XPZ _ — F—7n _ (j(Pl A .
/Sm71 (x, 9 “ axl |w> dS(a) /Smfl (x, 9 & axl |w) dS(e)

The rest follows then by definition of the m-dimensional Finsler area (see Definition 2.1.1). O
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2.1 Finsler Area as a Cartan functional

Corollary 2.1.13. Let m be an integer, A a smooth (m~+1)-manifold and F : T A — [0, 00)
satisfy (F1). Further, let X = (W, p) = (W, (2%)) be a local coordinate chart on A . We define

Al(.z) = AL (2.2)
forz e W C N, ze R™FL,

Proof. Corollary 2.1.13 is a direct conclusion of Theorem 2.1.12 by using the representation
(2.1.12). O

The following lemma is a collection of all the results in this section regarding the Finsler
area for codimension 1 and an ambient space, which is a real vector space.

Lemma 2.1.14 (Collection of results for R™*1). Let .# be a compact oriented smooth m-
manifold, 2 C R™T! an open subset of the standard Euclidean space equipped with a function
F:TQ=QxR™ — [0, 00) satisfying (F1). The Finsler area for an immersion X : M —
of class C' is defined by

AF(X) = / dVX*F,
M
with

0X 0X
dVx-r = AF(X,=—=A...A=—)d 2.1.20
xor ( " Oul aum) “ ( )

|22 (B™)
AP(z,2) = { FAweRTT<wz>=0, Fww)<1)) Jor =70, (2.1.21)

0 forz=0

for local coordinates (u®) on M and x € Q. The function AT : TQ = Q x R™*T! — [0,00) is
homogeneous of degree 1 and positive on Q x R™H\{0}, i.e. especially satisfies (H).

veey

F=1fi N .. A fml, we can represent the area integrand as
|Z|%nL—I(S7n71)
AF(z,2) = Tl Fotamasm Jorz 70, (2.1.22)
0 for z=0,

which gives us a mean to relate the Finsler area integrand to integral expressions of F'.
Further, F' and its m-symmetrization F,,) lead both to the same Finsler area and Finsler
area integrand, i.e.

AF(x) = Afem(X) (2.1.23)
and

Af(z,2) = AFoo(z,2) (2.1.24)
for all (z,2) € TR = Q x RMTL,
Remark 2.1.15.

e In Lemma 2.1.14 we computed the expressions dVx«r and AF w.r.t. standard cartesian
coordinates.

e If we choose the basis (f;), ¢ = 1,...,m such that f = |z| we get

%m—l (Sm—l)
Jomor F7m (2, 07 f;)dS(0)

Af(z,2) =
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2 Finsler Area

This way, the dependence on z is only given in the integral expression of the denominator.
On the other side if we choose f = 1 and show that the integral expression in the
denominator is invariant under transformations of (f;),s = 1,...,m such that they
span the same hyperplane and f = 1 rests untouched, we get another proof for the
homogeneity of degree 1 of A" (x,z2) in 2.

e Given the assumptions in Lemma 2.1.14, the Finsler area integrand is homogeneous and
positive on R™*1 x (R™*+1\{0}) and it will be shown in the section 2.3 that it is also
continuous. Therefore, A is a Cartan integrand and fulfills by itself (F1).

Proof of Lemma 2.1.14. Lemma 2.1.14 except for (2.1.22) directly results from Proposition 2.1.9,
Theorem 2.1.12 and Corollary 2.1.13 in the special setting of (global) cartesian coordinates
on R™*+1, (2.1.22) can be shown by means of Theorem 2.1.6 in the following way:

@) |7 2

Fla,2) = SAF(z, f=
- JZJAF(Lfl/\.../\fm)
T 20 Bl o (1)
Thm. 2.1.6 |z (S 1)

[ Jsmer F7m (2, 0% f;)dS(6)
O

We conclude this section with the introduction of a set of properties of functions on the
tangent bundle of a manifold, to ease reference on such a kind of function. Let m, n € N with
m < n. For an n-manifold .#" and a function F : T.4" — [0, 00), we formulate the following
general assumptions:

(GA1) F satisfies F € CO(TAH)NC®(TA\o) and (F1); F(,,,) satisfies (F2),
(GA2) F satisfies F € CO(TAN)NC®(T A \o) and (F1); F(,,,y satisfies (F3),
(GA3) F satisfies F € CO(T A )N C®(T A \o) and (F3); F(,,,) satisfies (F3),

GAM) F satisfies F € CO(TR™) N C®(TR™\o) and (F1); F,, satisfies (F3) and (M).
(m)
The following chain of implications holds:
(GAM) = (GA3) = (GA2) = (GA1).

Notice further that if F' satisfies (F1) or (M), F{,,) does automatically also satisfy (F1) or
(M). If F satisfies (F1), F{,,) does also satisfy (F1). On the other hand that (F2) or (F3)
is satisfied by F' implies not that (F2) or (F3) is satisfied by F{,,). So, essentially ellipticity
does not carry over from F' to its m-symmetrization F{,,).

2.2 The spherical Radon transform
This section is dedicated to the spherical Radon transform. As will be shown in section 2.3,

the spherical Radon transform is related to the Finsler area integrand (see Corollary 2.3.1).
From this point of view, an investigation of its topological properties as a linear operator
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will be crucial to a better understanding of the Finsler area. The convenient framework for
such an investigation is the setting of Fréchet spaces, which has been introduced to some
extend in subsection 1.2.2 based on [Rud91]. In this context, we are especially interested
in the continuity and inversion properties of the spherical Radon transform. This section is
based on the books of Helgason [Hel00] and Groemer [Gro96] as well as an overview article
of Gardner [Gar94]. For the investigation of the transformation and differentiation behaviour
of the spherical Radon transform, we reproduce results of Bailey et al. [ BEGMO03] in a higher
dimensional setting.

This section is structured as follows. First we define the spherical Radon transform. We
then develop some representations for the spherical Radon transform, which will be useful to
relate the spherical Radon transform to the Finsler area integrand. Additionally, we classify
how regular the transformed functions are. Further, some invariance properties of the spherical
Radon transform are given, which lead to a statement on how differentiation commutes with
the operator itself. This leads to a quantification of the continuity of the spherical Radon
transform seen as an operator on special Fréchet spaces.

For a continuous function on the sphere, the Radon transform computes the mean of this
function w.r.t. lower dimensional subspheres.

Definition 2.2.1 (Spherical Radon transform). The spherical Radon transform R defined
on the function space C°(S™) of continuous functions on the unit sphere S™ C R™*+! is given
as

1

R = %ml(Sml)/SmnG f(w)ds™ (w) (2.2.1)

for f € C°(S™) and ¢ € S™. The spherical Radon transform R on the space of continuous
functions on R™T1\{0} is defined as
z
sm) <> (2.2.2)
K

RN = ﬁﬁq

for f € COR™*1\{0}) and z € R™1\{0}.
Remark 2.2.2.

e Restricting the domain of definition of R to HF?  (R™*1\{0}) leads to the following
relation between both types of spherical Radon transforms, namely

R = ®1oRo®,, R = & ,0Ro®"}

s
where <I>j, <I>:71n are the inverse mappings to ®_1, ®_,,, respectively, which where
defined in Definition 1.2.21.

e The spherical Radon transforms R(f)(-) and R(f)(-) are even functions by definition.

e In (2.2.1) the spherical Radon transform operates on spherical functions, which justifies
the name spherical Radon transform. The classical Radon transform derives from the
integration of functions on R™*! along lines, while the spherical Radon transform derives
form the integration over great circles in S™. Lines and circles are the (locally) geodesic
curves in Euclidean and spherical geometry, respectively. Therefore, the sphere is to
some extent the natural setting for the spherical Radon transform. For more information
on this subject (see [Hel00]). (2.2.2) is, as we will see, the representation of the spherical
Radon transform on the function spaces which is the most suitable to the investigation
of the Finsler Area. This is due to the choice of homogeneities.
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2 Finsler Area

Lemma 2.2.3 (Symmetry of R(f)). Let f € CO(R™TI\{0}). R(f) is an even function,
i.€.

R(f)(z) = R(f)(=z) for all z € R™T\{0}. (2.2.3)

Proof. We will simply exploit the definition of the spherical Radon transform:

1 m—1 w
RO = g [, [ w
1 m—1 w
z[om=1(Sm1) /Smlm(_z)L fw)d A" (w)
= R()(=2)
for all z € R™T1\{0}. 0O

The following lemma gives a more analytical representation of the spherical Radon trans-
form of a continuous function.

Lemma 2.2.4 (Orthogonal basis representation). For g € CO(R™*1\{0}) one has the
identity

1

ROE) = o [, (00 (224)

folr z € EMH\{O}, where {o1,...,0;m} C R™TY is an orthonormal basis of the subspace
z- e R™™.

Proof. By means of local coordinate charts S~ C Ui\il Vi, C R™ and respective coordinates

v = (Yp,--- ,y;”_l) : Vi = Q € R™! we define the disjoint sets A4; := V; — Ui;11 V, for
t=1,..., M and use the characteristic functions x 4, of the sets A; to partition the integrand

M M
9(0%0x) = Y xa,(0)g(0%0) =1 > gi(0)

to find (cf. [Bér10, Definition 3.7.4, p. 143])

M
L. s@onarm2e) = 30 [ awar)

In each term on the right-hand side we apply the area formula Theorem 1.2.7 with respect to
the (injective) transformation T; : Q; — R™*! given by Ty(y;) := 05 (y)o, for t = 1,..., M
to obtain

/ G (O)AA"10) = / G (0)dA1(6)
§m—1 Vi

[ Ot aet (DO () D81 ().

/]Rm+1 9t(9t(yt))|yt€Tt_1(C)d%m71(<)
) /R’"“(XAt(Qt(yt))g(af(yt)on)|yteTt‘1<<)dﬁf’"‘l(C)7

since 07 (y;)or = Ti(y:) = ¢ for y, € Ty 1(C), and because Ty(y;) € 2+~ and |Ty(y;)| = 1 by
definition of T;. Recall that the system {o1,...,0,,} is an orthonormal basis of z=.
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2.2 The spherical Radon transform

Now for y; € T, *(¢) one has Ty (y,) = 0 (y;)o,. = ¢ € R™t1 and therefore

Oilyr) = (O; (W), 07 ()T = (o1-Coonsom - = ®TC
and
¢ = Oy = @D'¢
for the matrix ® := (01]...|0o,) € R™DX™ with the orthonormal basis vectors o,, a =
1,...,m, as column vectors. This implies for any set A C R™ that 0 = (',...,0™)T =

®T(¢ € A with ¢ = ®@®T( if and only if ( € ®A := {£ € R™HL : £ = ®a for some a € A} since
®T® = Idgm. Hence the characteristic functions satisfy x4 (®7¢) = xaa(¢) for all ¢ € R™+!
with ¢ = ®®7¢, in particular we find

Xa: O ))lyer—1c) = Xoa(0),

where the sets ®A; are also disjoint, since any £ € PA; N PA; for 1 < s <t < M has the
representations ¢ = ®as = ®a, for some as € A and a; € A;, which implies ®as = alo, =
a¥o, = ®ay, i.e. as = a; as the o, are linearly independent. But then as = a; € As N Ay = 0,
which is a contradiction. So, S™ N z* is the disjoint union of the sets ®A, for t = 1,..., M,

- M
ie. S" Nzt =J,_, PA4;. Summarizing we conclude

M
L o@onar o) = 32 [ xea©u0ar"0)

M
. L G

= [ s

- / (A 1(C)
Smn(z/]z])+

and therefore, by Definition 2.2.1 of the spherical Radon transform,

e L a0 ) = R

for 2 € R™T1\{0}. O

As a direct consequence of Lemma 2.2.4, we can classify the spherical Radon transform as
a bounded operator.

Corollary 2.2.5 (C°-bounded operator). For f,g € C°(R™+1\{0}) holds

po(R(f) —R(9) < polf—9) (2.2.5)
Especially, if we choose g =0, we get
po(R(f)) < po(f) (2.2.6)

So, the mapping
R :HFY (R™1\{0}) — HF? ,(R™1\{0})

is a bounded linear operator. Therein, we think of HFY (R™1\{0}) and HF? ;(R™*+1\{0})
as Banach spaces with norm py.
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Proof. For z € R™1\{0} choose an orthonormal basis {o1,...,0,m} of zt. Exploiting
reprasentation (2.2.4) yields

|R(f)(2) - R(g)(z)| = |Z|%m_11(gm_l) /Smfl f(&”o,i) o Q(HKOK)d%mfl(Q)
: ® — ko m—1
= |2[m—1(Sm—1) /Smfl |£(0%0,) — g(0%0,)|ds™1(0)
< Lo

Notice that %o, € S™ for all § € S™! C R™. Taking the supremum over z € S™ on
both sides of the estimate leads to the desired inequality (2.2.5) and, by setting g = 0, also
(2.2.6). By (2.2.5) (or (2.2.6)) R : HF?  (R™*1\{0}) — HF", (R™*+1\{0}) is a bounded linear
operator, i.e. a continuous linear operator w.r.t. the involved normed vector spaces. O]

The following lemma is an improvement of Lemma 2.2.4 for (—m)-homogeneous functions.
It will be useful to relate the spherical Radon transform to the Finsler area in Corollary 2.3.1.

Lemma 2.2.6 (General basis representation). For g € HF (R™t1\{0}) one has the
identity

€A A&l

R(9)(2) |2 om=1(Sm—1)

| areowremie) 2:2)

for z € R™HIN{0}, where {&1, ..., &} C R™L s a basis of the subspace z+ € R™+1L,

Proof. By continuity of R (see Corollary 2.2.5) it is sufficient to prove the lemma for C'-
functions. For an orthonormal basis {01, ...,0,} C R™! of an m-dimensional subspace of
R™*! we can form the m-vector

m—+1
o1N...Noy,, = Z det(e;|o1] ... |om)e; € R
i=1
where the e; denote the standard basis vectors of R™*!, i = 1,...,m, and we have by
Theorem 1.1.11
o1 Ao hom|> = (01 A...ANOm,01 A...Nop) = det((0;,05)) = 1.

Lemma 2.2.4 applied to the m-vector z := 01 A... A0y, (so that span{os,...,0.,} = 2+) yields

R(g)(o1 A...Nop,) = 1 /5m—1 g(0%0,)d™1(0)

%m—l(Sm—l)
for any g € CY(R™1\{0}). By means of the Gaul map v : S™! — R™, which coincides
with the position vector at every point on S™~! C R™ we can apply [For09, Satz 3, p. 245]
to rewrite the Radon transform in terms of differential forms:

1

R(g)(o1 Ao Now) = W /Sm_1 g(gﬁoﬁ)goyg(g)d%m—l(e)

1 —
= 0 070,)07 (—1)7 1O AL AdOT AL A O™
Am=I(Sm—1) /Sm_lg( 0x)07 (=1) AT A
)

= ZI(9)(0), (2.2.8)
where O = (01]...|oy) € RU™HDX™ assembles the orthonormal basis vectors o1, ..., 0y, as
columns. Now we claim that

1
I(g)(EB) = Z(g)(= 2.2.9
DEB) = —=T0)E) (229)
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2.2 The spherical Radon transform

for any B = (bf) € R™*™ with positive determinant, and = := (& ... |{m) € R(m+1)xm
where {1, ..., &y} is an arbitrary set of m linearly independent vectors in R™*! replacing the
O, = 1,...,m, in the defining integral for Z(g)(-) in (2.2.8). Indeed, B represents the linear
map 8 : R™ — R™ with 5%(z) = bgzﬁ for x = (x1,...,2,) € R™ with (871)%(y) = a%‘yﬁ
for (y1,...,ym) € R™, where A = (a3) := B~! € R™*™ and we have df® = bgdxﬁ for
i=1,...,m,sothat df* = a?b7d07, and 07 = aJb;0" = b;0"a? = 37 (0)a7. By means of the
matrix

(1]

B = (&,...,6m)B = (b{gT\...|bglgT)€R(m+1)Xm

we can write the left-hand side of (2.2.9) as
Z(9)(EB)

1 —
S — 05670 (—1)° LY AL AdOT A LA dO™
S [, A0 ()

1 1 1 T Qa7
= — T(0)&,)B8%(0)al 7 lal dB™ A ... AaZ dBT AL NGl BT

STy [, 9T O Oz el a5 a7 a8
Now it is a routine matter in computations with determinants to verify that the last integrand
on the right-hand side equals

detB g(BT(0)E)B7(0)(=1)7 B AL AdBT A ... AdAB™. (2.2.10)

To prove this equality, it is sufficient to show

ﬁ”() 7(=1)°"'ak dBT A ... AaZ dBTe A... Aal dB™

= 7(0)(=1)7 B AL AABT AL AdB™ 2.2.11
B (O)(-1)7 B E g (22.11)
For this purpose, we start to rewrite the following form
ail dg™ AL Nag, BTG S Nap dpTr.
We evaluate the form at the standard basis vectors as we can deduce the values of the form
for arbitrary input vectors by linear extension. So, for a choice of indices ¥1,...,Ym—1 €
{1,...,m} and following the definitions at the beginning of subsection 1.1.2 we identify
0 g
1 m
a; d™ A...NaZ, 5Ta S ANal' dpT (832’“"”’ 63:%'—1)
with
)
dIBTl (Bwﬂ ) R 0,71_1 dgm ( =T ) _}_1 b:ryll ... 71_1 b"l)'&n .
det agadgn(a%) .. agadgra(w%) = det a%b;? coag bfﬂn .
ag;d/@‘l—m(afwl ) te aZ}ndBTm(w%) ‘rmb;?1 e a/:—r:nbngl

Further, we can write the latter matrix in the former equality as a matrix product. So

al - dl
SN

det( a? ag, : ) = det(A(U)'BM-wmﬂ)
a apy
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and applying the Binet-Cauchy formula (see Theorem 1.1.6) leads to
m
det(A) By, ) = > det AT det BY.,, .
T=1

Hence, together with Theorem 1.1.3, we get
0 0

1 T 7 dB7 m Tm
a/TldB 1/\.../\a/7-adﬁ /\"'/\aTnLd (8x71’.."8x’ynlil)
= S det A7) det B,
T=1
m (~1)7+" det A7) i
= Z det A 7 det Bgl?~-‘vm—1(71)a+‘r det A
T=1
= Y 0pdet B, (—1)77(det B) !
T=1
S T o+T 1441 d87 m 9 0
_ Z:lb"(_l) (det B) ™18 Ao AdBT A AT (5 )

and so

B5(0)ag(—1)"tal dB™ AL A a;'a/d\ﬂﬂf A.oANalrdp™

K Tm

K

BE(0)ag(—1)7 713" b7 (=1)7*7 (det B) 1B AL AdBT AL AdB™
=1

= B5(0)(=1)" Y(det B)"'dB A ... AdBF A ... AdB™

proving (2.2.11).
Now, remember the form mentioned in (2.2.10), which is in fact the so-called pullback §*w
of the form

1 —
w(§) = deth(eTgT)e"(—l)"‘ldel/\...Ad@UA...Adem

under the linear mapping S. Since det B = det DS > 0 by assumption we obtain by the
transformation formula for differential forms (see, e.g. [For09, Satz 1, p. 235])

- 1 / : ! /
Z(9)EB) = —renT Fo = —nien “
(9)(EB) A= (S Jos HL(S™1) Jagm-r)

1 1 _
= W/sm—lw = B

where we have used the fact that w is a closed form and that the closed surface 3(S™1!)
contains the origin as the only singularity of the differential form w in its interior, since /3
as a linear map maps 0 to 0 (see, e.g. [For09, Corollar, p. 257]). Recall that g was assumed
to be of class C*(R™*1\{0}). Hence the claim (2.2.9) is proved. With arguments analogous
to [Mor08, pp. 349,350] (or in more detail [vdM92, pp. 7-11]) one can use relation (2.2.9)
for fixed g € CH(R™T1\{0}) to show that there is a (—1)-homogeneous function J(g)(-) :
R™+L — R™*+L guch that

IG)E) = T@EAAn) for = = (E....60) €RCFDXM . (2219)

whenever &, ...,&,, € R™*! are linearly independent.
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2.2 The spherical Radon transform

For a hyperplane (&1 A...A&n)t € R™FL where &, ..., &, € R™*! are linearly indepen-
dent vectors, we can now choose an appropriately oriented orthonormal basis {01, ...,0m} C
R™*! such that

NN
01 A ... \Om St fom
! [ELA - A
For the matrix F = (01]...|0m) € RO™TDX™ we consequently obtain by (—1)-homogeneity of
R(g)(-) and of T (g)(-)
R(G)E A AEn) = Rlg)or A Aop) s
o NEm) = 04N NOp) ———————
9 9ne [ELA - A
(2.2.8) 1
iy ey
(2.2.12) 1
='J O1N ... NOp) 77—
(9)(01 ’”)|51/\...A§m|
= J@E A NEm)
(2.2.12) _
="Z(9)(®) (2.2.13)
which is relation (2.2.8) even for matrices Z = (£1] ... &) € RU™TDX™ whose column vectors
&, i =1,...,m, are merely linearly independent. So, for arbitrary z € R™*1\{0} and basis
vectors &1, ..., &m € R™HL of 214 holds

|2|
ii
&1 A Al

depending on the orientation of &1, ...,&,. By exploiting the fact that the spherical Radon
transform of g is an even (—1)-homogeneous function (see (2.2.3)) and by (2.2.13), we deduce

z = fl/\.../\fm

RO = RO g6 An)
_ N I

= WR(Q)(&A...Aﬁm)
= MI =
|Z| (g)(“)v

which proves (2.2.7) for any ¢ € HF!, (R™*1\{0}) and therefore also for any function g €
HF? (R™*+1\{0}) by approximation. O

A consequence of Lemma 2.2.6 is the following corollary regarding the continuity and dif-
ferentiability of transformed functions. Notice that the regularity of the transformed functions
depends on the regularity of the input functions themselves.

Corollary 2.2.7 (Continuity and Differentiability). The spherical Radon transform of
a function

g € HF?, (R™1\{0})

satisfies
R(g) € HFZ; (R™1\{0}).

Further, if we assume

g € HF?  (R™F1\{0}) N Cig (R™T1\{0})

loc
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2 Finsler Area

then
R(g) € HFY | (R™1\{0}) N CLe(R™ 1\ {0})

loc

and if we assume even more
g € HFL,, (R™*1\{0})
then
R(g) € HFL, (R™T1\{0}).

Proof. We begin with some basic constructions, which we will need throughout the proof.
For two arbitrary linearly independent vectors ¢, € R™™1\{0} and an orthonormal basis
02, . ..,0p, of span{(,n}+ we define for every 7 € span{(, n}

& = —TAN0oaA...N\On,
& = ogfork=2,...,m.
By simple linear algebra holds
(1,7) (ry092) ... (T,0m)
(02,7)  {02,02) ... {(02,0m)
™ . . =17, (22.14)
<0ma T> <O7nv 02> e <OM7 0m>
o= EA.LANE. (2.2.15)

Equality (2.2.15) can be deduced as follows: By Theorem 1.1.15, (2.2.14) and the fact that
&7, ..., &, are orthogonal vectors, we deduce |7 A ... A&R| =TT, 1€7] = |7]. Therefore, to
prove 7 = &] A...A&T, it is sufficient to show that (€T A... A&, T) = [ET A...AEL |||, because
if we assume 7 # E] AL AL with [ET AL AL | = |7 and (T AL AEL Ty = [ET AL ANED|ITS
we get

0 # (ETN...NE —T,EN.ANE —T)
= A AGP =2 A A TP =0,

what is a contradiction. Hence, by calculation, we get

1.1.9
€ nonen " det(r el €l €n)

= —det(&,7,02,...,0m)
(1';9)(5{7—7/\02/\.../\0m>
= (&.&)

= &7 = Il

thereby showing (2.2.15).

Define the compact set K := Br(0)\B,-(0) C R™T1\{0} with R > 1 > r > 0, and choose
¢,n € K. For such ¢,n holds by construction that £5,£7 € K for k = 1,...,m and further
that

07€5,0%¢" € K (2.2.16)

for every § € S™~! c R™.

Assume now that g is a continuous, (—m)-homogeneous function on R™+1\{0}, i.e. g €
HFY,,(R™F1\{0}), and therefore uniformly continuous on the compact set K. So, for every
€ >0 thereisad =40(K,e) > 0 s.t.

l9(€) —g(m)] < ¢ (2.2.17)
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2.2 The spherical Radon transform

for all £,7 € K with [€ — 7] < §. We will exploit the representation of the spherical Radon
transform of Lemma 2.2.6 resulting in

R(9)(O) = R(g)m)| = —/ 9(07€x) — g(0"gl)dx™ 1 (6)

- - KeCy K m—1
< S [ 00 — o€ 0)

< m—1
— <%mfl Smfl) /%m—l dxz (0)
3

for ¢,n € K with |¢ — 5| < 4, due to the choice of ¢ and the following relations:

|68 —¢1 = 0 for k=2,...,m,
€ —€ll = lC=mAoA..Aonl < [C—n < §
and thereby
[ S 3 B (2.2.18)
for every § € S™~! C R™. The case when (,n € R™*1\{0} are linearly dependent can be
treated in an analogous way, by choosing an orthonormal basis o1, ..., 0,, of span{¢}* with

% =01 A ...\ o and setting for every 7 € span{(}

1 = TiO
@ - (o)

T — —
& = o, for k=2,...,m.

We can proceed as in the linearly independent case and for (,n € K the equations (2.2.16)
and (2.2.18) hold true. Summarizing, we conclude that R(g)(+) is a continuous function.

Regarding the carry-over of local Hoélder-continuity, we can apply the same method. As-
sume g € HE?  (R™1\{0}) N C.¢ (R™+1\{0}). Then, for the compact set K there is a
constant C' > 0 s.t.

19(§) —g(m)] < ClE—7|* (2.2.19)

for all ¢,7 € K C R™T1\{0}. Choose again ¢,n € K. The computation (2.2.16) for {,n € K
implies 0%¢5,0%¢T € K for all § € S™~1 € R™. Thereby, we get

RGO -ROWI = | g [ 006~ a0renarm1o)
- W /S l9(6°¢%) — g(6"€)|d ™ (6)
< S L O -l 6)
< Cli-g°

= clemal (2.2.20)

So, we get that R(g)(-) € C2*(R™1\{0}).
In the last part of the proof, we will assume that ¢ € HF:, (R™*+'\{0}). Let further
¢,w € R™1\{0} be two orthogonal vectors and set 7, := ¢ + tw for small ¢ > 0. Then the

directional derivative of R(g)(-) at ¢ in direction w computes to

d 1 d _
&|t=OR(9)(77t) = W7|t=0 /Smi1 g(07Em)ds™1(0)
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1 d
= T T e 1% — |, K ¢ne m—1
e o )

T

1 d i

) ﬁWSm—l)/Smlgww“ﬁi)@” <dtt—ofzt> ()
T

1 . .
= i) /Smflgyiw“fsﬁ)el(ef) w1 (6)

1 .
e A D) /Smflgyi(m’fﬁ)(mfﬁ,ff% (&) dr™1(6)

- ICP%m}l(Smfl) /SM@T,(Vyg)(eﬁgg)xmgg,g)d%m_lw)

_ ﬁn(( V) (1, €)(0),

where we applied [For09, §11 Satz 2, p. 99], which is applicable in local coordinates and by
covering the (m — 1)-dimensional sphere with a countable number of local coordinate charts
also in the present situation (cf. proof of Lemma 2.2.6). This yields the differentiability of
41,_oR(g)(ne) w.r.t. t. Besides, due to w L ¢, we get

& = —wAoaA...0pm = $|w|‘—g|,
w
E% = —(ANoaA...o;m, = =£[(]—,
||
and thereby
LR g)m) R (6 70) 6. © (2.221)
— |t= = - T4 T , W . e
For ¢,w € R™T1\{0} two linearly dependent vectors we can write
NS
w = {w,—=)—.
“raa

By using this representation and the (—1)-homogeneity of R(g) we get

GhROm) = SR+ o 50
d 1
= <dt|t_0<1+t<w,|clg>>>R(g)<o
-~ @ RO (2.2:22)

So, R(g) is at ¢ € R™T1\{0} continuously differentiable in m + 1 orthogonal directions and
as such a function continuously differentiable in ¢ (see [For08, §6, Satz 2, p. 65]). Further,
putting together (2.2.21) and (2.2.22), we get for arbitrary ¢,w € R™+1\{0}

d ¢ 1
&‘t:OR(g)(nt) = —(w, WW(Q)(C) - WR(@,Vygﬂy,W)(C)
- - ﬁn (w009 + (¢ Vg (y,)) (©).
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2.2 The spherical Radon transform

Corollary 2.2.8 (Continuity and Differentiability). The spherical Radon transform of a

continuous function f on the sphere S™ C R™1, namely ﬁ(f) s a continuous function on the
sphere S™ C R™*L. Purther, if f is additionally differentiable of degree one, i.e. f € C1(S™),
then its spherical Radon transform is differentiable of degree one.

Proof. The corollary is a direct consequence of Corollary 2.2.7 by remembering the Defini-
tion 1.2.21. O

The following lemma gives some useful estimates, which are a byproduct of the proof to
Corollary 2.2.7.

Lemma 2.2.9. Let f,g € CO(R™T1\{0}) with f < g. Then holds

R(f) < Rg). (2.2.23)
Even more, if f < g, then is

R(f) < R(g)- (2.2.24)

Let f € CO(R™\{0}) and g € CO(R™F1\{0}). Then holds

RUDEN < mx 11) ROaDE)
< po()R(lg))(2), (2.2.25)
for z € R™TI\{0}. If we choose f € CO(R™TI\{0}) and g(-) :=|-|™™, we get

R(fa)() < (max |f|>|z|‘1 < ANl

2Lnsm

Further, if f € HFY  (R™T1\{0}) N CL*(R™H1\{0}), we get

loc

Hélo, x (R(f)) < Hola,rx(f), (2.2.26)
Héla,S’" (R(f)) < Héla,Sm (f)a (2227)

where K := Br(0)\B,-(0) for a choice 0 <r <1< R < 0.

Proof. (2.2.23) and (2.2.25) follow directly by exploiting the monotonicity of the integration
operator and Definition 2.2.1. On the other hand, (2.2.26) is a direct consequence of (2.2.20)
as the same constant C' appears in (2.2.19) and (2.2.20). Further, (2.2.27) can be done in a
quite similar way and is a limiting case of (2.2.26). O

In the following, we will present some algebraic invariance properties of the spherical
Radon transform. These can be written in an infinitesimal version (see Theorem 2.2.12).
These results and methods have been done first to our knowledge by Bailey et al. [BEGMO03]
for the case m = 2 and matrices of determinant equal to 1. It can be generalized in a
straight-forward manner.

Lemma 2.2.10 (Transformations (cf. [BEGMO03, p. 579))). For any g € HF?  (R™1\{0})
one has

R(g)oL = R(go(detL)wLT) (2.2.28)

for every invertible matriz L € GL(m + 1) C R(m+1)x(m+1)

The following corollary is just the restriction to matrices of determinant equal to 1.
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Corollary 2.2.11 (Transformations (cf. [BEGMO3, p. 579))). For any g € HF?, (R™1\{0})
and L € SL(m + 1) one obtains

R(g)oL = R(goL 7). (2.2.29)

Proof of Lemma 2.2.10. Let g € HF® (R™F1\{0}). According to the well-known formula
(see Theorem 1.1.16)

LEA ... NEn) = (det L)L TeHN...A(LTTE,)
= ((det L)=L7Te) A A((det L)= L7TEy,)

for any invertible matrix I € R(mTUx(m+1) e can now conclude with (2.2.7) for matrices

E=(&]...|&n) € ROMDX™ of maximal rank m,
R@(LE A AEn) = R()((det L)mL~TE) AL A ((det L) L7TE,,))
(2.2.7) 1

= K i -T m—1
2 T /Smilg(e (det L)% L~7¢,)d ™ (9)

= Rlgo(det L)L) (& A... Am),

which proves the lemma, since for z € R™+1\{0} and any appropriately oriented basis

{&1, ..., &} C R™FL of the subspace 2t € R™*! we have
S W PY-
[E1 A A&

and therefore by (—1)-homogeneity

R(g)(Lz) = R(@LE A A gm))w
= R(go(det L)mLT)(&A... A gm)w
= Lp-ry G A A G
= Rl (e L G TR El)
= TR(go (det L)%L’T)(z)
for any g € HFO_m (Rm—i—l\{o}). .

The algebraic invariance of Corollary 2.2.11 leads to an infinitesimal property of the spher-
ical Radon transform.

Theorem 2.2.12 (cf. [BEGMO03, p. 580]). For the spherical Radon transform holds the
following identity

;0

Pz a—ZZR(f)(z) = -R (Pfy’aayjf) (2)  for all z € R™\{0}, (2.2.30)

where P = (P7) € RUMDX(n+1) G5 g trace-free matriz and f € HFL, (R™F1\{0}).

Remark 2.2.13.

of
oy’
transform R is applied to the (—m)-homogeneous and continuous function g : R\ {0} —
R defined by g(y) := P}y’ gyf,; (y) for all y € R™T1\{0}.

e The expression P;yj in (2.2.30) is meant in the following way: the spherical Radon
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2.2 The spherical Radon transform

e The relation (2.2.30) has been shown in [BEGMO03] for m = 2.

Proof. The proof of Theorem 2.2.12 will exploit the transformation behaviour of Corol-
lary 2.2.11, which leads to an infinitesimal property of the spherical Radon transform by
differentiating it along the manifold SL(m + 1) := {M € R(m+Dxm+1) . det M = 1} at the
identity matrix. Accordingly, we will at first investigate the manifold structure of SL(m + 1).
SL(m + 1) ¢ Rm+Dx(m+1) o Rm+1)* cap be represented implicitly as the set SL(m + 1) =
{M € RUn+Dx(m+1) . £(M) = 0}, where the mapping f : RUm+1)x(m+1) =~ RM+D? 5 R
is defined by f(M) := det M — 1 for every M € Rm+1x(m+1) = £ is as a polynomial func-
tion, a smooth function on R(™+1x(m+1) ~Hence, the differential of f can be computed by
Theorem 1.1.4 as follows

a.f(M) = a.(detM—l) = det M(M™Y)!
8m§- 8m§-

for every M = (m;) € ROn+Dx(m+1) of full rank. Especially if det M = 1, M is of full rank and
thereby the differential of f is of rank one on SL(m + 1) such that SL(m+ 1) is a submanifold
of RmH+Dx(m+1) of dimension (m +1)2 —1 = m(m +2) (see [For08, §9, Satz 2, pp. 104-105]).
Further, the tangent space TiaSL(m + 1) at the identity matrix Id = (6}) € R(mH1x(m+1)
can be identified with the hyperplane orthogonal to the gradient of the implicit function f at
the identity matrix (see [For08, §9, Satz 3, pp. 107-108)), i.e.

) .0
{P= (PJ?) e R(m+1)x(m+1) . pj?a — f(M)|pr=1a = 0}
mj

7 m-1 m—+1) . i —1\j __
= {P=(P}) e R"TDXm+D) . pldet1d(1d~")! = 0}
= {P=(P)) e ROTVXmED : pi— pigl = 0}.

TIdSL(m + 1)

So, the tangent space T1gSL(m + 1) is the vector space of all trace-free matrices. Choose now
an arbitrary differentiable curve M : (—¢,e) — SL(m + 1) such that

M) = Id,
M(0) = %\tZOM(t) = P

with P = (P;) € RM+UX(m+1) 5 trace-free matrix, i.e. traceP = P} = 0. By applying
Corollary 2.2.11 to the curve M and differentiation w.r.t. ¢, we get

%ItzoR(g)(M(t)Z) = %h:OR(QO (M(t)"T)(2), (2.2.31)
where g € HFY, (R™1\{0}) and z = (z;) € R™*"\{0}. The left-hand side of (2.2.31) is

well-defined, since R(g)(-) is a differentiable function according to Corollary 2.2.8. After
application of the chain rule, the left-hand side becomes

R(9)()Pi ;.

3

SheoROOI0) = -

On the other hand, the right-hand side of (2.2.31) computes to

O caR(g o (M) T)(2)

= Gl [, A0 T g 0)
- W /Sf %'t=09((M (£)~T0"E)d ™ (6)
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= %/S ag( £N) = 0((M(t))_l);(Hﬁfi)djiﬂm—l(e)

H (Sm 1) m—1 8y

Thm. 1.1.5 + chain rule 1 ag
hainrule - (07¢,
%m—l(Sm—l)/m_l oy ")

' (— () ™), (o (M2 1) )((M(t»—l);) o (07€)d ™1 (6)

= i 6‘9 K % KeJ m—

= W/s LBy (0°¢e) (—P}) (0°¢L)d™(0)
B

= A . a0

. - dg
= _ PRy
]R<y ayl> (2),

wherein the second equality is admissible, because analogous to the proof of Lemma 2.2.4,
we can express the Hausdorff integral as a sum of Lebesgue integrals over domains in R™~!
using the area formula of Theorem 1.2.7, a covering family of coordinate charts and apply on
each of these Lebesgue integrals [For09, §11 Satz 2, p. 99]. O

The following theorem was established by Bailey et al. (see [BEGMO03, p. 581]) for m = 2.

Theorem 2.2.14 (cf. [BEGMO03, p. 581]). Let g be a (—m)-homogeneous and continuously
differentiable function on R™T\{0}, i.e. g € HFL, (R™'\{0}). For the Radon-transform
R holds

9
BZJ‘

Zi

RO = R(-5000) ) (22.32)

wherein z = (z;) € R™1\{0}.

Proof. Let g be a (—m)-homogeneous and continuously differentiable function on R™*1\{0},
ie. g € HFY (R™1\{0}). By Corollary 2.2.7 we know that R(g) is one times differen-
tiable. Due to Euler’s theorem (see Theorem 1.4.3), the (—m)-homogeneity of g and the
(—1)-homogeneity of R(g), we get

0.
¥ 5,9 g,
4 2Rl = ~Rig)
’&zi g = g)-
Choose the trace-free matrix
. 1 .
Pl ot bl
for i,4,k,l € Nwith 1 <4,5,k, ] <m+ 1. Therewith, we get
0 0 1 0 ;
P! R = —R(g) — ——2z—7RI(g)d’
kzlazk (g) Zj azz (g) m + lzl 821 (g) i
0 1 ,
0 .0 1 0
R(—Ply* = R|-y — )
(- yalg) (yayJJr ?/519)

0 m
B R( yang—erlgé)
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2.2 The spherical Radon transform

9 I
R( aj(yg)—i—ﬂg@)

— R( 6aj(yg)>+HR( )67,

which together with Theorem 2.2.12 concludes the proof. O
The following theorem results from iterated use of Theorem 2.2.14.

Theorem 2.2.15. For a (—m)-homogeneous and k-times differentiable function g on R™*1\{0}
the (—1)-homogeneous function R(g) is k-times differentiable on R™1\{0} and for their
derivatives holds

0 0
oy Ay

7] 0

1 (23
(9Zj1 ()ij

Rlo) = (0'R( W) )
Remark 2.2.16. By means of Theorem 2.2.15 it is possible to compute the tangential deriva-
tives of R(f) on S™ from the tangential derivatives of f on S™.

Proof of Theorem 2.2.15. We prove the assertion by induction. For k£ = 1 it is true due to
Corollary 2.2.8 and Theorem 2.2.14. Now we make the step & — k 4+ 1. Assume that the
claim holds for a chosen k. Thereby, we can rewrite the following expression

0 0 0
Zit o 2 )+ o0 e Zo iz —— .. —TR
" e 8231 8Z]k+1 Z Tt ™8 " 0z, 0zj, )

0 0 3

Jk+1

9 k 9 9 J1 Jk

Rkt

Again we use Corollary 2.2.8, the fact that 71 e azk (7 ... y*g) is continuously differen-
tiable on R™+1\ {0} for g € HF]ﬁml(RmH\{O}) and Theorem 2.2.14 to deduce

0] i - 0] 0
Ziy oo Ry 9z, azgk+1 5Jk+1211 By e Zig gy ng o R(g)
0 . 5‘ 0 .
= (-1 . e 2 Iy
(-D)"'R < Dy <y oy Oy "y )>>
Lem. 2.2.19 k1 0 0 0
= —1 R J1 Jk g dk+1
VR (G o e 07 9))
& —
; 0 0 0
—1)%62 R —... .
+ lzzl< ) Jk+1 <ayll ay’bl aylk+1 )
0 0 0
— 1EHIR J1 Jk g dk+1
(=1 By By g YY)
k
i _ 0 0
+ Z Oipsa Zin - Zig o B 3 FERLL Py R(g).
1=1
So, the assertion follows. O

The following lemma gives a rule for repeated differentiation of products of functions. For
this result, we refer to [Ada75, p. 2].
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Lemma 2.2.17 (Leibniz rule [Ada75, p. 2]). Let Q@ C R™ be an open set and f,g: Q2 — R
k-times differentiable at y € Q. Then there holds

e
D*(f-9) = >, ( )DﬂfDa‘Bg-
BLa p
for any multi-index o € N§ with |of < k.
Remark 2.2.18.

e For two multi-indices o = (a1,...am), 8 = (B1,...Om) € N§ the inequality 5 < « is
meant componentwise, i.e. 8; < a; fori=1,...,n.

e For two multi-indices a = (a1, ...am), 8= (S1,...Bm) € N with 8 < «, the binomial

coefficient is defined by
@
() = Moo

The following lemma is an alternative non-standard representation of the result in Lemma 2.2.17.

Lemma 2.2.19 (Leibniz rule). Let Q@ C R™ be an open set and f,g : @ — R k-times
differentiable at y € Q). Then there holds

0
o Wk (7 9) W)

0 0 0 0
Zozsj —— ( 8yia<1)...awa) (y>(ayiw)... ang) )

where Sy is the symmetric group of order k € N.

Proof. We will prove the assertion by induction. We omit the dependency on the actual point
y € 2 and think of it as being implicitly set. Further, we set

0 0
oy Oy

=1

every time when there is some i s.t. s; ¢ {1,...,k}. A permutation o € Sy, is extended to the
set of integers Z by defining o(j) := j for all j € Z\{1,...,k}. We start the proof by verifying
the assertion for k = 1:

B B)
5yilf - <8y“f>g f<5y“>

21: v ! 9 o, 9 9
— = (1 -t)! Qyte " Gylen Qytettn T Gyte) g

S

In the next step, we assume that the assertion holds true for a distinct £ € N and we show
that thereby the assertion holds true for k + 1:

0 0 0
ayil U ayik ayik+1 (f ’ g)

9 i) O Ngsr(?
= 55 (gt )9 Ty
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2.2 The spherical Radon transform

Ek: 5 1 d 0o__o 0 o
tk —t)! \ Oyle) ~ 7 Qylom Qyir+r Oylot+n 77 8yia<k>g

t=0 c€Sy

k
1 B 0 o o 0
22 tl(k —1)! (W”“ U oytew f) (51/"’”““) Oyl 3?/“““9)

t=0 ceSy
k+1

Z Z 1 0 0 0 f 0 0
(t—DIk+1 =t \Oylem " gylet-1) Qyir+1 Oyle® 7 Oylet g

t=1 c €Sk

k
1 B 0 B o 0
22 tl(k —1)! <8yi°<1> U oytew f) (ay"‘“”“ Oyl 3@/“““9)

t=0 oceS

Z"”‘: 1 0 0 o_, o o
(t—DNk+1—=t)! \Oyle " gylet—1) Qyir+ Oyle® 7 Oyletr) g

k
1 0 0 0 0 0
+Z; tl(k —1)! <8yi°‘<1> U oytew f) (ay”“m VU Oytew ayik“g)
0 0 0 0
(g ent) * (- gt )

zk: 3 1 0 0, 0 d
tk+1—1t)! \gyl-) " dylew e T Qytetein

t=1 o€Sky
o 1(k+1)<t

k
1 0 0 0 0
+ ; Z thk4+1—1)! (ayiou) e 8yia<t) f) <8y’io<t+1) o 8yia(k+1) g)

oESK 41
o= L(k+1)>t

by 0 0 n 0 0 f
8yi1 e 8yik+1 9 ayh U ayik-H 9

’il 3 1 B ) p B )
thk+1—1)! \Oyte " Gyle» Oytotttn T Qylek+n) g

t=0 UES}C+1

So, the assertion follows for all £ € N by induction. O

The following theorem shows boundedness of the spherical Radon transform on spaces of
functions with higher order derivatives. It is a consequence of Theorem 2.2.15.

Theorem 2.2.20 (Boundedness of the spherical Radon transform). Let f be a (—m)-
homogeneous and k-times differentiable function on R™t1\{0}, i.e. f € HF* (R™1\{0}).

—m

Then the spherical Radon transform of f is a (—1)-homogeneous and k-times differentiable

function on R™N\{0}, i.e. R(f) € HF* (R™T1\{0}), and satisfies

AR < Clm k)ae(f), (2.2.33)

wherein 5(m, k) :== (m+ 1)¥ Zf:o ﬁ(i) is a constant depending on k and m only. Espe-

cially, by (2.2.33), the spherical Radon transform is a bounded linear operator from the Fréchet
space HF> (R™H1\{0}) to the Fréchet space HF> (R™1\{0}). Therein, the Fréchet spaces
HF> (R™T1\{0}) and HF>, (R™T1\{0}) are equipped with the family of seminorms {px } ke, -

Corollary 2.2.21. Let f be a (—m)-homogeneous and k-times differentiable function on
R™+N\{0}, i.e. f € HF® (R™T\{0}). Then the spherical Radon transform of f is a (—1)-
homogeneous and k-times differentiable function on R™ 1\ {0}, i.e. R(f) € HF* | (R™*1\{0}),
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and satisfies
AR < Clm k)ou(f), (2.2.34)

wherein C(m, k) = 2:+D*C(m, k) is a constant depending on k and m only and C(m, k) is
the constant given in Theorem 2.2.20. Especially, by (2.2.34), the spherical Radon transform
is a bounded linear operator from the Fréchet space HF™, (R™T1\{0}) to the Fréchet space
HF (R™+1\{0}), where both of these function spaces can be interpreted as closed subspaces
of the Fréchet space C°°(R™T1\{0}) equipped with the Fréchet topology induced by the family
of seminorms {pi }ren, -

Proof. The differentiability of R(f) is part of Theorem 2.2.20. Further, by (1.2.7) and (2.2.34),
we get the following chain of inequalities

p(R(f)) < 25D 5 (R(f))
< 260 Clm, k)pi(f) < 20D Cm, k) pi(f)-

The rest follows by the definition of Fréchet spaces (see Definition 1.2.11). O

Proof of Theorem 2.2.20. The differentiability of R(f) is part of Theorem 2.2.15. To estimate
the seminorms of R(f) by seminorms of f € HF* _(R™*1\{0}) we use again Theorem 2.2.15
and the following inequality derived from Definition 2.2.1 (cf. proof of Corollary 2.2.5):

1 _
|22 =1(Sm—1) /gmamLL flw)d™ = (w)

|z
1
2] max /) (2.2.35)

R(HEI =

IN

for z € R™T1\{0}. So, Theorem 2.2.15 and (2.2.35) together yield
‘ 0 0

azjl azjk

R(f)(2)

Ziy Ziy, ( 0 0

_1)k Sk _ J1 Jk
)( 1) EEh |z\2R 3y ”'ayik( . f))( )

(m + 1)* 0 9 e
> BE 191’{?‘&){9”“ R Ayt T Byin (¥ .. 1)) (2)
(m +1)F 0 9 i it
R Eas L<ir i Sm 1 Cedm Oyt = Oye (.. FW)ly=c
_ (m + 1) 9 9 J1 Jk
T TR icii<oSh<mttCesm [\ Dy 8yik( VWD) ) ¢ (2.2.36)

On the other hand, we compute

’ajn 85%( ()
Th. 2.2.19 tz%a; T '8yi<1> . 8yi<t>( g1 ”'yjk)ayi?(t#) 8yf’<’“) (f(y))‘
- tzk%a;k 1k k!t)!|y|kt 8yii“> "‘3yi<’“> (f(y))’
B g(kﬁ!t)!wt ;k t!(kl— t)! layii”“ 3?/?”“‘) (f(y))'
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g€Sk

k
_ k! k—t), |—m—k+t 1 9 9 v
- ; (k ) |y| |y| Z t' _ t) 8y10<t+1> e 0yi0<’c> (f( ‘))
k

< M (k) ly|~™ max max (8 .. af(y)) |y<‘
=0 (k=) \t 1<s1 <. <sp_y <mA1CES™ |\ QySt Qysr—t
< i Z: it (3 )aee)
for y = (y*) € R™T1\{0}. Notice that we used therein
‘8(;“...6§it(yjl-...~yj’“) < (kli!t)!|y|k_t

for every choice y = (y') € R™T1\{0}, ¢,k € Ny with ¢ < k and indices i,, j, € {0,...,m+ 1}
forr=1,...,tand ¢ =1,...,k. This can be shown by induction. Thereby, we get

9 0 (m+ 1)k &
82’j1 6ij R(f)(=) = |Z|k+1 ; ( ) Pr—t(f) (2.2.37)
and this leads to
Pe(R(f))
0 0
T el s < 1 |5 g RUDE)
(2.2.37) l I }
< ! ~
< leg}l’?gc’k}(er 1) 2 =) (t>pl—t(f)
1l : l! l R

<

P+ ;(l—t)l() prlf)

= C(m, k)pi(f).

Notice that the equality

le{o,a,k}<m+1 tio ()) = (m+1) :O(kli!t)y@)

can be shown easily, as the expression (m+1)! Zi:o (li—'t), (i) isincreasing in! € {0,...,k}. O

The following lemma basically states that odd functions are annihilated by the spherical
Radon transform.

Lemma 2.2.22 (Kernel [Gro96, Prop. 3.4.12]). The Kernel of the spherical Radon transform
R is made up by the continuous odd functions on S™, i.e.

ker(R) = {g € C%S™): g(¢) = —g(—C) for all ¢ € S™}. (2.2.38)
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Corollary 2.2.23 (Kernel). The Kernel of the spherical Radon transform R is made up by
the continuous (—m)-homogeneous odd functions on R™+1\{0}, i.e.

ker(R) = {ge HF?, (R™T\{0}):g(2) = —g(—2) for all z € R™T\{0}}.  (2.2.39)
Proof. The corollary is a direct consequence of Lemma 2.2.22. O

Corollary 2.2.24 (Injectivity). Let k € Ny. The spherical Radon transform
R :HFF | (R™\{0}) — HF*  (R™F1\{0})
restricted to the subspace of even functions, i.e.

Rlurs | (®m+1\{0}) : HF", (R™T\{0}) —» HF*, (R™1\{0}),

—m,e
s injective.
Proof. We start by recapitulating the fact that the image of the spherical Radon transform
is a subspace of the space of continuous (—1)-homogeneous and even functions on R™*1\ {0}
(see Lemma 2.2.3). As the intersection ker(R) N HF]im’e(Rm“\{O}) = {0} only contains the
zero function, we conclude that

ker(Rlupe — @mingoy) = {0}

e

Choose now fi1, fo € HF® _(R™F1\{0}) and assume R(f;) = R(f2). By the linearity of R

—m,e

follows that R(f1 — f2) = 0. Hence,
fr—fa € ker(Rlygx | @menvpoy) = {0}

So, f1 — fo = 0 and therefore f; = fo. This proves the injectivity of R restricted to
HF® (R™F1\{0}). O

The following proposition, which can be found in a book by Groemer [Gro96], can be seen
as a first step towards surjectivity of the spherical Radon transform.

Proposition 2.2.25 ( [Gro96, Prop. 3.6.4]). Let m > 1 and f be a real valued even func-
tion on S™ C R™TL. If f is 2|(m + 2)/2]-times continuously differentiable (i.e. f €
C2Lm+2)/21(§m) with f(¢) = f(=C) for all ¢ € S™), there is an even continuous function
g on S™ (i.e. g€ COS™) with g(¢) = g(—C) for all ¢ € S™) such that

fo= Ry
Notice that |-] is the floor function.

An adaption of the proof of [Gro96, Prop. 3.6.4] yields an improved result in form of the
following proposition.

Proposition 2.2.26. Let m > 1 and f be a real valued even function on S™ C R™+L. If f is
2 (m + 3)/2|-times continuously differentiable (i.e. f € C2Lm+3)/21(S™) with f(¢) = f(—C)
for all ¢ € S™), there is an even one times continuously differentiable function g on S™ (i.e.
g € CHS™) with g(¢) = g(—C) for all ¢ € S™) such that

f = Rl.
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Proof. This result follows by adapting the proof given by Groemer in [Gro96, Prop 3.6.4].
There, he starts with a so called condensed expansion of the sperical function f, namely

n=0

where the series converges in L?(S™) to f and the Q,, are spherical harmonics of degree n,
which means restrictions to S™ of harmonic polynoms on R™*! of degree n.! Further, he
showed in [Gro96, Proposition 3.6.4] that if the series

=1
~ E 2.2.40
g 2 Vi Qn ( )

converges uniformly to g, the limit g is a continuous function, whose image under R yields f.
The coefficients vy, 41, are defined in [Gro96, Lemma 3.4.7] as follows

m-(m+2)-...-(m+n—2)

(—1)"/? L3 (n=1) for n even,
Vm, n =
i 0 for n odd.

That the expressions in (2.2.40) converge properly is shown by computing an estimate, which
uses the degree of differentiability of f (denoted by 2k; € Np) to gain control over the con-
vergence of the series:

1

m|@n| < Cl’erl||A§1f‘|L2nm_2k1_1'
'm+1,n

Herein is A, f := ®o(A®;'(f)) the Laplace-Beltrami operator on S™ and C ,, 41 a constant
depending on m + 1. So, we have uniform convergence for m —2k; —1 < —1, which is fulfilled
for k1 > m/2. In a next step, we intend to do the same kind of procedure for

1

|Vm+17n|

|v0Qn|7

wherein V,f 1= (@0(V,:®5"(f)))e;. We choose a L2-orthonormal basis (H;);=1,.. n for the
finite dimensional subspace H™ ! of spherical harmonics of degree n on S™. Its dimension
will be denoted by N = N(m,n) (see [Gro96, Theorem 3.1.4]). It follows that

Quw) = Y aH)

with a; := (Qn, H;j) 2. Then by using [Gro96, Theorem 3.3.3], [Gro96, Theorem 3.2.11] and
the proof of [Gro96, Proposition 3.6.2] we get

VoQu()l> = | > a;VeH;(w)l

j=1,....N

IA IA
™M
™
o qa
[
=
==
X
=

LA function f : S™ — R is an element of L2(S™) if and only if || f||sm := fgm |f|?dA < c0. L%(S™) together
with the norm || - ||gm is then a Banach space.
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IN

n(n +m — 1)Cg,m+1||A§1f| \%2717"*4’“1*1

Comi1||AF f[|Fonm 4Rt

A

By [Gro96, Lemma 3.4.8] one has [1/vy,11.| < C3.m1n™ /2 where C3 ,, 41 depends on m
only. This finally gives the desired estimate

1

|Vm+17n|

IVoQu| < Cumar||AF fl|p2n™m 2 (2.2.41)

where C4 41 depends on m only. So, the series in (2.2.40) converges uniformly if m —2k; <
—1, which means that k1 > (m + 2)/2. Therefore, we choose k1 = [(m + 1)/2]. Then due

to [Forll, Satz5, §21, p. 258] adapted to spherical functions (i.e. by means of local coordinate
charts and compactness of S™), the uniform convergence of

1 1
g = Z Q, and h = Z VoOQn,
n>0,n even Vm+1,n n>0.m even Vm+1,n
we deduce that g is continuously differentiable with V,g = h. Further, f = ﬁ(g) O]

Theorem 2.2.27. Let m > 1 and [ be a real valued even and (—1)-homogeneous function
on R™TIN\{0}. Ifl € NU{oo} and f is 2[(m +2)/2] + I-times continuously differentiable (i.e.
fe HF?@F_Q)/Q]H(Rm+1\{0})), then there exists an even (—m)-homogeneous and l-times
continuously differentiable function g on R™T1\{0} (i.e. g € HFl7_m(Rm+1\{O})) such that

= R(9)-

Proof. Lets start with the case [ = 1. By Proposition 2.2.26 for the even spherical function
f:=®_1(f) = flsm, there exists a continuously differentiable even spherical function g s.t.

f= R,

where we used that 2[(m +2)/2] + 1 > 2[(m + 3)/2]. After defining the continuously differen-
tiable even (—m)-homogeneous function g := ®~} (3) we get

fo= o3(f)
= ®joRo® 00 ) ()
= R(®,(9)

= R(g)-

Now we conclude the induction by assuming that the statement of Theorem 2.2.27 holds
true for [ and we will prove that the assertion holds for the next integer [ + 1. Then for an
2[(m +2)/2] + 1 + 1-times continuously differentiable even (—1)-homogeneous function f the
even (—1)-homogeneous function z; a%- f is continuously differentiable of degree 2[(m+2)/2]+1
foralli,j € {1,...,m+1}. Then by induction assumption there exists an [-times differentiable
hl such that

9 i
Zzafzjf = R(hz)
and further, due to Theorem 2.2.14
0 0 , .
) - J
&rm f R(ayi (¥’ 9))
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for f = R(g), where g is continuously differentiable (see the first step of the induction).
Further, R is injective on HF?  _(R™*1\{0}) such that %(ng) and h] have to coincide.

—m,e

Further, g is [-times differentiable also by the induction hypothesis. So, we get

dg : o . .
-+ ) = - (y? = hl
oy + g oy (¥’ g) ;

Y’

and by contracting it with 37 yields

Jg
oy’

= |yl "2(y;h! — vig),

where on the right hand side of the equation are only terms present, which are at least [-times
differentiable on R™*1\{0}. Therefore, g is continuously differentiable of degree [ + 1. O

In the following theorem, we collect some of the attained results about the spherical Radon
transform.

Theorem 2.2.28 (Bijective and bounded in Fréchet topology). The spherical Radon
transform R is a bijective bounded linear operator from the Fréchet space HF™, (R™*1\{0})
onto the Fréchet space HF> ((R™T1\{0}). The inverse of the spherical Radon transform will
be denoted by T and is also a bounded linear mapping.

Proof. The injectivity is due to Corollary 2.2.23. The surjectivity comes from Theorem 2.2.27
by setting | = oo there. The bijectivity induces the existence of the inverse transform 7.
The boundedness of the spherical Radon transform has been shown in Theorem 2.2.20. The
boundedness of the inverse operator 7 can be shown through the application of the open
mapping theorem for Fréchet spaces as can be found in [Rud91, 2.12 Corollaries, p. 46]. O

The following theorem is stated just for the sake of completeness.

Theorem 2.2.29. For a (—1)-homogeneous, even and infinitely times differentiable function
f onR™IN{0} (i.e. f e HF® (R™T1\{0})) the (—m)-homogeneous and even function T (f)
is infinitely times differentiable on R™T\{0} (i.e. T(f) € HF™, (R™F\{0})) and for their
derivatives holds

0
ayjl T 8yjk+1

0 0

62’1‘1 6Zik+1

gy ) = o ( i)

Proof. The proof will be carried out by induction with respect to k. For a function f €
HF, (R™+1\{0}), there is by Theorem 2.2.28 an unique function g € HF>_(R™+1\{0}) such
that f = R(g). By Theorem 2.2.15 we get

0 0 a , o
N - L - _ J - _ J
5 ! 52 R(9) R < oy (y g)> R ( oy (y T(f))) :
Applying the inverse spherical Radon transform on the former equality leads to
0 ; 0
J - _ i
5o: (T () T (s5-7).
and carrying out differentiation yields
! 9 ,
J - _ 4 _ 5t
v () T (s527) ~070)
= —T(d&f+ 2 f
o J “ 8Zj
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= -7 (a‘zj (2 f)) . (2.2.42)

So, we proved the assertion for £ = 1. Now we assume that the assertion holds for %k, what
we call the induction hypothesis (IH), and show the assertion for k + 1. So, we look at

yil yik+1 9
e ayj1 e 5yjk+1

9 , 4 0 0
— 21 22 Tk+1 T

T(f)

oy 85]_1 (v ...y %ﬂ.? o ayi+1 T(f)
= v (0 e T
N | 9
g SZQ(ym T RS myml)@ - g T(f)
@ i ayajl <(_1)kT(8Z2 ~--5.Z?M(zj2"‘zjk+lf)))
k+1

(2.2.42) 0 0 0
= (—1)k+1T (az (Zjl 782 782: (ij ...ij+1f)>>
i1 () Th+1

k+1
.0 0 0 0 0
—1)kH+t 5t —.. e 2
+( ) T <s_2 J1 azil azig 822,571 8Zis+1 8Zik+1 (2]2 ij+1f)>

Lem. 2.2:-19 (_1)k+17‘< 9 L(Zjl o ij-+1f)> :

[“)zil 8zik+1

This concludes the proof. O
Remark 2.2.30.

e Theorem 2.2.29 leads not to a similar boundedness statement like the one for the spher-
ical Radon transform due to the lack of a simple C%-estimate for the inverse spherical
Radon transform. Nevertheless, to the author’s opinion it should be possible to extract
some estimate from the proof of Proposition 2.2.26 and use this estimate to show the
boundedness without using the open mapping theorem (cf. proof of Theorem 2.2.28).

e The transformation behaviour of 7 under SL(m + 1) can be shown to be of the very
same form as the one of the spherical Radon transform:

T(f)eL = T(foL™)

for all L € SL(m + 1) and f € HF> (R™*1\{0}). This is a direct consequence of
Corollary 2.2.11.

2.3 Finsler area in terms of the spherical Radon trans-
form

In this section, we will identify the Finsler area integrand as a Cartan integrand in the sense
of section 1.6, investigate it regarding convexity in the second argument and establish some
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2.8 Finsler area in terms of the spherical Radon transform

closeness results. A starting point to the convexity discussion is a theorem by Busemann
[Bus49], which he established in the context of his investigation of convex bodies of the
Brunn-Minkowski type. It will be one of the core tools to our argumentation as well as the
representation of the Finsler area integrand in terms of the spherical Radon transform (see
Corollary 2.3.1). Especially the boundedness of the spherical Radon transform and its inverse
will become useful. Both facts will lead to a ellipticity result for the Finsler area integrand
seen as a Cartan integrand as well as the aforementioned closeness result. The closeness
result essentially states that if two Finsler metrics are close in some C* topology, then the
corresponding Finsler area integrands are close in such a topology.

The following corollary is a direct consequence of the basis representation of the spherical
Radon transform (see Lemma 2.2.6) and a similar construction for the Finsler area that
we stated in (2.1.22). This connection between Finsler area integrand and spherical Radon
transoform is the reason for us to investigate the latter. The spherical Radon transform will be
especially useful to investigate how the Finsler area depends on its underlying Finsler metric.

Corollary 2.3.1 (Spherical Radon transform and Finsler area). Let Q@ C R™™! be an
open set and F : TQ =2 Q x R™T — [0, 00) satisfy (F1). Then
AF(2,z) = (2.3.1)
R(E=m(x,-))(2)
for (z,2) € Q x (R™™\{0}). Remember, if we choose an orthonormal basis (f;) of the
orthogonal complement z* to z € R™+1\{0}, then holds

|Z‘me(Sm—1)

AN = e 6 7,)a8(0)

by Lemma 2.1.14.
Proof. The assertion follows by combining the identities (2.1.22) and (2.2.7). O

The following theorem establishes uniqueness of the m-symmetrization F{,,) as a reversible
function generating the Finsler area.

Theorem 2.3.2 (Uniqueness of the symmetrization). Let Q C R™! be an open set
and F : TQ =2 Q x R™ — [0, 00) satisfy (F1). The m-symmetrization F,, is the unique
reversible function generating the same Finsler area as F', i.e. for all reversible G : T =
Q x R™ — [0,00) satisfying (F1) and AY = AT holds G = F,,y on TQ = Q x R™+1,

Proof. This follows directly from the injectivity property of the spherical Radon transform
established in Corollary 2.2.24 and the representation of the Finsler area integrand in terms
of the spherical Radon transform (see Corollary 2.3.1). O

The following corollary deals especially with the regularity of the Finsler area A given
some regularity of F'.

Corollary 2.3.3 (Cartan integrand and regularity). Let Q@ C R™*! be an open set
and F : TQ = Q x R™ — [0,00) satisfy (F1). Then is AT a Cartan integrand, i.e.
AP € CY(Q x R™) and (H) holds that is

Af(z,t2) = tAY(v,2) forall t >0 and (z,2) € Q x R™TL
Further, since (F1) implies that

F(z,y) > 0 forall (z,y) € QxR™
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then is
AF(x,2) > 0 forall (z,2) € Qx R™,

If for some k € Ny holds
F e CHQ x (R™T1\{0})

then is
AP e CF(Q x (R™I\{0})

and even more if for some k € Ng and o > 0 holds

F e CEYQ x (R™1\{0})

loc

then is
AP e CFo(Q x (R™1\{0}).

loc

Proof. This follows directly by combining Corollary 2.3.1 and (F1) with Corollary 2.2.7,
Lemma 2.2.9 and Theorem 2.2.20. O

The following theorem was established by Busemann in [Bus49] for m = 2 and straightfor-
wardly generalized to m > 2 by Milman and Pajor in [MP89]. We also refer for the proof to
a book of Thompson [Tho96, Theorem 7.1.1]. Notice that Busemann originally investigated
geometric quantities as appear in the fractional expression in (2.1.21). He studied these in
the context of convex bodies of Brunn-Minkowski type.

Theorem 2.3.4 (Busemann’s convexity theorem [Tho96, Theorem 7.1.1]). Let R™*! be
equipped with a reversible weak C°-Minkowski metric F : R™+! — [0,00) (i.e. F(y) = F(—y)
for all y € R™* like in (s)), which satisfies (F2) and (M). Then the Finsler area integrand
AF(2) is a semi-elliptic Cartan integrand, hence (H) and (C) hold.

Remark 2.3.5. The former theorem is of interest, because if the weak C°-Minkowski metric
F is reversible, i.e. F(y) = F(—y) for all y € R™*! then we automatically get convexity of
the Finsler area integrand. We will need some kind of improvement of this theorem to gain
ellipticity, what is needed on the application side.

The following corollary is a direct consequance of Theorem 2.3.4.

Corollary 2.3.6 (Semi-ellipticity). Let Q@ C R™* be an open set and F : TQ = Q x
R™*+1 — [0,00) be a function satisfying (GA1). Then the Finsler area integrand AF (z,z) is
a semi-elliptic Cartan integrand, hence (H) and (C) hold.

Proof. We start by identifying TQ =2 Q@ xR™+!. AF is homogeneous as a direct consequence of
the representation as 0-homogeneous quotient of volumes times the Euclidean area integrand
in (2.1.21). As AF = A¥t» holds by means of (2.1.24) and F satisfies (GA1), we can restrict
our investigation to F{,,) as the Finsler area generating function F{,, is a weak Finsler metric
on Q, i.e. F(y) is even (see (s)) and satisfies (F2). Thus, for a fixed o € 2 the function
H :R™! — [0, 00) defined by

H(y) = Fun(zo0,y)

for all y € R™T! can be seen as a reversible weak C°-Minkowski metric. Hence, we can
apply Theorem 2.3.4 to the present situation. This yields the convexity of A in the second
argument. So, AF" is semi-elliptic. O

The following lemma quantifies the convexity or more precisely computes the ellipticity
constants in comparison of two Finsler area integrands. We prove it after we stated some
corollaries.
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2.8 Finsler area in terms of the spherical Radon transform

Lemma 2.3.7 (Ellipticity comparison of Finsler area integrands). Let Q C R™! pe
an open set endowed with two reversible Finsler metrics F and G. Then for every x € Q exist
constants A;(x) = A;(F, G, z) fori=1,2 so that

M(@)EAG, (2, 2)8 < AL (2,2)8 < Mp(2)€' AT (2, 2)€, (2.3.2)
holds for all ¢ € R™™L and all = € R™T1\{0}.

The following corollary is a consequence of Lemma 2.3.7. If we set therein G(z,y) = |y,
we get as a result ellipticity constants from below and above as in Lemma 1.6.6.

Corollary 2.3.8 (Ellipticity of the Finsler area integrands). Let F': TR™*! = Rm+1 x
R™+L — [0, 00) satisfy (GA2). The Finsler area integrand AY is an elliptic Cartan integrand
of class C*°(R™T1 x R™MT1\{0}), which is positive on R™T1 x RM+1\{0}.

Notice especially that F' and F{,,) being both Finsler metrics on TR™*! | ie. F satisfies
(GA3), directly implies (GA2). Hence, the following corollary is a special case of Corol-
lary 2.3.8.

Corollary 2.3.9. Let (R F) and (R™!, F,,)) be Finsler manifolds, i.e. F satisfies
GA3). The corresponding Finsler area integrand AY = AFe s then elliptic.
( i g g D

Proof of Corollary 2.3.8. F satisfies (F1) by (GA2). So, the m-symmetrization F{,,) is well-
defined, satisfies (F1) and is thereby at least as regular as F'. Further, (GA2) implies that
F,,) satisfies (F3). The positivity is a direct consequence of F satisfying (F1) and Corol-
lary 2.3.3, the parametric property (H) of A follows by (2.1.21) and A’ is least as regular
as F by Corollary 2.3.3. The ellipticity is due to Lemma 2.3.7 by setting G(z,y) = |y| the
Fuclidean metric and the fact that the expression

A (R) = inf inf &AL (z,2)¢
reBngl (0) geSmnzt

depends continuously on R as the coefficients A _i(x,2) depend continuously on z, z and
¢ (parametric integrals). Further, as the infima of Af; _i(x,2), the infima are attained for a
special choice of points xq, zg and &y such that

A(R) = AL (w0, 20)8.
So, by Lemma 2.3.7 holds
A(R) = AL (0,208 > Ai(wo)&AL (w0, 20)8 = Ai(ze) > 0.

On the other hand, we have

é‘l sz(if,z)é_j = gl zzJ( )£J+2€1 zzi(x Z)£2+£2 zzJ(xVZ)fg
= fl zzJ( 7Z)§{

P e .
el @ ]
> MR )|£ 2

||
A
= 2800ep - (2,97
= EZ 21 zJ( )gj
for arbitrary & = & + & with & L z and & € span{z} and (z,z) € R™T! x R™T1\{0}. O
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Proof of Lemma 2.3.7. We start by choosing a fixed x € R™*!. As F and G are reversible
Finsler metrics, they are both especially positive on R™*+1 x (R™+1\{0}). So, we can assume
by Corollary 2.1.8 that there are constants m; = m;(x) > 0 for ¢ = 1,2 such that

mi(x)G(z,y) < Flz,y) < ma(2)G(z,y)

for all y € R™*1. By Corollary 2.3.1 we have a representation of the Finsler area integrand
as a fractional expression in the spherical Radon transform. So, we need to show that there
is a positive constant A = A(x, F, G, m) > 0 such that A" (z,.) — AA%(x,-) is convex in the
second argument. Choose some z € R™T1\{0}. To prove existence of such a constant, we
look at the expressions

F(2,2) = 6A% (2,2) = : N :
A" (2,2) — 047 (2, 2) R N2 RG™(w,))(@.2)
R(G™™(x,)(x,2) — IR(F~™(x,))(z, 2)

Especially, it holds that

A (x,2) = 6A%(2,2) =

RE@ N RE™(z,))(.2)
> (mp(e) - 9)A%(z.z) > 0

for § < m¥*(x). On each element of the sequences the inverse Radon transform will be applied
to obtain a new sequence of positive even (—m)-homogeneous functions on R™*1\ {0}, namely

r5(y) = T(Pas())(W),

for all y € R™T1\{0}, where we define the even, (—1)-homogeneous function

1
Gos() = AF(z,) — 6A%(z, ")
R (z,))R(G™(x, )
R(G=™(x,-)) = OR(F =™ (, -))
for fixed x € R™*1. Notice that ¢, s(-) is well-defined on R™T1\{0} for § < 1/m7*(z) as

the nominator is positive. If the parameter § € [0,1/m}*(z)) tends to zero, the sequence of
functions ¢, s(-) tends with respect to the Fréchet topology on HF™ (R™!1\{0}) to

R(F™™(x,-))

for every x € R™*!. Remember that the inverse Radon transform has been identified in
Theorem 2.2.28 to be a bounded operator on suitable Fréchet spaces of homogeneous functions.
Therefrom, we know that for every non-negative integer | € Ny there exists a non-negative
integer N = N(m,l) € Ny and a positive constant C' = C(m,[) > 0 such that

p(T(f) < Cpn(f)

for all f € HF> (R™T1\{0}). Therefore and due to the convergence of ¢, 5(-), we deduce that
¢z.5(+) tends with respect to the Fréchet topology on HF®, (R™F1\{0}) to

oool) = T(R(Fm(x,'))>(') = %

for § tending to zero and for z € R™*! fixed. Since
1 1 1

Firy) — mp@ ey
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and @z s(-) converges to F~™(z,-) as § converges to zero, there is some positive constant
8o = do(x, F,G,m) > 0 such that o, s(y) > 0 for y € xR™T1\{0}. As ¢, 5 are positive valued
for § < &g, we are able to define
1
Fos() = 0,5 0)

s

for € R™*1. By construction holds the following

Al (@) = RTUE()

x

R pe,s(+))
RHT(¢2,5()))

= ¢.50)

= AF(z,)) = 0A%x, ).

So, the Finsler area integrand of Fj s is actually the expression, we intend to investigate.
By choosing ¢ again sufficiently small we can even assure that F 5(-) is sufficiently close to
F(z,-) up to second order such that gf;”() is close enough to gf;. (z,-) to be positive definite
on its own. Since Fy 5(-) is then especially convex, we can apply Theorem 2.3.4 to the present
situation and get that AF=s(.) = AF(x,.) — A% (x,-) is convex for § < &y = do(x, F, G,m).
O

The following lemma is a closeness estimate for Finsler area integrands. It essentially
states that two Finsler area integrands are close in a C'* topology, if the corresponding Finsler
metrics are C* close.

Lemma 2.3.10 (Finsler area closeness estimates). Let R™! be equipped with two func-
tions F,G : TR™*! = R+ x R™+L — [0, 00) with F,G € C*(R™T! x (R™*T1\{0})) and both
satisfying (F1). There is a constant C = C(m, k) such that for every x € R™*L holds

pr(F(x,) pr(G(z, ) ) K2 (et 1)kt

Pe(AC () — A¥ (2,)) <C(Gla, ) — F(z, ")) ( Fy@)  Golo)

where we set Fy(z) := min{l, mingm F(x,-)}, Go(z) := min{l, mingm G(x,-)} and pr(f) =
max{1, pr(f)} for a function f € C*(R™T1\{0}).

Proof. We start by mentioning some general observations for functions f, g, h € C*(R™*+1\{0})
with f, g > 0 on R™*1\{0}. In the following, we will denote with C'(m, k) generic constants de-
pending on m and k that may change from line to line. By the product rule (see Lemma 2.2.17)
we have

D*(fg) = Y. (g)Df’fDaﬁg (2.3.3)

0<p<a

for a multi-index « with || < k, so that we deduce

ool < Y (5)aneato)

0<f<a

Hence, we get

D)l < (Y (“))Mf)ﬁk(g) = C(m W)pe(H)pnlg)
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and consequently

Plfg) < Clmk)p(f)pnlo): (2.3.4)

Iterating the former inequalities leads to

D < CUm,k)pi(f)
for | € N, what gives

pe(f) < CUm k)L (f).

Claim: For all k,1 € N, there is a constant C' = C(m, k, ) such that
1
I
for a multi-index a with || < k. Therein, we set fp := min{1l, ming= f} and recall pp(f) :=
max{1, pr(f)}. We show this claim by induction over k. For k = 0 we do have

EIE 1 -

11 7 (min{l, ming= f})E - fY
so that the claim holds for this special choice of k. Now, say that the claim holds for O, ..., k,

what we will call the induction hypothesis, i.e. (IH). We will show that it then holds also for
k+1. Therefore, we choose a multi-index o with |a| < k+1 and represent it as o = a+e; for

D) < Clm, kD) fy VB (2.3.5)

& < k and a conveniently chosen standard basis vector e; with j € {1,...,m + 1}. Thereby,
we get
a 1 a 1
D (fl)l D (5j(ﬁ)|
& 1
ID* (7195 )
(2.3.3) @ — a—
2| (5P|

Clm, 18], 1+ 1) fg B (D)o ()

< | X (g)mm,m,m) Fo (P praa (1)
0<B<a

< (v (g)c<m,ﬁ|,z+1> fo D L )
0<B<a

= C(m,k+1,0) fy L),

what concludes the proof of the claim.

As a consequence of (2.3.3) and (2.3.5), we estimate
h . (23.3) <a) 5 g, 1
DY(— = D" (h)D¢
| (fg)| > 5 (h) (fg)|

0<f<a
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w0y (ow x (G

0<p<a 0<v<a—8
e (w7 et g o
Ve e
Cm, o= B =1, 1), Va5 9)
< c<m,k>ﬁk<h>p'}(j?’;'%§gf (2.3.6)

for a multi-index a with |a| < k. Even more, we have

|IDY(f™™ —g™™)
m—1

= |-D((f—9) ) "¢ ')

t=0
- |02§;a(g>rﬁ<fgnD“f%§§§11m91t>n
- |;%Og;a( DA = g
- &; o;a ( >Dﬁ I g)ongsgz—a <a ; B) (D7D g

SEE 2 (0o

t=0 0<pB<a 0<y<a—B
|7 ~la—B—7|
Prlf) Pla—p—s(9)

C(m7 |’7|; m — t)C(mﬂ |O[ - /8 - 77 ) m— t+|’\/| t+1+|a ﬂ 'Yl
Jo 90
<k
< Clm W] — B B:9) (23.7)
0 90

for a multi-index « with |a| < k. By using the definition of the spherical Radon transform
(see Definition 2.2.1) we get

RF(z,)() = Hm—lem—l)/Smw F~"™(z,0)dH™ 1 (0)
1 m m—
z Hm—1(§m-1) /mmgL ggé%F (z,§)dH 1( )
= grgé% F~™(z,¢)
= (max F(z, )™

= (Po(F(z, )™

for ¢ € S™ and taking the minimum over the unit sphere of the left-hand side yields

min R (@ )E) = (Po(F(e,) ™
Thereby, we get
min{LwinR(F"(,)} = (max{lmax F@ O™ = 5" (Fl@) (238
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and in the same way min{l, ming= R(G~"(z,-))} > po " (G(z,-)). By (2.2.25), where we
choose g =1, we get |R(f)(¢)| < po(|f]) for ¢ € S™ and so

po(R(f)) < polf). (2.3.9)

Now we do have the required tools for showing the thesis of the theorem. First we rewrite
by using (2.3.1):

pu(AT(z,) = A%,)) = B(RTHE"(x,)) = R™HG " (,")))

Afterwards applying (2.3.6) and (2.3.8) yields
pr(Af (z,-) = A%(z,)) < C(m,k)pu(R(G™™ (2,-)) = R(F~™(x,-)))

(
PER(E (2, ))) R(R(G ™ (x,))
pa’"<’“+”<F<x,~>>pa’"“f“)(G@,'))

Using further (2.3.9), (2.3.7) and (2.3.5) yields

pu(AF (z,-) — A%(z, )
(2.3.9)
< C(m7 k)//o\k(G_m(xv ) - F_m(x’ )
BRE™ (2, ) pg T (F (2, ) BE(G ™ (2, ) Ay * T (G, )
(237) ~ E(F(z,) pE(G(z, "))
< O(m’ k)pk(G(fE, ) - F(.I, )) ;,(r;n+k($) G6n+k(37)
BEE™ (2, ) pg T (F (e, ) aEG ™ (2, )ay T (G, )

(2.3.5) R 7 7
<" Clm pu(Gte. ) — (o) P D AL )

~k x. - k *
(mF())) po " (F(e.) E;nf% ))> 7 G )

pr(F(x,-)) pr(G(z,-)) ) E24+(m+1)k+m

2.4 Finsler area and ellipticity of the symmetrization

As we have seen in section 2.3 (i.e. Theorem 2.3.4, Corollary 2.3.6 and Corollary 2.3.8),
the ellipticity of the m-symmetrization of a Finsler metric is crucial to the investigation of
ellipticity of the corresponding Finsler area integrand. In this section, we will establish some
theorems implying ellipticity of the m-symmetrization of a Finsler metric. We start with Ex-
ample 2.4.1, where we consider a Finsler metric of a structure such that its m-symmetrization
is automatically a Riemannian metric. This construction is motivated by a similar example
of Cui, Shen in [CS09], which they carried out in an (a,3)-setting. In Corollary 2.4.2, we
consider (a,8)-metrics. A characterizing ellipticity condition for the m-symmetrization is
given in this corollary. Afterwards, we will present in Theorem 2.4.13 a sufficient condition on
the Finsler metric guaranteeing the ellipticity of the m-symmetrization in a general setting.
Further, we will discuss the merits of the former results by applying it on different sorts of so
called («, 8)-metrics, namely the Randers, two order and Matsumoto metric (see section 1.4).
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The following example exploits the structure of the m-symmetrization of a Finsler met-
ric. Therein, we present Finsler metrics of a special structure, whose m-symmetrization is
automatically a Riemannian metric. Cui and Shen [CS09] investigated such metrics in an
(c, B)-setting.

Ezample 2.4.1 (m-perturbed Riemannian metric). Let (.4, ) be a Finsler manifold with
Riemannian metric a. Let F': T4 — [0, 00) be a Finsler metric of the following form:

F(:Z: y) — ((Oz(l‘,y))_m + h(z, y))%m for all (x,y) S TE/V\O7
’ . 0 for all (x,y) € o,

where h : T4/ \o — R is continuous, (—m)-homogeneous and odd, i.e. h satisfies (b), (k)
with k£ = —m and (a). Therein, o is the zero section. In this case, the m-symmetrization F{,,)
equals the Riemannian metric «;, i.e.

for all (z,y) € T4 \o. So, F and F{,,) are Finsler metrics and therefore I' satisfies (GA3).
Corollary 2.3.9 then guarantees that A" = A® is an elliptic Cartan integrand for a choice
A =R™FL Notice that an (a, 3)-metric of this structure was mentioned in [CS09, Theorem
1.1].

The following corollary identifies the m-symmetrization of an («, 8)-metric as an («, 5)-
metric by itself and gives a characterizing condition for its ellipticity.

Corollary 2.4.2 (Ellipticity of the Finsler area integrand for (a,8)-Finsler space).
Let (A, F) be a Finsler manifold with («, 5)-metric F = a¢(§) (as in Definition 1.4.13).
The m-symmetrization F(,,) is then an («, B)-metric given by

Fiy = 09(2) with du(s) = (@) 4o (-s)H,  (241)
what is well-defined for HBH@LU < by for ol x € A and for all |s| < by, where ¢ €
C>((—bo,bo)) as in Definition 1.4.13. F,) is a Finsler metric if and only if ¢y, satis-
fies

Bm) (8) = 50y (5) + (B2 — 83y () > 0 (2.4.2)

for all |s| < b < by. Especially, if we additionally assume A = R™TL then the Finsler area
integrand AT is an elliptic Cartan integrand.

Proof. Definition 2.1.10 leads to

Fony = 2m(F"(2,y) + F " (2, —y)) "™
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2 Finsler Area

B(z,y)
a(z,y)

= O‘(mﬂy)¢(m)( )

for (x,y) € T.#". By Definition 1.4.13 we deduce that condition (2.4.2) is equivalent to F{,,)
being an elliptic Finsler metric. Notice that

(b(m) (8) > 0

holds automatically, since ¢(,,)(s) is the harmonic mean of the positive values ¢(s) and ¢(—s)

for |s|] < b < 1. Finally, if F and F{,,) are both Finsler metrics on R™*! (i.e. F satisfies

(GA3)), then is A" an elliptic Cartan integrand by Corollary 2.3.9. O
The following examples illustrate Corollary 2.4.2.

Ezample 2.4.3 (Randers metric). Let F and ¢ be as in Example 1.4.15 defined on a smooth
3-manifold .#". We can then write Fio) = ad(2)(8/a) with ¢(9)(s) = 22 (¢ 2(s)+ ¢ 2(—s)) 2.
Corollary 2.4.2 implies that F(s) is a Finsler metric if and only if

d(2)(s) = 50z (5) + (B = 5))y(s) > 0.

We compute

bals) = =2
(2) 1 ¥ 52 )
s (5) = -2s  (1- s?)s
® VIt JTts2
—2s(1+5?) — (1 —s%)s
VItst
—5(3+ s%)
Vits '
" -3 -9s2  3s52(3+s?)
¢(2)(3) = 3+ ( 5
V14 52 1+ s?
=3(1 4 3s%)(1 + s?) + 352(3 + s?)

Thereby, we get
b(2)(s) — 3<Z5/(2) (s) + (0* = 52)¢l(/2)(3)

1—s? —5(3 + 5?) 5 9.—3(1—5?)
= 5~ S 5+ (0" =8 )———
Vids V1 + s2 V1+ 52

(1 —82)(1+ %)%+ 523+ 52)(1+52) — 3(b? — 52)(1 — 5?)

Vits?
(14382 (1+ %) — 3(b* — s?) (1 — s?)
V1 +525
14457 435 — 3b? + 3b%s? + 357 — 3s?
V1 T
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1 — 3b% 4 7s? 4 3b%s?

5 k)
V142
where the last expression is positive if and only if |s] < b < by := %, especially in the case

s = 0. Hence, F(2) is a Finsler metric for ||5H3‘m < % for all z € 4. In the case that we

choose A4 = R3, then AT is an elliptic Cartan integrand and we reproduced the bound on
18]1z|, of [SST04] and [CS09, Example 6.1].

Ezample 2.4.4 (Two order metric). Let F' and ¢ be as in Example 1.4.16 defined on a smooth
3-manifold .4". We can then write F(o) = a¢(s)(8/a) with ¢2y(s) = 23 (¢ 2(s)+ ¢ 2(—5)) 2.
Corollary 2.4.2 implies that F{s) is a Finsler metric if and only if

B(2)(5) — 505 (5) + (07 — s%)d(zy(s) > 0.

We compute

day(s) = 25((A+s) P+ (1—s)H72
_ (1 _ 52)2
VI+6s2+ 51
/ 0 —s(1—s%) (1—5%)2(6s +2s%)
Dy(s) =

VI+6s7 st VIt 652 1 st
—4s(1 + 652 + s*) — (1 — s2)(6s + 25%)

V14652 + S
_ —ds— 2453 — 455 — 65 — 253 + 653 + 255
VIits?

_ —10s - 2053 — 255

V1+6s2+ s

” —10 — 60s% — 10s*  3(5s + 1053 + 5°)(12s + 45%)
¢(2)(5) = 7+ 5
V14652 + st V1+6s2 + st
—(10 + 6052 4 10s%)(1 + 652 + s*) 4+ 3(5s 4+ 105> + 5°) (125 + 45%)
= 5
V146524 st
 —10+ 6052 + 405* + 3655 + 25°
V1+6s%+ 55

Thereby, we get

br2)(s) — 5¢l(2)(3) + <b2 - 52)¢,(/2)(5)

(1—s%)? . —10s — 2083 — 2s° —10 + 60s? + 40s* + 36s° + 2s°
VI+6s2+sT  /T16s2+ 5% VIT6s2 1 st
(1 —10(b? — %) + 652 + 5% + (1452 + 105" + 6° + %) (1 + 6% + s%)

5
+ (b2 — 52)(60s2 + 405 + 365° + 258))/(\/1 652+ st )

+ (b2 _ 52)

where the last expression is positive if and only if s < b < by := \/%TJ’ especially in the case
s = 0. Hence, F(2) is a Finsler metric for ||B|\a|w < J%*o for all z € 4. In the case that we

choose .4 = R3, then AT is an elliptic Cartan integrand and we reproduced the bound on
HBHa’z of [CS09, Example 6.3].
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Ezample 2.4.5 (Matsumoto metric). Let F' and ¢ be as in Example 1.4.17 defined on a
smooth 3—n11anif01d . We can then write Fio) = ag)(8/a) with ¢(2)(s) = 27 (¢~ 2(s) +
¢~2(—s))"2. Corollary 2.4.2 implies that F5) is a Finsler metric if and only if

b(2)(s) — 5¢(2)(5) + (b2 - 52)¢(2)(5) > 0.

We compute

Thereby, we get

b(2)(5) = 50(2)(5) + (b7 = 8%) Pz (s)
1 g —s —1 + 252
V1+s? Vits? Vitse
(1+s%)2+ (1 + %) + (b* — s%)(—1 + 25?)
VIits?
1— (6% — s%) + 252 + s* + s2(1 + %) + 25%(b? — s?)
V1+ 52

where the last expression is positive if and only if |s| < b < 1, especially in the case s = 0.
Hence, F(z) is a Finsler metric for \|B||a|x < 1 for all z € R3. F is a Finsler metric for

18]la|, < 1/2 for all z € R® by Example 1.4.17 and so is F{s), what implies (GA3) for such
a bound on Hﬁ||a’z for all z € 4. In the case that we choose .#" = R?, then A¥ is an elliptic
Cartan integrand and we reproduced the bound on ||BH&’1¢ of [CS09, Example 6.2].

+ (0% — 5?)

Y

In the following, we present a sufficient condition guaranteeing that the m-symmetrization
F() of a Finsler metric F' is indeed a Finsler metric by itself. Before we present this result,
we give some basic definitions and combinatorial theorems, which are useful to prove the
implications of the aforementioned sufficient condition.

Definition 2.4.6 (Even and odd part of a function on the tangent space). Let .4
be a smooth n-manifold (with boundary) and F : T.#" — R be a continuous function on the
tangent space. We define the even part (or symmetric part) Fs : T4/ — R of F as

F(z,y) + F(z, —y)

F,(z,y) := 5 for all (z,y) € T A, (2.4.3)

and the odd part (or antisymmetric part) F, : T/ — R of F as

Fuloy) = L&Y _2F @29 for all (,y) € TA. (2.4.4)

Thereby holds especially that
F(z,y) = Fy(z,y)+ Fa(z,y) (2.4.5)
for all (z,y) € TN .
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2.4 Finsler area and ellipticity of the symmetrization

Remark 2.4.7.

e F, and F, are at least as regular as F', as they are just linear combinations of instances
of F.

o F:T.¥ — [0,00) satisfying (F1) implies directly that the even part F is non-negative,
positive away from zero and homogeneous of degree 1, so satisfies (F1) on its own.
Further, if even more F satisfies (F3), it can be easily shown that the fundamental
tensor (gs)ij = gf; is positive definite. So, F also satisfies (F3). All together means
especially that Fj is a Finsler metric if F' is one. Notice that Fj is reversible as a Finsler
metric by construction.

e In the following, we state some simple relations worth mentioning:
(Fs)yi(xy_y) = - (Fs)yi(x7y)v (Fa)yi (1‘, _y> = (Fa)yl(may)7
Fyi (x7y)§,b = (Fa)yi (‘Tay)gla Fyi (93, _y)gl = (Fa)yi, (xay)€l7

for all (z,y) € T4 and & = (¢') € R™ with (Fy)y, (z, —y)&" = 0. Therein, we assumed
A to be a smooth n-manifold and F € C*(T.¥).

In the following definition, we extend the definition of binomial coefficients to negative
integers in the lower argument.

Definition 2.4.8 (Binomial coefficient). Let m € Ny and k € Z. The binomial coefficient
indexed by m and k is defined by

m!
(m) :: e for k € {0,1,...,m}, (2.4.6)
k 0 else.

with Ol:=1land m!:=m-(m—1)-...-2-1form e N.
Theorem 2.4.9 (Pascal’s rule (cf. [Mer03])). Let m € Ny and k € Z. Then holds

m m
frng . 2.4.7
(5) = (%) (24
If we assume m € N and k < m, then holds
m m—1 m—1
= . 2.4.
(0 = ()G (245)
Proof. We start by showing (2.4.7). Let m € Ny and k € {0,...,m}. Then holds

(V) = ww

m!
(m—(m —k)){(m —k)!

_ (m"j k)

On the other hand if k ¢ {0,...,m} thenis m — k ¢ {0,...,m} and it follows

(1) =0 = ()

Now we come to show (2.4.8). So, let m € N and k € {1,...,m}. We then compute

(mk_1> + (Z_D = k!(v(nm_ll)!k)! T (T)!zn?! B!
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B (m — 1)! 11

SRS B A TA

B (m—1)! m

T k- D m—1— k) k(m —k)
m!

T Kl(m— k)

I
Y
& 3
N———

For k£ = 0 holds

and for k£ < 0 holds
(&) =0 = (") (5)
k k k—1
This concludes the proof. O
Theorem 2.4.10 (Binomial theorem (cf. [Mer03])). Let m € N and z,y € R. Then holds
(z+y)™ = k; <k>x’“ym b= ;::O (Z)mm’“y’“. (2.4.9)

Proof. We show the claimed first equality by induction with respect to m. The initial step
= 1 follows directly. Then we assume as induction hypothesis (IH) that the claimed
relation holds for some m € N. We show now that claim then follows for m + 1:

(+y)™™ = (@+y) - @+y)"

IH _ m
Wy (k) kgt
k=0

£ E e

k=

m—+1 m
I=k+1 T plymt1=1 my _k YLk
S () ()

=1 k=0
m
lk+1ym+1+xm+l+z<m xkmerl k+z( > km+1k
k—1
— gml m+1 m m kg1 —k
y™ 4 +Z( 1)+(k>

+1
(248) m+1+xm+1+z< )xkym-&-l k

m—+1
= ()

k=0

what shows the claimed first equality for m + 1 and thereby concludes the proof by induction.
The second stated equality stems from an exchange of the role of x and y. O
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2.4 Finsler area and ellipticity of the symmetrization

Lemma 2.4.11. For m € N, m > 2 holds

EY
() ) 2 > 2.4.1
2 ((2k+1) (2k>)x z 0 (24.10)

for x € R with 22 < ml_l. For m =2 orm odd it is sufficient to assume x> < 1.

(]

Proof. The proof will be split in four distinct cases, namely m = 2, m = 2¢+1, m = 2(2¢+1)
and m = 4q. Before discussing each case, we give a set of useful and simple identities for

binomial coefficients:
m m
= 2.4.11

m m m+1-—-2l/m+1
<l)_(l—1> T m+1 ( l ) (24.12)
formeNand ! € Z,

(D-(") - w5 ) -am= (i) e
() -05) e
for m € Nand I € Z\{m,m + 1}.

Case 1: Let m = 2 and 22 < 1. Then holds

S ((2)-G)= - @)-()-()

= (2-1)2"+(0—1)2?
= 1-2°

> 0
for 2 < 1 as stated.

Case 2: Let m = 2¢ + 1 for ¢ € N and 22 < 1. By (2.4.11) and multiple change of the
summation index we get

) @) () ()

m::qﬂkzzo ((21;1 1) B (ZZ)) o kz::o ((2(6177z k)) - (2(q —n;) + 1)) -
S E () G) B ) ()
()
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By (2.4.12) we know that ((2;’11) - (g;;)) is non-negative for 2(2k +1) < m+1 = 2¢+ 2
or more precisely k& < ¢/2 and is negative otherwise. Since x? is less than one the term
22k — 22(a=k) ig non-negative for 2 # 0 if and only if 2k < 2(q — k) or more precisely if
k < q/2. Both estimates combined yield that the product ((2,:11) - (g;)) (z2F — 22(a=R)) is
non-negative for k = 0,...,q. So, we showed the theorem’s statement for m odd.

Case 3: Let m = 2(2¢ + 1) for ¢ € N and 22 < L.

m—1

- > ((%ﬁ 1) ) (;Z)) o k_i:: ((mﬁ 1) ) (;Z)) e

k=0

(2.4.14)&(2.4.15) i m m—1 m—1
> 1= m _ 2k
= v +kz:m2k<(2k+1) ( 2%k ))x

=0

+ i m m—1\ (m-1 2%k
2 m—2k \\2k+1 ok )"

k=q+1
12§7n>1—1zq: m m—1\ (m-1 22k
- k:om_2k 2k+1 2k
2q
m m—1 m—1 2%k
2 T <(2k+1)_( 2% >>‘"E ’
k=q+1

where we used

((a00) = (7))

m—1

T, ((;O—;l) - (“; _—01)) 20 (2.4.15)

Again, we know that ((;’;;11) - (";;1)) is non-negative if and only if 2(2k+1) < m =2
what is equivalent to £ < ¢. On the other hand, we know that 1 < m:”% < % <m—1 for

0 <k<2qand m > 2. So, we get

= 3 () - ()= e X e () - ()
S () B () ()
=8 (o) - ()=
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=3 () - (7 )

() ()
+ 3 (i)~ gy
o () - () B () - () e

- () - ()= +Z (<2k+ ) ("))

Remember that ((;’,;i) — (mz;l)) is non-negative for £ < ¢. Further, given the fact that

2?2 < Lo g < 1 we have 22k — 2(2a=k=1) > 0 for 2k < 2(2¢—k — 1), which means for k < q—
what is fulﬁlled So, the assertion follows for m =2(2¢+1).
Case 4: Let m = 4q for ¢ € N and 22 < m_l

vV

e E () ()
Ea()-0a)
() ()

Again, we know that ((;’Zfl) - <7n2;1>> is non-negative if and only if 2(2

k
what is for k£ < ¢ — % On the other hand, we know that 1 < " <
0<k<2g—2and m>2. So, we get

> () ()
2o ()]
q1<<2k+1> (")) 2k+qz () - ("))

k=

SE

_l_
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e () -(a))
() - ()= 2 () - ()=
(( )(

" QQX_? <(m - 1m—_(21k v 1)) (m T—n1_—12k>> S

e ()
S G E ) G
= llzm+<<m 1) mm 2>>zm 2
+Z_1(<;;+11> ( ))(xzk 2(20-k-2))

The term ((%J&)

Further, given the fact that 22 < —1— <1 we have 22 —%(24=%=2) > 0 for 2k < 2(2¢—k—2),
which means for k < ¢ — 1, what i 15 fulﬁlled So, this leadb to

(mz;l)) is non—negative for 2(2k:+ 1) < m = 4q or more precisely k < g—3.

17

Za ((%nl 1) B (;ll)) -

2
— m—l—x’”—m(m_?)) m—2
2
— o —1_gm2 2+m(m—3)
2
m—2
Z
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m>4 —
> m11<1+m<m3>>

So, the assertion follows for m = 4q. O

Lemma 2.4.12. Let m € N. Then holds

—

g2

( <2k:njr1>xzk+l)2 <

> (;Z) 222 (2.4.16)

for |z < 1.

Proof. First of all, we assume z € [0,1] := {z € R: 2 > 0 and = < 1}, since the left hand side
of (2.4.16) can be rewritten to

%]

( 0<2kﬂil>x2k+l)2 = () (21«711):”%)2

k= =0
[ %] m
— el ( )|x|2’“>2
2 \2k 41

3,
_ 2k+1\2
= ( (2k 4 1) =75

k=0

w3

and on the right hand side do only appear even powers of . By means of (2.4.9) we can
rewrite

—

3]

m 2 1 _ 1 m m
flz) = k_o(2k+1>xk+ = 5((14—1:) —(1-2)™)
and
o) = ) (%) = S+ +1-n)")

for z € [0,1]. We intend to show that f(z) < g(z) on [0,1) := [0,1]\{1}, what would prove
the claim by taking the square of the non-negative values on both sides. Hence, it is sufficient
to show that

h(z) := g((z; < 1

on [0,1). Notice that h(z) is differentiable and well-defined on [0, 1] since g(x) > 0 for all
x € [0,1]. The derivative of first order of h(x) yields

Dh) = () (1)) (2g()
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S (1 2™ = (L= )™ (L )™ = (1= 2™ ) 2g(e)
=m0+ (=) ()" + (=)™
()" = (=)™ (1 + )" = () ] 2g) 2 o,

since
Lt+a)™ > -2,
QI+ = (1-2)7,
Q+)" P+ (1) > (L) = (L—a)" ]
and

Q4" +(1-a)" > (1+a)"—(1-2)"

for z € [0,1]. Notice that all the inequalities are strict for « # 0 and hence <-h(z) is positive

n (0,1] :=[0,1]\{0}. So, as h(x) is monotonically increasing on [0, 1], strictly monotonically
increasing on (0, 1] and since h(0) = 0 and h(1) = 1, we have shown that h(z) < 1 on [0, 1).
As h(z) > 0 is positive for all z € (0,1], we even get h(x) < 1 on z € [0,1). This concludes
the proof. O

Now we have all the ingredients to show the following theorem, which gives a sufficient
condition imposed on the Finsler metric I to guarantee that the m-symmetrization Fi,,) is a
Finsler metric.

Theorem 2.4.13 (Sufficient condition). Let (A, F') be a Finsler manifold such that the
Finsler metric F' satisfies the following two conditions:

d, F, 2
sup M < L forall (x,y) e TN, (2.4.17)
cero {0} 95 (@) (&5 E) m+1
sup  Fo(2,9)(Fa)yylz,y)(§,€) < 0 forall (z,y)eTN. (2.4.18)
CET, N

Then the m-symmetrization F(,) of F is a Finsler metric on A, i.e. F satisfies (GA3).
Notice that Fs and F, are the even and odd part of F, respectively, and we define

d )
d F, |(w,y)( ) = *|t=0Fa($ay+tf) = (Fa) 'i(ﬂjyy)fZ’
(Fa)yy|(w,y)(£’w) = |s Odt‘t oFa(z,y +t6 +sw) = (Fa)yiyi (x,y)é"wj,
d d F? P P
w&w) = leogleo(G)@yH e +sw) = gif (z,y)¢'w’

for (z,y) € TN, bundle coordinates (z*,y") on TN and & = &2 g7 W= "Jiazf? e T, N.

Corollary 2.3.9 then guarantees that A¥ = AFem) is an elliptic Cartan integrand for a choice
N =RmHL,

Remark 2.4.14.

e The condition (2.4.18) is especially fulfilled if the odd part F, of F is linear or constantly
zZero.

e By standard linear algebra we know that

su (d F, |(ac,y)(’£))2 . Fy\ij T (2 .
gen}\m} T lenEO (7)) (2, y) (Fa)yi (2,9) (Fa)ys (z,9)
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=: (!JFS)*|(x,y) (dyFal(z,y), dyFal(z,y))
Id, Ful |,

z,y)’

where the latter two quantities are globally well-defined scalars due to the right trans-
formation behaviour of the defining local coordinates expressions. So, relation (2.4.17)
is equivalent to

1
vm+1

This gives the first condition a very geometric interpretation in the following way: F
is the sum of a reversible Finsler metric F; and an odd perturbation F,. If the dif-
ferential w.r.t. the second argument of the perturbation term F,, measured in the
dual norm issued from Fj, is smaller than a dimension dependent constant, then is the
m-symmetrization F{,,) a Finsler metric.

ldyFallz < on TN (2.4.19)

e Let (R™1 F) be a Finsler manifold such that (2.4.17) and (2.4.18) hold. F then
satisfies (GA3) by Theorem 2.4.13 and consequently A% is an elliptic Cartan integrand
by Corollary 2.3.8.

Proof of Theorem 2.4.13. First of all, we start with some relations that hold for every homo-
geneous function f : T4 — R of class C?(TA4"\{0}). These relations follow quite directly
from Euler’s theorem (see Theorem 1.4.3, Example 1.4.5). Namely, such an f satisfies
fyilz,y)y' = flay),
Sy (@ y)y’ =0,
y

P Nwy@w) =y (fyi(@,9) fyr (@,9) + F(@,9) fyyp (@, y)w’
f(@,) fyi ()0,
PNy Wy) = Fl@9)fy(ey)y’
= fzy)

for all z = (2) € A and y = 3 827;, w = wia‘zi e TV with y # 0. We will use them

throughout the proof without mentioning them especially.

Let throughout the proof (z,y) € T-4"\o with bundle coordinates (z°,y’). To show the
claim, we look at the m-symmetrization F{,,) of the Finsler metric . We intend to show
that F(,,) is a Finsler metric, i.e. that F{,,) satisfies (F3). Remember that we defined in
Definition 2.1.10 the m-symmetrization F(,,) as

1 1

Fl(@y) = 25(F " (z,y) + F"(w,~y) "+

So, the m-symmetrization F{,, is nothing else but the so called m-harmonic mean of F'(x,y)
and F(z,—y). It is easy to see that Fi,,,y € CO(TA") N C®(TA"\o0), since F{,,) depends in
a relatively direct manner from F € CO(TA") N C>(TA\o). We also deduce directly that
Fimy is homogeneous and F{,,) > 0 on T.#"\o by construction, i.e. F(,, satisfies (F1) (see
Remark 2.1.11).  So, the last thing, we need to discuss, is the fundamental form gftm of
Fiin)- In other words, we need to show the ellipticity of Fi,,).

We start by decomposing F' in its even and odd part, namely F' = F 4+ F, with

Fs(xay) = Fs(xa_y) and Fa(xay) = _Fa(xa _y)
Reversely, we can write

Foz,y) = (Fly+F,—-y)/2 and Fiz,y) = (Fz,y) - Fz,—-y))/2,

121



2 Finsler Area

Remark 2.4.7 implies that Fj is a reversible Finsler metric, since F' is a Finsler metric. Hence,
F is especially homogeneous and Fs > 0 on T.#\o. Some arbitrary tangent vector w =
uﬂ% € T,/ can be decomposed into w = ay + &, where o € R and & = 53% € T, N with

9@y :8) = vl = Fua,y)(F)y(zye = 0 (2.4.20)

Notice that the latter condition poses a real one, since we deduce that g (@)Y, y) =
((Fs)yi(z,y)y")* = F2(x,y) > 0 by Euler’s theorem (see Theorem 1.4.3). The decomposi-
tion of w can be constructed in the following way:

F. F.
[ (ac,y)(va) g s (ac,y)(yaw)

w o= eyt (0 - T ——y) = ay+&.
95wy (> Y) 9% (2) (U:Y)

Now we start to compute the fundamental tensor of F{,,). Choose some arbitrary w € T, 4",
and decompose it as mentioned above to w = ay 4+ & with o € R and £ € T, .4 such that

95 ) (6:6) = g5} (2,9)& = Fu(y)(Fo)ys (2, )& = 0. Hence, we can write

gF(m)

@y w) = g ™| (1Y) + 2097 (4 (1, €) + 970 (1) (6,6, (2.4.21)

Again, using Euler’s theorem (see Theorem 1.4.3) and the homogeneity of F,,), we compute
Fm) (y,y) in the first term on the right-hand side of (2.4.21) to be

the expression ¢ (z,)
7 Fem 1
9" Nen@y) = v (@,y)y
= Y (Fm)y (@ 9) (Fimy )y (2, 9) + (Fon) ) (@, 9) (Flam) )yigs ) (@, 9)
= Foy(®). (2.4.22)

For the next steps, we compute explicitly the componentwise derivatives of F{,,), where we
make use of the representation of F{,,) in terms of F :

1 m —(m —(m
(‘F(m))y7 (1'7 y) = §F(m4)r1(x7 y)(F (m+1) (1[,’, y)Fy7 (.’E, y) - F (m+1) ((E, _y)Fu’ (CU, _y))a

1 m —(m —(m
Foyr o) = {GE0 @)D ) By ) = F- 40 -) o) |
y7

2
= PR ) (P ) By (o) - F 00, 9) o)
(PO )y ) - PO ) F )
b 5 ) (= et DFO ) By () By )
— (m+ D)F~ " (@, —y) Fyi (@, —y) Fys (, —y)

=+ Fﬁ(m+1)(377 y)Fyiyj (xa y) + Fﬁ(m+1)(xa _y)Fy’iyj (l‘, _y)> .

Thereby, we compute the expression gfm |(z,9) (¥, &) in the second term on the right-hand side
of (2.4.21) to be

i Fm ]
9" w6 =Yg, ()¢

F(m) (33, y) (F(m))yj (‘Ta y)fj

m—+2
F(m) (:L" y) ij ($, y) ij (.I', _y>

= 2 (Fm-‘rl(x’y) o Frotl(g, _y))gj
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Fot2(z,y) 1 1

2 (Fm“(x, y)  Fri(e, —y)

)(Fa)ys (z,9)8,  (2.4.23)

where we exploited in the last step that

0 = (R)@nf = 5(Fp(ey) - e —y)E
and therefore
(Fa)yi (2, —9)€" = (Fa)yi(z,9)€'
= S(Fy(@y) + Fplw, )€
= Fyi(z,y)¢".

In the same way, we compute the expression gfm |(2,y)(§, &) in the last term on the right-hand
side of (2.4.21) to be

e (66 = Egi M (x,y)€
= 5 ((F(Tn))yi (xvy)(F(M))yj (:my) + F(m) (xvy)(F(m))y'yj( y))gj

_ m+2F(2$+2(x,y)<( Fyi(x,y) FyJ(xx _)))53>

F(m)

4 Fm—i—l (Z‘ y) Fm—i—l (
Fod* (@) (€ F(2,9)Fys (1,9)6 mt 1 .
(m vy Y (2 i
e (R - g e )
El ( )Fyyf( )53 m+1 (. — i) 2
Frm+2(z, —y) Fm+2(gc7 ) (Fyf( —Y)E ) >

T4 T m (x’y)(Fm“l(x y) Fm“(lx —y))z((Fa)yj(x’y)fj)z

+F{£;T2< >(§Z (&, 9) Fyii (2, 9)€0 — (m + 1) ((Fu)yi (2, )€
2 Fm+2(x,y)

| EF @ =y Fyy (@, =9)€ — (m+ 1)((Fa)y <x,y>e‘>2)
Fm+2(x’_y) :

In the following, we replace the respective terms in (2.4.21) by (2.4.22), (2.4.23) and (2.4.24).
So, we get

. m+ 2F2m+2

(2.4.24)

gF(m) | (z,y) (w7 w)

= aF(,(z,y)

Fi(x,y) 1 1

e 2 (Fmﬂ(x,y) - Pty ,y))(Fa)yJ‘ (z,y)¢
1

+ o e y)(( - ) (Fa)ys (@ y)€j>2
4 M ’ Frtl(gy)  Frntl(g, —y)’ " YY"

i F{:LnJ)r2( ’y) (sz(xay)FylyJ (x7y)€j - (m —+ 1)((Fa)yi (x)y)gz)Q

2 Fmt2(z,y)
| S =) Fyys (0, = (1) (P (,0)€)
Fmt2(z, —y) '
Choose € € [ﬁ, 1] and by completing the square it follows that

gF(m) |(a:,'q) (w’ UJ)
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- (%F(m)(l"v W+ 3 Fmy (@ ’y)<(Fm+11(x,y) - F’"*lgx, —y))(Fa)yj(x’y)g)>2

+ (1 - 52)042F(m)(50,y)
m+2 1 .. 1 1 N2
* ( 4 B @)F(in)+2($, y) <(F7"+1(JJ, y) N F"H—l(.’II, _y))(Fa)yj (IE, y)€j>

+F(:;§2< >(§ F(a,y)Fyis (2,9)€ — (m + 1) ((Fa) s (2, )€

2 Fmt2(z,y)
L EF—y) Fyys (2, —9)€ = (m+ 1) (Fa)y (,9)8)”
Fmt(z, —y) '
Now we look at a part of the former expression. Set 6. = L-s-z — 4—2, whereby 4. € [0, T+1]
due to the choice of € € [\/"17”, 1]. We define
P(x’ y7 5E7m7 g)
m 1 1 2 )2
= 2§5F(m)(x,y)(Fm+1(x ") — Frovi(s, 7y)) ((Fa)y1($7y)€)
1 )
+ FMT()(S (@, y) Fyiys (2,9)€7 — (m + 1)(§"(Fa)yi (,9))°)
1 . .
+ m(glF(x, —y) Fyiys (2, =y)& — (m + 1)(€' (Fu)yi (2, 9))?)
1 (F" M ay) = Pz, —y)? i\2
= 20, —— Fo)yi(,
PGP R e )
+ F 2 (@, —y) (§F (2,y) Fyiyi (2,9)€ — (m+ 1)(§'(Fa)yi (2, 9))?)
+ Fm+2(-ra Z/) (ng(xa _y)Fy'iyJ (l‘, _y)gj - (m + 1)(£Z(Fa)y‘ (xa y))Q) s
where we used the binomial theorem (see Theorem 2.4.10) and F' = F + F, to write
1
Fim (=:9) 2(F’"(ﬂs,y) e fy)>_1
_ 2F"(zy)FM ()
Fm(xa y) + Fm(x’ _y)
— 2Fm(.’£,y)Fm(x,—y)
(Fs(z,y) + Falz,y))™ + (Fo(x, —y) + Falz, —y))™
_ 2F™ (z, y) F™ (z, —y)
(FG(xvy) + Fa(l’7y))m + (Fg(l’,y) - Fa(x7y))m
_ 2F™ (z, y) F™ (x, —y)
Yo PR (@, y) Fh (2, y) + 300 F M@, y) (= 1)FFE (2, y)

V2L E I (2, ) F2R (2, y)

Remember that for k,m € Ny, (T]Z) denotes the binomial coefficient, for £k > m and k < 0
we set (') := 0 (see Definition 2.4.8). By multiplying P(y, 6., m) with a positive factor we
obtain

Q(Z‘?y? 587m7£)
L5 ]
= (Z (50 et y)) P ) PP 0, ) Pl 6, m, )

k=0
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2.4 Finsler area and ellipticity of the symmetrization

Hence, we can express g (w,w) in the following way

gF(m> l (z,y) (U}, w)

1 1
m—+1
<Oz€F(m)(.T, y) + F(m) (x, y) <(Fm+1(ac, y) - Ferl(x,

+(1- 52)042F(m)(x, Y)
+ P(x?y7 687ma€)

2

(s (x,y>5j))2

-y

+(1- 52)a2F(m)(x, Y)
Q(‘r’ y? 55’m7 5) .
(ShES GO P2 () 2, ) ) P2, y) ot (a, —y)

(2.4.26)

We see in (2.4.26) that it is useful to investigate the expression ) regarding its positivity,
what we will proceed with. As in (2.4.25), using F = F + F,, the symmetries of F, F,, and
multiple use of the binomial theorem yields

Q($7y’687m7£)
1)
- [z (g}ﬂfl)F:l2k<x,y>F3k+1<x,y))"’((Fa)yi (& 1)E')
=0
= 2k 2k m+2 m+2 )k 2—k k
+(§(%)FW (e, ) E2¥(2,) ( FP2 b () F (2, )

k
(& (Fo(,y) + Falz,y)) (Fs)yiyi (z, y) (Fo)yiysi (2, 9)& — (m+1)(§(Fa)i (z,9))?)
m+2
+( <2k>Fm M a, y) F2* () ( <m+2)F’”+2 M@, y)Fr (2,y))

(€ (Fu(@,y) = Falz,y))(Fo)yiys (2,y) = (Fa)yiys (2,9)€ — (m +1)(€' (Fa)yi (2,9))%) |-

As we do have dependencies on (z,y) only and none on (z,—y) any more, we will omit from
now on the dependencies on (z,y), where possible. Regrouping yields

Q(z,y,0e,m, &)
LF]
m—+1 2
_ F’m—ZkFQk-‘rl
|:(85€( Z (2k + 1) S a )
k=0
L) Ll m 4+ 2 ;
—2(m + 1)( <2k> Fm2k g2k ( ( o )Fsm+2—2kFa2k>> ((Fa),€1)?
k=0 k=0
[%] m [Z]+1 42 _ _
+2( (Qk F;nisztfk)( Z < o2k >F;n+2Zkng)gl(Fs(Fs)y’iyj +Fa(Fa)y’iyf)§]

Lm;lj+1

e
3
%
ol
%
N

)
)

( m+ 2>Fm+1 2kF2k+1)

= 2k+1

125
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Further regrouping and an index shift lead to

Q(xvya687m7€)
L] mt 1 )
_ m—2k 22k+1
N {<855(Z(2k+1)F8 F)
k=0
L% ] m L3]+1 . ‘
_2(m+1)( <2k>F;n2kF3k)( ( ok )F;n+22kF3k)>((Fa)yifl)2
k=0 k=0
[%] L2 ) +1
M\ Lm—2k 2k m+2\  (mA2\ o ok ok
ca( (g X (M) - (G e
k=0 k=0
gl(FS(FS)yiyf )5
L%] [%5]+1
m m+ 2 m+ 2
2 Fm—QkF2k _ F7n+2—2kF2k
w203 () (0 (" 7) - Gul e
k=0 k=0
€U

Further simplification of the computation can be performed by assuming additionally w.l.o.g.
Fy(z,y) = 1 (2.4.27)

due to a scaling argument exploiting the 0-homogeneity of gt |(2,y) in its reference direction
Y, ie. gF(m) |(w,y) = gF(m) |(w,y/F>) SO7 we get

Q($7y76€ama§)
L%
m+ 1\ opi1\2
= F
{(855(2 <2k+1> « )
k=0
Lz] m [Z]+1 4 2
—2(m+1)( Fa%)( ng) (Fa)yi€)?
2k 2k
k=0 k=0
L% [m L | +1
m\ 2k m+ 2 m+ 2 oI i N
+2( <2k;>Fa )( Z (< 2%k ) <2k—1 )F, )f (Fs(Fs)y’yJ)f
k=0 k=0
L% [F]+1
m\ ok m+2\  (m+2 . o
+2( (Qk)Fa )( (( o ) (%H VE2R)E (Fa(Fa) iy )€ |
k=0 k=0
In a next step, we set specifically §; = mT—H and hence & — 1. We assume even more that

& # 0 with (2.4.20). So, we get

Q(xuy7617m7 )
1%
+1
= [2(m+1)<(k_0 (g;f—kl) a2k+1)2
3], EI |
S (G (M) e sy
k=0 k=0
13 [ 41
m b m+ 2 m+ 2 N i o\
223 ()0 X (") - () e e
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L%

w23 ()72

m + 2 m+ 2 ok i .

— F E (Fy)yigi )ET|. (2.4.28
> (") - (5 )eerra ] @azs)
Now we consider the coefficient of & (F,(Fy),iyi )€ in (2.4.28). By Lemma 2.4.11 we see that

Lz]+1
m+ 2 m+ 2 ok
— <
> (") - G <o

k=0

k=0

where the assumption of Lemma 2.4.11 is fulfilled, since by means of (2.4.17) we deduce not
only that

(dyFa|(w,y) (77))2 = ((Fa)y" (1‘7 y)ni)2 <

for all n € T,,.# but also by means of Euler’s theorem (see Theorem 1.4.3) and choosing n = y
that

1
m+1

9" (. () (2.4.29)

Fizy) = ((Fa)y(zyy)’

1 F
m7+19 (z,y) (v, ZU)

1

= myi((FS)yz (2,9) (Fs)ys (2,y) + Fis(x,9) (Fs)yiys (2,9))y’

1
= —— [?
Foy=1 1

m+1

<1 (2.4.30)

Therefore and with condition (2.4.18) the expression

5]

23" () P

k=0

o

L)+t

(") - (2 pre@ e = 0 @asy

k=0

is non-negative. Now we look at the coefficient of ((F,),:£)? in (2.4.28). By regrouping and
(2.4.8) we get

L5 ]

( m lewrz)(L%J m+1 sz:)Jr(
‘ 2k+1) ¢ ‘ 2k +1 @

k=0
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[ %] m [ %] m [ 5] m m1
_ 2k 2k 2142
(3 (5)m 0 () re s () + () ez
k=0 k=0 =0
L%] m L% m+1 m L% m 2
_ 2k+2 . 2k\ 2k
= (X () () - G - (2 (5) 7
k=0 k=0 k=0
[z m L% m
= <2k+1>F§k“)2—( <2k)F§k)2 < 0, (2.4.32)
k=0 k=0

where the last expression is negative by Lemma 2.4.12, since F? < 1. The rewritten coefficient
of ((Fp),:&")? together with (2.4.29), (2.4.31), (2.4.32) and £ # 0 lead to the estimate

Q(xayvélamv )

L] L%
- (- (G
L% [ 41
m m+ 2 m 4+ 2 g
(3 (5%) 7 > ("5 - (5 e eo
+ (2 (g )0 X2 (T o 1 1 ) Fa)E (FulFa)yiy
k=0 k=0
L5 ] L]
(2.4.31) 2 £ ‘
L% [ ] +1
m ) m 4+ 2 m+ 2 ) X
+(k:0 (2k>F3k)( 2 (( o )— (le))kamF (as)}
Bl L2
(2.4.29)&(2.4.32)
(e e
=0 =0
L% [ 41
m m+ 2 m + 2
+ (kZ: (2]€ Fa2k)( — (< 24]; > - <2kt 1>)Fa2k)>ng(€7£)
=0 k=0
L%
(AN
[%] [+
+ 2 +2
@ )6 e

where we used also the identity
gFS |(17,y) (57 g) = 61((Fs)y1 (x’ y)(FS)yj (mv y) + Fs(x’ y)(FS)yiyj (ajv y))gj
((Fs)yl (.Z‘, y)fi)2 + fi(FS(Z‘, y)(Fs)yiyj (x7 y))§J
= E(F(@,y)(Fo)yiys (2,9))€

for the special choice of & # 0 in (2.4.20). Notice the following identity, where we made
multiple use of (2.4.8):

()G - ()6
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= )+ (65~
- )@

This in conjunction with some index shift and multiple use of (2.4.8) leads to

V
[N}
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M T
— O

SEA|

— O

M

+
—~
L
M N
N\ N YOl 1;_‘\ N VOURS VO TN
ol
+ 3
—_
N~
&
[
>
JF
[\v]
S—
—~
bl
Il
[en}
N
X3
=yl
N
o
>
S—

. O

i
”I
—
&
7N
—~
=
+ 3
—_
~_
%
>~
+
—
SN—
—
—
N
S
+ 3
—_
~_
|
N
X3
=~
N
oL
>
JF
=
SN—"

— —
SEN|
— O

e

— O

x
N

;;c ES)( - ((21? 1) - (m; 1>)F§”2)>9F5(§,£)
() - ()

3 s )+ ) - ()

—

Il
[N}
VRS
—~

b
I
— o

— O

S|

o

(2.4.8) m 2k+1 m _(m 2k+1
2((30 (70 )21 ) - (G )res)
k=0 k=0
E3 =L
mY\ ok m+1\ (m+1
O A LT DRI B G
k=0 k=0

k=0 k=0
L] m [ ] mt1 mt1
2k _ 2k+2 F,
+(Z (2k>Fa )( ((2k+1> ( 2]€ >)F(L ))g (575)
k=0 k=0
(2.4.8) 2 m+1 2 m m
2k _ 2k+2

129



2 Finsler Area

5] L7

@ T - (s

k=0
for ¢ # 0 with (2.4.20). Therein, the last expression is non-negative, since g | (&, &) is
non-negative as well as
2 m m
( ( ) ( > )F2k+2 > 0
— 2k+1 2k
and
ey m+1 m+1
( _ )F2k+2 Z 0
2k +1 2k @
k=0
hold by Lemma 2.4.11, where we used also that F2? < m—H by (2.4.30). So, we conclude that
Q(Ivya§17m7€) > 0 (2433)

for £ # 0 with (2.4.20).

Now back to the general problem. Again, choose an arbitrary w € T4 \{0}. Represent
w=ay+ & with « € R and £ € T,/ such that gFS|(w7y)(y,§) = 0. If £ =0, we deduce that
a#0asw# 0 and by (2.4.26) we get

gfom (w,w) = (aeF(my + 0)%+ (1 — 52)a2F(2m) +0
= o’F},) >0,

where we used that Q(z,y,d.,m,0) =0 for alle € [\/T’ 1]. On the other hand, when & # 0,
we get by chosing ¢ = 1 in (2.4.26) and combining it with (2.4.33) that

gF<m> ‘(m,y) (w, w)

= g'm™ | v y(w,w)

Fs(x,y)
(2.4.26) . 1 a1, 1 1 NG 2
= <O[F(m) (I ) 2F(m) (I7y)((Fm+1($7g) - Fm+1($7—g))(Fa)g] (I7y)£]
Q(I‘, Z;7 617 m, 5)
e - - -
( 2o (op) F2k(z, ZU)) Fmt2(z, g) Fmt2(z, — )
Q(x7ga517m7€) (24>35) 0

(SEES G F2t(@,g)) P (e, ) Fr2(a, —5)

where we used that g% (y,€) = 0 implies g’ (2.5)(@,&) = 0 and Fy(z,7) = 1, since we
set § := y/Fs(x,y). This shows the claim. O

Remark 2.4.15 (Sharpness of (2.4.17)). In the following, some words on the sharpness of the
condition (2.4.17) by looking at the positivity of the expression Q(z,y, d1,m, &) in the proof of
Theorem 2.4.13. We choose (z,y), (z,w) € Ty N with Fy(z,y) =0, Fs(z,y) = 1, w = ay+£ €
Ty A \{0} such that o =0, £ € T4 and g%*|(, ) (y,€) = 0. Notice that in this case, we can
write F(z,y) = Fs(z,y) + Fo(z,y) = Fs(x,y) and F(z,—y) = Fy(x,y) — Fu(z,y) = Fs(x,y).
We then deduce once again by choosing € = 1 in (2.4.26) and combining it with (2.4.33) that

gF(m> ‘(z,y) (’LU, w)

(2.4.26) —_— 1 1 j ?
= (O‘F(m)(xay) + QF(mJ)r (mvy)((Fm+1(z7y) - Fm+1(z77y))(Fa)yj (@,y)¢ ))
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Q($7 Y, 51» m, 5)
(45 G F2E @) Froe (o, y) Frod (@, —y)

a=0 <;F(Tr;3_1(x’y)<(F§n+ll(x7y) - F;n—ﬂ—il(x’y))(Fa)yj (x,y)§j>>z

+ Q(xa Y, 51a m, g)
F2" ) (2, y)

FS::1 Q(Z, Y, 51; m, 5)
- 2(8‘((&)@,@]- ()€ — (m+ (F)y <x,y>§i>2)

_|_

(0 (6.6~ (DA Pl

For such special choices of y and £ the condition

(dyFa‘(x,y)(f))Z < 1
gFS (z,y) (57 5) m+1
is indeed sharp and necessary to ensure the positivity of the term Q(z,y,d1, m,§). Notice
that for n := dim.#" > 1, such tangent vectors y, £ can always be constructed in the following

way: Choose some tangent vectors 7,m € T,,.4#\{0} such that n ¢ span{7}, what is possible
since dim7T,.#" = n > 1. Then define

(o = cosOr +sinbne T, N\{0}

for § € [0,7]. As Fy > 0 on T,.#\{0}, we can set even further ¢y := Co/Fs(z,(s). So, we
ensured that Fy(z,{p) = 1. Now we set f(0) := F,((p). f is continuous on [0, 7] and
f0) = Fa(z,)
Go )

= Fy(z,
Fs(xa CO)

S

= —F(z,¢) = —f(n).

By the intermediate value theorem follows then that there is some 6 € [0, 7] such that f (é) =0
and thereby we find some

Yy = Cé' e, N
with Fy(x,y) = 1 and F,(x,y) = 0. Then choose £ € {,7} such that £ ¢ span{y} and set
£ = g_ (QFS (x,y)(yv5)/9F5|(x,y)(yv£))é

The following three examples illustrate some merits and drawbacks of Theorem 2.4.13. We
especially see in the first two examples that Theorem 2.4.13 can be applied to the Randers
and two order metric but fails to be applicable to the Matsumoto metric, in contrast to
Corollary 2.4.2. Nevertheless, Theorem 2.4.13 can be applied to Finsler metrics which are no
(a, B)-metrics, as we show in the first of the following examples.
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Ezample 2.4.16 (Reversible Finsler metric plus linear perturbation). Let (.4, F)
be an (m + 1)-dimensional Finsler manifold with

F(z,y) = Fi(z,y)+B(x,y) forall (v,y)€TAH,

where Fj is a reversible Finsler metric and 8 a smooth 1-form on .4 such that the condition
(2.4.17) is fulfilled. Then Theorem 2.4.13 is applicable, what implies that F{,,) is a Finsler
metric. The condition (2.4.18) is automatically fulfilled, since the odd part F,(z,y) = 8(x,y)
is linear in y. Notice that this class of Finsler metrics contains the Randers metric investigated
in [SST04] as a special case. For Randers metrics, we even reproduce their bound on ||8||5.
The class of Finsler metrics considered in this example is indeed a broader class of Finsler
metrics as we can choose, for instance, F to be the regularized quartic metric (cf. [BCS00, p.
15]) on A = R™F! je.

m—+1

(y)t+e Z (y")?

3
—
&
=
[

for all (x,y) € TR™Tt =2 RMFL x R™*! with y = (y*) and some fixed £ > 0.

Ezample 2.4.17 (Two order metric). Herein, we study the application of Theorem 2.4.13 to
the two order metric (see Example 1.4.16) on a smooth 3-manifold .#". Notice that we choose
(z,y) € T \o and we omit the dependence on (x,y), where possible. Remember that the
two order metric has the following structure:

B(x,y)

oz(:z:,y) with  ¢(s) = (1+39)

F(z,y) = az,y)e(

~—

for all |s| < 1 and Riemannian Finsler metric o and 1-form § such that ||8]|s < 1. We start
by computing the even and odd part of the two order metric:

— alx Blz,y)
Fs(xvy) = (’y)¢5(a(x7y))’
bs(s) = %((1—1-3)2—1-(1—5)2):1—}—327
. . Bz, y)
Fa( ay) ( ay)¢a(a(x’y))v
bls) = (A +s (-5 =25

The odd part F, is in fact a linear perturbation term such that the condition 2.4.18 of
Theorem 2.4.13 is already fulfilled. Choose local bundle coordinates (z%,3%) on T. 4" as well
as ay;, a® and b; as in Example 1.4.10. Hence, a(x,y) = /aw(2)yFy! and B(z,y) = bi(x)y'.
Concretely, we get

Fa‘ (l‘, y) = 2/8(I7 y)v
(Fa)y (r,y) = 20b;
(Fa)yiyi(z,y) = 0.

So, the only thing left to check is the condition (2.4.17). Therefore, we compute the expression
(g5 ) (Fo)yr (Fa)yr = 4(g%)*byby (see Remark 2.4.14) and we search an optimal bounding
value to ||8||2 = a*'byb; such that the former expression is bounded by .

(gFS)kl = (Fs2/2)ykyl
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2.4 Finsler area and ellipticity of the symmetrization

3 _ 3 4
apr + 2bkby + 66 bbr — %bkaljyj - 4%@%;’3/]
« «

- 4§@kjyjaljyj - %46%1
= (1- ff)%l +2(1+ Bj)bkbl +4(Bb ﬁamy )(gbl - %zaljyj)-
We define as auxiliary quantities
g = (1-— ﬁ4)akl +2(1+ Bj)bkbl,
Cv = 2(%% - %akjyj)

and we get by applying the Theorem of Matsumoto (see Theorem 1.1.8)

4 1 + ﬁ
detgyy = (1- %)(1 + 27%&“(%()1) det ay;
1o (1-5
2 2
= (1+ 5—2)(1 — 5— + 2a™byby) det ag,
o
2
o ak! B (1 — —) detag;  (1+ %) i alin.
g B B det B*\2 R
(1-— ?) Gkl (1- ?)
= A 2detakl 1+ ﬂ 7) a*b;ab;.

1-Z) “detgu (1-2)

Now we compute some terms we will need later on.

gklb _ 1 2(1+ g)&ijbibj aklbl
l - - 2 2 1
1+ 2)(1 - & +2akbby) ) (1- 55)

(1 - %z + 2aklbkbl - 2aijbibj)aklbl
(1— 501 - & + 20kt

aklp,
T+ )1 - B 1 2k
kl
"loxhy = (1_’_%)( a_bﬁlzbl_’_Qaklbkbl)’
w00 = a0 o D) Co - D)
= 4(§bk - g—zakjyj)(gaklbl - fl—zyk)
4 4
- -5 2
2
= i(klb b — ﬁ)
"oy = (ﬂbk ﬂ:amy) My,
2
- g( Forby — P )
oy = 25 = dakjy]) b

1+ )1 - £ + 20k
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g( klbkbl )
Q+5)0-5+ 2aklbkbl)’
a’“leCl det QA (1 + ﬁ*z)

kl _ —9 a ]“bz 2
pleNe! =5 o _%)(Cka )

1 Ll det ag; 32 ki \2
= )(a CrCp—2 ¢ (1—|—$)(Cka bi)

1-5 det gri
1 /3 kl 2 detakl /3 ﬂ kl ﬂQ 2
= — bpb — — 8 1 bpb — —
o (et ) s B et = o
4é(aklbkbl — 572) det akl ﬂ ﬂZ
= —° ar(1-2 “(1+ =) (a*"byb
(1—0%) < detgkl( + 7)(@" kb — a2 ))
4&2 klp b — B8 2
— sz (a b o) (1 B 572 90, b, —2aklbkbl+26))
(1- ?)(1— *+2aklbkb1) «Q
B 42, (aMbyby — 23)
(1- 21 - 2 4 2a%b,b;)

Using the former computations and applying the Theorem of Matsumoto once again, we get
det(ng)kl = (1 + glekC’l) det gi;
2 2
R~ -
= a 2
(1- %)(1 — % + 2aklbkbl)

) +6—2>(

62
] + 2aklbkbl) det ag;

2
B B o B (ki — gy L 52)
= ((17 ;)(17 ?4’2@ bkbl)+4?(a bkbl - ?))_7%2 detakl
BZ
= (1—3ﬂ + 2a"p,, b)@detakl,
1-£)
Fy\kl _ K ~detgr gy 2
(g7)" by = g%bpb — ——— (9" b (Y)
det(gFS)kl
- aklbkbl (]. — :)(1 — sz + 2a’“lbkbl)
1+ 5)(1 = & 4 2akbby) (14 55)(1— 355 + 2aMbyby)

(
( 22 (aF'byby — 25) )2
1+ 2)(1 = 5 + 2a"b,.b;)

1 ki 45 (1 = 53) (Mo, — 25)?
= 32 B2 a bkbl - 32
(1 + ;)(1 —Z + 2aklbkbl) (]. ?) (1 — 3*2 + Q(Iklbkbl)

((1 + 2)2(1 = 355 4 20 byby)aM by, — 425 (1 — 25) (aMbyb, — 2)2)

(1 + %)3(1 — %; + 2aklbkbl)(1 — 3% + QCLklbkbl)
It holds that

é < vV aklbkbl = K.
«
Therein, we already know that 0 < K < 1. So, we define now a function f : [0, K] — R by

4((1+)*(1+2K — 3t)K — 4t(1 — t)(K — t)?)

) = (1+6)3(1 + 2K — t)(1 + 2K — 3t)
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2.4 Finsler area and ellipticity of the symmetrization

and for this choice of function holds

(") Fa)yr (Fa)y = 4g™)oxbe = f(%).

el

We will now make a discussion of the critical points of f.

(1-1)%(K —2t)(K —t)
(1+2K —3t)2(1+t)*

d
&f(t) = -4

Therefore and due to the choice of the functions domain, the candidates for critical points are
t=0, K/2, K. We want the function to be bounded by % So, we look now at

1 1-10K 1
0)—> = — 0 for all K < —
10) =3 30+ k) MRS
1 K* — 40K3 + 24K? — 160K + 16 1
K/2)—- = -— 0 forall K < —
f(K/2) 3 321 K)t < or a <10,
1 K? - 10K +1 1
K-+ - _ A —10A+l for all K < —.
f(K) 3 S0+ K < 0 fora <%

So, we see that we get the sharp bound 1—10 for K and by reinsertion of ¢t = g also

1
GV E)pFy < g
for ||B||a = v a*brb; < ——. Thus, we found again the same threshold for ||3]|5 as in [CS09]

V4T
and Example 2.4.4.

Ezample 2.4.18 (Matsumoto metric). Herein, we will show that the Matsumoto metric
known from Example 1.4.17 does not fit the assumptions of Theorem 2.4.13. Explicitly, the
Matsumoto metric violates the condition (2.4.18). Notice that we choose (z,y) € T-#"\o and
we omit the dependence on (x,y), where possible. Remember that the Matsumoto metric has
the following structure:

Bz,y) , _ !
a(:c,y)) with  ¢(s) = .

for all |s| < 1 and Riemannian Finsler metric o and 1-form § such that ||5]|a < 1. We start
by computing the odd part of the Matsumoto metric. The odd part F, of the Mathsumoto
metric computes to

F(I7y) = Oé(:l?,y)d)(

F(z,y) - F(-y)
2
oz, y) (¢(ﬁ(fv7

2 a(x,

F.(z,y)

I
Q
&
s
<
2

wherein we set

da(s) =
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s
1—s2"

Further, the derivatives of ¢, compute to be

6uls) = el = o ()
1—s? 252
B R
1452
TR,
" 0? 0 1452
Pq(s) = 1:@%(5) = 3 ((1—32)2>

2s 1+ s2
= -2 —2
A==y 2a—sp
2s — 253 N 4s + 453
(1-s2)3  (1—s2)3
6s + 253
(1—s2)3

Choose local bundle coordinates (2%, y*) on T.4 as well as ax;, a*' and b; as in Example 1.4.10.
Hence, a(z,y) = /ag/(z)yFy" and B(z,y) = bi(x)y’. With these settings, we compute the
Hessian of F:

(F), = %¢M%+¢(%C%—B%O,

o a «

(Fa)yiyi = Oéyiyj%(é) + ayigzs;(é) (’Byj _ 50‘?#)

(0% a «

s (335 ) i) (3 -22) (3 -22)

)
& (yy /iu 2o (ﬁw_ﬁayj>%i_ﬂ%iw+ﬁawaw>
(0%

+a¢ (0% Ca a (0% o « [0 oY o [0
— (0D -Lou D)) g +ann )Pz
n By By Boyi\ (Byi By
e (- 2) (B -2),

Exploiting that §,i,; = 0 yields

s = (0D = 26,00 )y v (B (22 - B0 ) (B B2}

o aa)le e
So, we get
iy = (82D LoD D) aps + 6016 (3~ Loy ) (5 - Ly ).
Further,
Blx,y) = biy"
Byi(x,y)b" = bib" = biab; = b'ab’ = ||B]3
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2.5 Finsler mean curvature and Cartan integrand mean curvatures

alz,y) = VyFauy

ay(z,y) = ey
VyFany!
oy (2, 1) Vawy' byt Blx,y)
\/ykaklyl \/ykaklyl o(z,y)
Qij ailylajkyk _ G4y _ailylajkyk

Qpiyi(x,y) = - =
vy \/ ykaklyl A /ykaklylg 01(1177y) a3(a:,y)

i1 ai‘bibj biailylbja'kyk 1 5(55 ZJ) 2
igi (2, )00 = J — J — B2 — ) ,
v (7:9) amy)  wy - amy Pl a@y)

where we raise and lower indices by contracting with ay; and a*!, respectively, in accordance
with the Ricci calculus. Hence, we set b' = a"/b;. The former computations imply

R By = ()~ Gt (mnz—(ﬁf)

(0% (0%

rouDyon ) (lﬂ"i B @)2

If 0 # g = |8]la/v2 =: t < ||B||4, which can be ensured by choosing y appropriately, we get

Fo(Fa)ip 0V = (62(0) = 16a(D)0,(0)) £ + da(t)o, (D)1
t th 45 65 + 268
-7 1-2p @-p)
th 418 — 216 — (#* + 16 — 16 —#8) + 65 + 248
(1—2)"

4t5(1 4+ t2
— M > 0
(1—¢2)

So, condition (2.4.18) is not fulfilled. Therefore, we can not use Theorem 2.4.13 to reproduce
the bound on [|8||a¢ of Example 2.4.5.

2.5 Finsler mean curvature and Cartan integrand mean
curvatures

In the following section, we give the definition of the Finsler mean curvature as proposed
by Shen in [She98]. He introduces the Finsler mean curvature by means of the first variation
of the Finsler area, namely the Busemann-Hausdorff area. After defining the Finsler mean
curvature in this context, he shows that this notion, which he gives a representation in local
coordinates for, is independent of the actual choice of local coordinates. The local coordinate
representation derives from the FEuler-Lagrange equation of the first variation of the Finsler
area. Further, we showed in Lemma 2.1.14 that in some circumstances the Finsler area can
be interpreted as a Cartan functional. Therefore, we assume as target space a real vector
space together with cartesian coordinates, which is endowed with a Finsler metric. So, the
question arises, in which way the Finsler mean curvature is related to the notions of mean
curvature for Cartan functionals. Based on the local coordinate representation of the Finsler
mean curvature, we compute here these relating equations.
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2 Finsler Area

At the beginning of the section, we give some definitions and results regarding the Finsler
mean curvature as defined in [She98]. Then the computations regarding a comparison of
Finsler mean curvature to Cartan mean curvatures is given. We conclude the section by
defining some notions related to Finsler mean curvature, namely Finsler mean convex and
admissible. These definitions are motivated by the application of the theory of Cartan func-
tionals to Finsler area (cf. Definition 1.6.13).

We start by giving the definition of a Finsler mean curvature in a general setting. We
further define Finsler-minimal immersions to be immersions of vanishing mean curvature.

Definition 2.5.1 (Finsler mean curvature [She98] ). Let .# be an oriented m-manifold
and (4, F) an n-dimensional Finsler manifold. The Finsler mean curvature H% for a C%-
immersion X : .# — .4 is given in local coordinates (u®) on .# and a coordinate chart
X = (W, (z)) on A4 by the formula (see [She98, p. 563])

v 1 o P . 0X
=~ 1 %) - o it
HX‘U(V) CLI;(I, P) 3%1 ax($7 ) ax]aplﬁ a3€ (.’IJ, ) auﬁ (u)
2 2 XJ )
Ip,Op Judu (2,P)=(X (u),DX (u))

wherein P = (p,) € R™™, V = Vigi| () € T and DX (u) = (925) € R, 1f the
immersion X is smooth, then H% € I'(X*T*.#") is a smooth section of the pullback bundle

of the cotangent bundle to 4" by X, namely X*T* 4" = J,c » T)*((M)JV. X is said to be a

Finsler-minimal immersion if X has vanishing Finsler mean curvature, i.e. H{ =

Remark 2.5.2. Definition 2.5.1 makes even sense in the case we weaken the assumptions on
F:TA — [0,00). Instead of choosing F' to be a Finsler metric, we assume F' to be smooth

away from the zero section and that it satisfies (F1). Further, the smoothness assumptions
can be weakened to F' € CO(T.#) N C*(T.#\o).

The following theorem shows how the Finsler mean curvature relates to critical immersions
of Finsler area. Concretely, Finsler-minimal immersions are critical immersions of the Finsler
area and vice versa.

Theorem 2.5.3 (First variation [She98, Theorem 1.2]). Let .# be a smooth oriented m-
manifold and (A, F) an n-dimensional Finsler manifold. The smooth immersion X : # —
N has vanishing Finsler mean curvature w.r.t. the Finsler metric F (i.e. X is a Finsler-
minimal immersion) if and only if it is a critical immersion to the Finsler area functional

AF(X) = /dvx*p.
A

A smooth variation of X is a mapping X € C®((—&,e) x M ,.N) such that for every t €
(—e,e) the mapping X;(-) := X(t,-) is a smooth immersion, X; = X on a compact set
H C M and Xo = X. X is an critical immersion of the functional AY if

d
/ Hf{(V)dVX*F = CT‘t:O-AF(Xt) = O,
W4 t

for every smooth variation X of X and variational vector field V := %|t:0Xt e T(X*TAH)
with X*T N = UuE//{ TX(U)JV

Proof. [She98, Theorem 1.2] together with the fundamental lemma of calculus of variations.
O
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2.5 Finsler mean curvature and Cartan integrand mean curvatures

In the following, we restrict to codimension 1, namely we choose the Finsler manifold
(AN, F) = (R™TL F) of dimension n = m + 1 as the immersion’s target manifold, and we
refer to the Finsler area integrand a’ in its Cartan integrand form A (see Definition 1.6.13).
As shown in [She98, Lemma 6.3], the Finsler mean curvature H% (V') vanishes in directions V
tangential to the immersion X (cf. [EJO7, Lemma 8.1.1] for the Euclidean case). Hence, HE
is determined by its value in directions transversal to the tangent space at X. Transversal to
the tangent space means that the vector in consideration is not contained in the linear span of
the tangent space. As the codimension is 1 and the normal vector field N to X is transversal
to the tangent space of X at every point, it is sufficient to compute 7—[5( (N) to determine
HE completely. HE(N) is related to A¥-mean curvature in Theorem 2.5.4. Afterwards, a
representation of H% in terms of the (full) A¥-mean curvature is given in Corollary 2.5.6.

Theorem 2.5.4 (Mean curvature comparison in normal direction). Let .# be a smooth
oriented m-manifold and (R™**, F) a Finsler manifold. For a C%-immersion X : .4 — R™H1
with normal N : A4 — S™ holds

1

HE(N) = m{trace(AfZ(X,N))—HAF(X,N)}. (2.5.2)

Therein, trace (AL (z,2)) := 69 AL, [ (x,2) = 6% 36;;3; (z,2).

Remark 2.5.5. Theorem 2.5.4 gives a direct relation between the Finsler mean curvature of
Definition 2.5.1 and the A”-mean curvature in Definition 1.6.7.

Proof. Choose standard cartesian coordinates (x%) on the target space R™*!. Remember that
we define in such coordinates for a function f : w x Q@ — R with w, Q) C R™*! open subsets,
which is sufficiently differentiable, the matrices

folz,z) = (ngl(x,z)) e R™H,
— an (m+1)x(m+1)
faoz(zy2) = (&Ti(‘?zi (z, z)) eR ,
— 82f (m+1)x (m+1)
foz(z,2) = (8ziazi (z, z)) eR .

Therein, f,: denotes f differentiated by % and f,: denotes f differentiated by 821‘ and so
forth. Choose local coordinates (u*) on .#, w.l.o.g. such that

OX A ...\ OX

N = 2u our (2.5.3)
0X 0X
|8u1 ARRRNA Oum

OX AN 37)7(”
Notice that if —N = ‘%‘L)ﬁ/\%&‘ replacing u' by —u
Bul NN Eu™
fulfill (2.5.3). Let gas be the coefficients of the first fundamental form of X, g*? the coefficients
of the inverse to the first fundamental form and y/det g := (/det(gap) = % AN 2K

ou™ I*

We denote by h,s the coefficients of the second fundamental form. DX € R(mTDX™ jg the
differential matrix of X, whose components are gf: .

For further investigation, we use Definition 2.5.1 and compute the terms, which appear

therein. Thereby, we replace a” by AT and try to express all the derivetives of a¥ in terms

of AF. We choose a vector z € R™+1\{0} and a matrix P = (p1|-- - [pm) = (pi,) € RIm+xm

of full rank such that z = p; A ... A pp,. Using the linearity of the wedge product one gets

! results in new local coordinates, which

6 m+1 ;
apipl/\"'/\pm = o Zpapl/\"'/\pa—1/\€j/\pa+1"'/\pm
« a =1
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m+1
= Z 0YpL A+ Apa—1 N€j Apati + ApPm
j=1
= P1AAPa1 A€ Npayi N Apm (2.5.4)

Let us now rewrite the Finsler mean curvature by using Definition 1.1.10, Theorem 1.1.12,
Euler’s Theorem and the chain rule.

O2AF H2ATY 0z,
OzbOpi, (2,2) = 0rb0z, (=, 2)%
82AF
= m(m, 2)(P1 A ADa—1 A€ ADat1 A Dn)es (2.5.5)
9?AF
m(fﬂ,Z)Zd = O, (256)
0 2d 0 1 Ozq 1
P T = P T 2. .
o (1) = 3 () (257)
Using (2.5.6) and (2.5.7) together gives
02 A" (z i)i Zd = |2 02A" (z z)i Zd
0z.0zq " |z|” 0p, \ 2] n 02.0zq 7 Opi, \ |7
92 AF 074
= 76208Zd (.’L',Z)%7 (258)
0?A" (z i)i (ZC> 9 <Zd> . 0 A" (z Z)i <Zc> 90 <Zd)
02:0zq |27 9pt, \|7| ap% 2] 02:0zq4 7 Opi, \ |7| apiﬂ |2
1 92AF 0z, 024
= ——— 2.5.9
BT ol (2:5.9)

Using (2.5.5), the 0-homogeneity of AL,

» and Theorem 1.1.12 we get

0% AF ox®
Db Ipi, (z, z)|(m,P):(X}DX) B
L[ 92AT ox?
= Z axbaz (I7Z)(p1/\~~/\pa—1/\€i/\Pa+1 /\pn c |(w P)=(X,DX) e —N;
m 92AF 2 ox?b
B Z D0, B P A APact A Ao APnde ) | py—xepx) e Vi
B z’":amF( )aXb(alA LOX 90X AaX)
- — 0zxboz Ou® " oul Oue—1 Ouetl oum’c
- 0X 00X 0X 0X 0X
= AP (X, N —_ —— AN
az::l < (X, )aua’ dul T A Bum>
s X 00X 0X oX 0X
= AP (X, N .. N . 2.5.1
Zd t < ZJ:( ’ )auav 8’&1’ 7aua_1a 7aua+1 7aum) ( 5 0)

1

Q
Il

In the following computation, we used the 1-homogeneity of A and Theorem 1.1.12
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0X 0X
F
0X 0X
_ F
= <Az(X7N)a8u1/\"'/\aum>
0X 0X
— F —_— DRI —
= det <Aw (X, V), 5. ’aum)' (2.5.11)
We also compute with the chain rule, (2.5.4), (1.5.10), (1.5.11) and (1.5.14)
822(1 ’ 82Xb .
Opi,oply | 1@ P)=(XDX) guaduf
0 azd
T due (%’(z,P)_(X,DX)> N
0 [0z N, 024 ON;
T oue %’(m,P):(X,DX) o] @’(x,P):(X,DX)%
~ Oue \ ou! Oue—1 Ouetl oum ),
_[9X A 0X ON = 0X 0X
oul Oue—1l " Jux Quotl ou™ ),
L0 (]0X X 0
- Ou~ Oul um oub
0X 0X 0X 0X 0X
—(=hag) P [ Z A A —— A
(=has)g (6u1 Ao oua—1 " ouy  Quetl " 3um>d
1 0 0X1\ |0X 0X
= _ —~ ([ /detgg®P = ) [ AL A 22
V/det g Qu® ( 99 8u5> oul oum
0X 0X
Bapn | ZZ2 Ao p 22
+ hagyg d Jul A A um
0X 0X
= —(AQX—HN)d]@/\mAaTm
— (2.5.12)
The 0-homogeneity of % and (2.5.12) imply
0AF (2, 2) 0?zq | 02 X? ,
dzq 7 Opioply | @ P)=(XDX) guaduf
GAF( i) 0?zq | rxh
920 T2 Opiapty | 1@ P=(50X) Guagus
0AF 0?24 02Xt
= Z(x,N) [ 22 =2 N
024 ( ) ) <aplaaplé> |(m,P):(X,DX) ououP
~ 0 (2.5.13)

Multiple use of the
Theorem 1.1.12 lead to

zz)

32AF 82Xb
AL T2y,
OpL,Op' @) e.p1=x:0) Gy
B 92AF ( )azc 9z BAF( ) 0%z
N 9202q 7 0z}, 02 Oz e OpL,op’

chain rule, the —1-homogeneity of AL . (2.5.13), (2.5.8), (2.5.5) and

62Xb

|(ac,P):(X7DX) uroub
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_ g2 A" ( i)%i Zd | 02X N,
N 02:02q |21 opi, apy \|2| (=,P)=(X,DX) gy gup

= W(x’z)az?>’ - %Ni

020070 " 2] ot ) l@r=x.0x) e
= % G NI R G A e AN A g e
. §<AF(XN)3J\(Z gX/\"'Aaiil/\N/\afil'”/\gji>

a=1

Putting together (2.5.1), (2.5.10), (2.5.11) and (2.5.13) we compute another representation
for the Finsler mean curvature, i.e.

1 0X 0X
F _ F L
AT - o7y Aéiffn{det (AG” PN Gur ’6um>
0X 90X 0X dX 0X
p— F —_— e e . DY
Zdet (A KN gun gut " gua 1V et ’8um>
ON 0X 0X 0X 0X
— F ... DY
E det(A (XN s 5 e Vo Faatt ’aum)}'

(2.5.15)

This further simplifies by exploiting the 1-homogeneity of AL
of the involved matrices and applying Theorem 1.1.7, i.e.

-, exchanging columns of some

OX AL N2X X oX
F _ Out ou™ F il
HX(N) - AF(X N) {dEt (ACDZ(X7N)N7 aulv 7aum>
0X 0X 0X X
+Zdet< s AD(XN) S auaﬂ""aum)
ON 0X 0X 0X X
— F DY ..
Zdet <A XN 5a ou’ dul’ 8u0‘_1’N’ Quotlt 7 8um> }
B |3u1 Ao h2X - X X
- AF(X N) det Azw(XaN)N7%7 7(911,7”1
0X F 0X 0X 0X
+Zdet< 81’.“’8110‘_1’14 (XN)aa 8ua+1”.’3um)
ON 90X 0X 0X 0X
—_— F PRI ...
Zdet (A XN g g Gue ™V oot ’aum>}
0X X
_ F .. =
- TET {tr (AF,(X, N)) det (N,aul, ,aum>
BN 0X 0X 0X 0X
—Zde (A 3u°‘ ou 1’.“’8u°‘—1’N78ua+1.”’3um> }
Hence, we get
1 0X 0X
HE(N) = A X AT(X N){ w/\.../\ﬁu—m trace (AL (X, N))
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ON 90X X aX X
_ det AF (X,N N .
Z ¢ ( Jour aut " BT N Gyt ’aum>}

(2.5.16)

Theorem 1.6.8 implies that the A¥-mean curvature is given in local coordinates as follows

Hur(X,N) = <AF (X,N) g]\i §X> (2.5.17)
Remember further the identity (1.5.11), i.e.
0X 0X 0X 0X 0X 0X 0X
= A aB A AN —  ANA — A A —/—, 2.5.1
‘aul NN g |9 g T g N N Gt AN N g N N g (25:18)

This together with (2.5.17) and (1.1.9) leads to a rewritten form of the A¥-mean curvature,
namely

X 0X
oul Aaum’HAF(X’N)
i ON 09X 0X 0X 0X
— F “ee _—
= z_:1<A XN G s A A AN A S A /\aum>
- ON 0X 0X 0X 0X
_ F
- Z:: et(A XN e aut " a1V et ’aum>'

If we put this into the representation (2.5.16) of the Finsler mean curvature, we get

1

HE(N) = W{trace(Afz(X,N))—HAF(X,N)},

what concludes the proof. O

Corollary 2.5.6 (Mean curvature comparison). Let # be a smooth oriented m-manifold
and (R™TY F) a Finsler manifold. For a C?-immersion X : # — R™T1 with Gauss map
N : M — S™ holds
1
F F
Hx (V) = AF(X’N){trace (ALL(X,N)) - HAF(X,N)}(N, V)
har(X,N)

= V). (2.5.19)

Remark 2.5.7.
e Due to the fact that A¥(z,—2) = AF(z,2) for all (z,2) € TR™T! =2 Rm+1 x R™+! and

the characterizing identity (2.5.19), the Finsler mean curvature H% is independent of
the actual choice of orientation of the immersion X.

e Assume (R™*! |.|) with a choice of Finsler metric F' = |-|. The Euclidean area integrand
then becomes Al'l = | - |, which is a simple example for a Cartan integrand. The mean
curvature of a smooth immersion X : .# — R™*! with smooth oriented m-manifold
A (see Definition 1.5.1) equals by Theorem 1.6.8 the multiplicative inverse of the (full)
| - |-mean curvature —H\.| and —h,|. The latter expression is by Corollary 2.5.6 directly
related to the Finsler mean curvature H' and we thereby get

H = —HNX) = —hyX,N) = HIN).

We exploited also the fact that (R™*1 |- ) is a Minkowski space.
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2 Finsler Area

In the following definition, we introduce among others the notion Finsler area mean convex.
The definition is motivated by similar notions for Cartan integrands, which can be found
in [Whi91] and [BF09] (see Definition 1.6.13). In chapter 3, we apply theorems of those
sources to a Finsler setting, whereby their mean convex notions translate directly to those in
Definition 2.5.8. We exploit especially the fact that the (full) A”-mean curvature is related
to the Finsler mean curvature by means of Corollary 2.5.6.

Definition 2.5.8. Let (R™™!, F) be a Finsler manifold, i.e. F satisfies (F3). Let Q be a
domain with C2?-boundary 9 in R™*1. Assume that 92 has the Finsler mean curvature
vector H%. Q is called

o star-shaped (w.r.t. some g € Q) if for every ¢ € 2 holds that go + A(¢ — qo) € 2 for any
0< A<

e Finsler mean convexr if HE (V) < 0 at every ¢ € 09, wherein V € T,R™! is an
inward-pointing vector and X : .# — 0f) is a parametrization of a neighbourhood of ¢;

e strictly Finsler mean convez if HE (V) < 0 at every ¢ € 992, wherein V € T,R™*! is an
inward-pointing vector and X : .# — 0f) is a parametrization of a neighbourhood of ¢;

o Finsler admissible if there exists an index set I, which is non-empty, and a family of
star-shaped Finsler mean convex C2?-domains {Q%};c; such that

Q:in andﬁ:mﬁ.

iel iel
Remark 2.5.9.

e In case the Finsler area integrand A* is elliptic and independent of the first argument,
what is especially fulfilled if F' is a Minkowski metric, i.e. (F3) and (M) hold. Then,
every convex set is admissible as it can be written as the intersection of all half spaces
containing the set. Especially, if we assume that the boundary of the convex set is of
class C?2, the boundary is Finsler mean convex.

e The notions defined in Definition 2.5.8 equal the ones of Definition 1.6.13, respectively,
when we choose therein A as the Cartan integrand in consideration.
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E——
Chapter 3

Application of Cartan functional
theory on Finsler area

The major aim of this chapter is the application of commonly known results for Cartan
functionals (see section 1.6) to Finsler area. There is a wide range of theorems concerning
existence and regularity of minimizers of Cartan functionals, inclusion theorems for critical im-
mersions and Bernstein type theorems issuing from curvature estimates for locally minimizing
immersions. We will give some results without being exhaustive.

3.1 Introduction

In this introductory section, we recapitulate some the implications that properties of F
have on the Finsler area integrand AF.

Let F: TR™T! =2 Rm+1 x R™*! 5 R be a function satisfying (F1), i.e. F is a continuous
homogeneous function, which is positive on R™*! x (R™*+1\{0}). Then Corollary 2.3.3 implies
that AF is a continuous Cartan integrand, which is positive on R™*1 x (R™+1\{0}), i.e.

AF c CO(Rm+1 % Rm+1)7

AT satisfies (H) or in other words A% (z,t2) = tA (x,2) for all t > 0 and (x,2) € R+ x
R™+! and

AT >0
on R™+1 x (R™*+1\{0}). The latter property can be quantified, i.e. for each R > 0 holds

mPzl < Af(z,2) < mPz (3.1.1)

for all (z,2) € BET'(0) x R™*! with positive constants my, mq defined by

m1 = m(R) = min  F(-,),
Bt (0)xs™

ms = mo(R) = max  F(-,-).
BRI (0)xsm™

Notice that for such positive constants my, ms holds

milyl < Fz,y) < maly|
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3 Application of Cartan functional theory on Finsler area

for all (z,y) € BEt'(0) x R™*1 . If my and ma can be chosen to be positive constants
independent of R, we say in correspondence to (D) that F' is positive definite, i.e.
0 < mp = inf F(,) < sup F(,-) = ma < oo0. (d)
Rm+1xSm Rm+1xS§m
In this case, AF" is also positive definite as a Cartan integrand, i.e. AP satisfies (D) with

constants My := mf* and Mo := mi*. If F € CH(R™! x (R™*1\{0})) for k € NU {0, 0},
then

AF € CH®R™ T x (R™H\{0})

by Corollary 2.3.3. So, in that sense A% is at least as regular as F. Notice even more that
AP is even, i.e. A (z,2) = AV (2, —2) for all (z,2) € R™FL x (R™T1\{0}) (see (2.1.21)). If F/
satisfies (GA1), i.e. F € C®(R™ ! x (R™H1\{0})) satisfies (F1) and its m-symmetrization
Fimy satisfies (F2), then Corollary 2.3.6 guarantees that AT is semi-elliptic. If F satisfies
(GA2) that is F € C°(R™ ! x (R™*1\{0})) satisfies (F1) and F{,,) satisfies (F3) (F{,,) is
especially elliptic), then Corollary 2.3.8 guarantees that AF is an elliptic Cartan integrand,
which is positive on R™*! x (R™*1\{0}). Notice that we will assume in most theorems
of this chapter that F satisfies the stronger condition (GA3) even though (GA2) would
be sufficient. That F satisfies (GA3) is equivalent to (R™*, F) and (R™*!, F{,,) being
Finsler manifolds. The assumption of (R™*!, F) and (R™*!, F{,,)) to be Minkowski spaces
is equivalent to F satisfying (GAM). In the following, if A" € C?(R™*! x (R™*T1\{0}))
is an elliptic Cartan integrand, we will denote its lower and upper ellipticity constants by
Ay = A1(R) and Ay = Az(R) for all R > 0. Then for each R > 0 is

2\ 2

|§|2 - <§7 >
||

for all (z,z) € BRT1(0) x (R™*1\{0}) and ¢ € R™F!. This stems from the ellipticity quan-
tification (EQ) presented in Lemma 1.6.6.

Ay (R)

2|

Az (R)

2|

z

2
|H—<&m>] < AlL@agd <

3.2 Existence and regularity for Finsler surfaces

What follows is the formulation of the Plateau problem (cf. subsection 1.6.3). Let I" be
a closed, rectifiable Jordan curve in R3 with B := {(u!,u?) : (u!)? + (u?)? < 1} the unit
disc, which is chosen to be the parameter domain of the competing surfaces X : B — R3.
C(I") denotes the class of surfaces X € H'2(B,R3) whose trace X|sp on 9B is a continuous,
weakly monotonic mapping of 9B onto I'. C(I") is non-empty.

Corollary 3.2.1. Let (R3,F) be a weak Finsler manifold such that (R?, F(5)) is also a weak
Finsler manifold. Especially, F : TR™! =2 R+ x R™+1 5 [0, 00) then satisfies (GA1).
Assume further that F is positive definite, i.e.

0 < my = _inf F(,-) < sup F(,-) = myg<0
R3 xS? R3 xS2

(see (d)). Then for any given rectifiable Jordan curve I' C R® there exists a minimizer
X € C(I') of the Finsler area, i.e.

F _ Py
AY(X) = Cl(nlf).A ().

Furthermore, the minimizer X is Fuclidean conformally parametrized almost everywhere on
B, i.e.

X2 = [Xe2)* and (X,,X,2) = 0 J#%ae onB,
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3.2 Existence and regularity for Finsler surfaces

and
X € C°(B,R>)NnC*"(B,R*) nWhH?(B,R?)
for v := (m1/m2)? € (0,1] and some q > 2.

Remark 3.2.2. The notion rectifiable for a Jordan curve can be formulated in terms of an
positive definite Finsler metric F' on R™*! (cf. Corollary 3.2.1). F then satisfies

milyl < Fz,y) < melyl

for all (z,y) € R™* x (R™T1\{0}) with constants m; for i = 1,2 as in (d). Then follows
directly that

miL(c) < Lp(e) < maL(c) (3.2.1)

for any curve ¢ : I — R™*! of class C'! on an interval I, since L(c) = L.|(c) = [;|¢|dt and
Lr(c) = [, F(e,&)dt by (L4.1).

Proof of Corollary 3.2.1. As discussed in section 3.1, the assumptions on F' and F{y) directly
imply that A" is a positive definite semi-elliptic Cartan integrand, i.e. (H), (D) and (C)
hold. Thus, we can apply Theorem 1.6.17 to the present situation what yields the stated
result. O

The following theorem is a result of a combination of Lemma 2.3.10, Corollary 1.6.21,
Theorem 1.6.22 and Theorem 1.6.23.

Theorem 3.2.3 (Higher regularity of minimizers). There is a universal constant dy €
(0,1) such that any Finsler-area minimizing and conformally parametrized (see (1.6.12)) sur-
face X € C(I") is of class I/VIZ(?(B7 R3)NCH7 (B, R3) for some o € (0,1) if the Finsler structure
F = F(x,y) satisfies

p(F(z, ) =[-1) < do
for all x € R®. Moreover if in addition the boundary contour I" is assumed to be of class ct
one obtains X € X>%(B,R3) N CL*(B,R?) and a constant ¢ = C(I', F) depending on I" and
F such that
| X|lw22,r3) + [ X]lcrepryy < CILEF).

Proof. We will use Lemma 2.3.10 wherein we set F', G(z,-) := |- |, m = 2, k = 2. Thereby,
the estimate becomes

pa(F(x,) pa] - |>>”
Fo(x) [0 /)

where pa(f(+)) := max{1, p2(f(-))} for some function f € C%(S?) and fy := min{1, ming= f(-)}
for some function f € C°(S?). Assume that

Pl |- AF () < (-] - Fla, ") ( (3.22)

pa(F(z,-) = |-]) < do (3.2.3)

holds, where we will set the constant dy later on in the proof. Therewith, we compute by
using the triangle inequality

pa(F(z,-))

IN

pa(l - |) + pa(F(z,-) = |-1)
< () +do

147



3 Application of Cartan functional theory on Finsler area

and therefore

p2(F(x,)) = max{l,pa(F(z,-))}
< max{1, pa(|-|) + do}
< pa(]- 1) + o (3.2.4)
Even more, direct computation yields
o = min{Lmin|-[}
= 1 (3.2.5)

Using the triangle inequality again together with (3.2.3) and (3.2.5), we compute

min F(z,-) = min(]-[+ F(z,-) = [-])
> in(| |~ F(,) - |- 1)
> min|- | —max(|F(z,) = [-])
= 1-po(F(z,"))
> 1-4o
and consequently
Fy(z,) = min{l,rél;nFo(')}
> 1-6, (3.2.6)

for 69 > 0. Putting (3.2.4), (3.2.5) and (3.2.6) into (3.2.2) yields

O e 12
pa(|-1=A"(z,-) < Cpa(|-| = Flz,)) (pz( . l)(f)i('&;)‘) : 60))
< Cpal|-| = Fla,) (B2(] - (27| - ) + 1))
< Cho (3.2.7)

for 0 < 6 < 1/2 and with C = C(| - |) := (pa(| - [)(2p2(] - |) + 1))'*C > 0. We chose now
o < min{%, %} Combining this choice of §p with (3.2.7) implies

~ 1
Pl |- AT ) < g
So, the Finsler area integrand AY - as a Cartan integrand (see Definition 1.6.1) - fulfills
the assumptions of Theorem 1.6.20 and thereby A" possesses a perfect dominance function.
Hence, Theorem 1.6.22 and Theorem 1.6.23 can be applied to the present situation and yield
the stated higher regularity of the minimizer. O

The following theorem establishes existence in a smooth setting. Remember that the

notion Finsler mean convex is essentially another name for A¥-mean convex (see section 2.5).

Theorem 3.2.4 (Existence in a smooth setting). Let (R3, F) be a Finsler manifold such
that (R3, F(3)) is also a Finsler manifold, i.e. F : TR?* = R3 x R® — [0,00) satisfies (GA3).
Then, the following to statements are true:
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3.2 Existence and regularity for Finsler surfaces

(i) If ' C R3 is a smooth closed Jordan curve contained in the boundary of a strictly
Finsler mean convex body, then for each g > 0 there exists a smooth embedded surface
spanning I', which minimizes the Finsler area among all smooth embedded surfaces M
with genus(M) < g spanning I

(i) If (R3, F) is a Minkowski space, i.e. F = F(y), and I is a graph of bounded slope over
the boundary OS2 of some plane bounded convex domain 2 C R2, then there is an (up
to reparametrizations) unique Finsler-minimal immersions X € C*(Q,R?)NC°(Q,R?)
spanning I'. Notice that the surface X parametrizes a graph.

Remark 3.2.5.

e In (i) a smooth embedded surface M spans I' if M = I'. In (ii) an immersion X €
C>(,R?) N C°(Q,R3) is said to span I if X(9) = T

e genus(M) denotes the topological genus of the smooth oriented manifold M (see Re-
mark 1.6.25);

e The bounded slope condition in the last part of the theorem means that we find a constant
R > 0, so that we can write I" as a graph,

I ={(u,y(u)) € R® : u = (u',u?) € 0Q}

for some function 7 : 92 — R, such that for any curve point (ug,y(uo)) € I" there exist

two vectors par, Dy € B%(O) C R? such that the two affine linear functions
05 (w) == pgd - (uw—uo) +v(up) and £y (u) :=py - (u—up) +v(uo)

satisfy €y (u) < y(u) < €5 (u) for all u € Q. In particular, if Q2 is strictly convex and I’
is a C2-graph over 02 then I satisfies the bounded slope condition (see Remark 1.6.27
or [GTO1, pp. 309, 310]).

Proof of Theorem 3.2.4. As discussed in section 3.1, the assumptions on F' and F(y) directly
imply that A is a positive definite elliptic Cartan integrand, i.e. (H), (D) and (E) hold.
Thus, we can apply Theorem 1.6.24 to the present situation what yields the stated result
(i). Notice that A is even in the second argument and the notion Finsler mean convex
of Definition 2.5.8 translates directly to AF-mean convex given in Definition 1.6.13. The
statement of (ii) follows in the same way by Theorem 1.6.26 to the Cartan integrand A’
which is independent of the first argument for a Minkowski metric F. O

Corollary 3.2.6 (Existence in a smooth setting). Let (R?, F) be a Minkowski space such
that (RS,F(Q)) is also a Minkowski space, i.e. F : TR3 = R3 x R® — [0,00) then satisfies
(GAM). If I' C R? is a smooth closed Jordan curve contained in the boundary of a strictly
convez body, then there exists a smooth embedded Finsler-minimal surface spanning I

Proof. The statement of the theorem follows directly by Theorem 3.2.4 (i), if we take into
account that in a Minkowski space every strictly convex set with smooth boundary is Finsler
mean convex (see Remark 2.5.9). O

The following theorem incorporates an energy estimate for Finsler-minimal graphs in a
Minkowski setting, which leads ultimately to an uniqueness result for such graphs.

Theorem 3.2.7 (Energy estimate for graphs). Let (R™*! F) be a Minkowski space such
that (R™*, F,,)) is also a Minkowski space, i.e. F : TR™1 = R™F1 x R™+L — [0, 00)
satisfies (GAM). Let Q be an open set in R™ with compact closure, K a compact subset of §2
with ™ Y(K) = 0. Let Ay > 0 be the lower ellipticity constant of the Finsler area integrand,
whose existence is ensured by Lemma 2.53.7. Assume two critical graphs of the non-parametric
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3 Application of Cartan functional theory on Finsler area

problem (cf. Ezample 1.6.12) fi, fo € C°(Q x R) N C?(2 x R) then we have the following
weighted energy estimate

2
/ ,U/(fth)‘Vfl_VfQPdaj < T/ |f1_f2|d%m—1
K 1 Jao
with

u(f, fo)(x) = (max{Wi(z), Wa(z)})™® forz e Q\K.

Therein are

Wi(x) = +1+|Vfi]? fori=1,2.

Proof. The assumptions on F and F{,,) imply as mentioned in section 3.1 that AF e CO(RmH1x
R™H) N C®(R™H x (R™T1\{0}) is a positive definite elliptic Cartan integrand independent
of the first argument., i.e. AY = AF(z) satisfies (H), (D) and (E). Thus, we can apply
Theorem 1.6.28 to the present situation what yields the stated estimate. O

Corollary 3.2.8 (Uniqueness). Assume that F,Q, K and f1, fo are satisfying the conditions
of Theorem 3.2.7. Assume further that Q\K is connected and that

fi(x) = fao(z) for allx € O9.
Then it follows that
fi = fo onQ\K.

Proof. We can either apply Corollary 1.6.29 to the present situation analogous to the proof
of Theorem 3.2.7 or deduce the statement directly from Theorem 3.2.7. O

The following theorem is a result regarding the removability of singularities of Finsler-
minimal graphs.

Theorem 3.2.9 (Removable singularities). Let (R™T1 F) be a Minkowski space such that
(R™FY, Fiuny) is also a Minkowski space, i.e. F : TR™T1 = R™TL 5 RMFL — [0, 00) satisfies
(GAM). Let f € C?*(Q\K) be a critical graph of the Finsler area integrand on Q\K (cf.
Example 1.6.12), wherein K is a locally compact subset of Q with ™ 1(K) = 0. Then f is
extendable as critical graph on Q in C2.

Proof. The assumptions on F and F{,,) imply as mentioned in section 3.1 that AP € CO(R™H1x
R™H1) N C°(R™F! x (R™*T1\{0}) is a positive definite elliptic Cartan integrand independent
of the first argument., i.e. A = AF(z) satisfies (H), (D) and (E). Thus, we can apply
Theorem 1.6.30 to the present situation what yields the stated result. O

3.3 Enclosure theorems

In this section, we present some enclosure results. We start by giving a convex hull
property that a Finsler-minimal immersion’s image is contained in the convex hull of its
boundary configuration. Afterwards we present some enclosure results for Finsler-minimal
immersions, whose image is contained in an Finsler admissible domain (see Definition 2.5.8).
All enclosure results are restricted to a Minkowski setting, i.e. we assume (GAM).

The following convex hull property derives from Theorem 1.6.32. Again, the assumptions
on the Finsler metric F' and its m-symmetrization F{,,) are set to ensure that AT fulfills the
theorem’s conditions (see section 3.1).

150
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Theorem 3.3.1 (Convex hull property). Let (R™" F) be a Minkowski space such that
(R™FY, Fiony) is also a Minkowski space, i.e. F : TR™TH o2 R™TL x RMH+L — [0, 00) satisfies
(GAM). Let A be a compact oriented m-manifold with boundary 0.4, M = int.d U OM
and X € C?*(int ,R™) N CO(at ,R™ ) be a Finsler-minimal immersion. Then we have

X(A) C convX(0.4),
wherein convY. denotes the convex hull of the subset X of R™+L,

As an application of Theorem 1.6.34 together with Definition 2.5.8 and section 3.1, we get

Theorem 3.3.2 (Enclosure in Finsler admissible domains (cf. [BF09, Lemma 2))).
Let (R™HLF) be a Minkowski space such that (R’”“‘I,F(m)) is also a Minkowski space, i.e.
F: TR™ o= Rl s RMHL — [0, 00) satisfies (GAM). For some bounded open set ) C
R™, let X € CO(Q,R™1) N C%(Q,R™1) be a Finsler-minimal immersion. Furthermore, let
¥ C R™* be an Finsler admissible domain (see Definition 2.5.8). Then, the following two
implications hold

X0 cx = XQ)cxu (3.3.1)
and

X0 CE A XOQNT£0 = X(Q) cCx. (3.3.2)

As a special case to Theorem 3.3.2, we present the following corollary, which can also be
derived by Corollary 1.6.35.

Corollary 3.3.3 (Enclosure in convex domains). Let (R™T F) be a Minkowski space
such that (R™*1, F,,)) is also a Minkowski space, i.e. F: TR™T = R™ 1 x R™H1 — [0, 00)
satisfies (GAM). For some bounded open set Q C R™, let X € CO(Q,R™*1) N C%(Q,R™H1)
be a Finsler-minimal immersion. Furthermore, let ¥ C R™t! be a convexr domain. Then, the
following two implications hold

X00)cx = XQcx% (3.3.3)
and
X0 CE A XOQONT#£D = X(Q)Cx. (3.3.4)
Remark 3.3.4.
e (3.3.3) can also be derived directly from Theorem 3.3.1.

e ¥ in Corollary 3.3.3 can be chosen to be a Finslerian ball of radius R > 0 and center
Zo, i.e.

Bfi(zo) = {yeR™':F(y—) <R},

. F .
since By, (x¢) is a convex set.

3.4 Isoperimetric inequalities

First, we start by giving an isoperimetric inequality in the setting of Corollary 3.2.1.
Especially, we restrict to m = 2 and to minimizers X € C(I').
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3 Application of Cartan functional theory on Finsler area

Theorem 3.4.1 (Isoperimetric inequality). Let (R?, F) be a weak Finsler manifold such
that (R?, F(2)) is also a weak Finsler manifold. Especially, F : TR® 2R3 x R® — [0,00) then
satisfies (GA1). Assume further that F is positive definite, i.e.

0 < my = _inf F(,) < sup F(,) = my < o0
R3 xS2 R3xS2

(see (d)). Then any minimizer X € C(I') of the Finsler area AY satisfies the simple isoperi-
metric inequality

AP(X) M (D).

4m?

Proof. The isoperimetric inequality can be proven in a similar way as in the proof of [CvdMO02,
Theorem 3, p. 628]. Let Y € C(Y) be a minimizer of the Euclidean area A = Al'l. The
isoperimetric inequality for classical minimal surfaces [DHS10, Theorem 1, p. 330] can be
written as

< (L),

where £(I) is the Euclidean length of I (see (1.4.1)). Hence, we conclude

A(Y)

X min. (3.1.1) m% m%

AT(X) < ATY) < mBAY) < 2 (L) < (Lr(I)?,

4rm?
where we made use of the growth condition

milyl < F(zy) < malyl
for all (z,y) € R™*1 x R™*+1\{0} (see (d)). Notice that the growth condition directly implies

mlﬁ(F) < ﬁF(F) S MQ,C(F),

when we exploit the defining relation (1.4.1) of the Finslerian length. O

Lemma 3.4.2 (Estimates of the Finsler area integrand gradient). Let F': TR™+! =
R™HL x RMTL — [0, 00) satisfy (F1) and F € CYR™ x (R™T1\{0})). Denote by | -| the
Euclidean metric on R™T1 and by AY the Finsler area integrand corresponding to F. Then
the following estimates hold true:

(i) For all (z,2) € R™1 x R™1\{0} holds

V. A (z,2)] < AF <x7 j) <1 + (m + 1)m? s (<z, vl‘g,}(;(iy’)y)>)2>é )

1) For a ba C olds
For a ball B (0) € R™*! hold

VA" (, Moo Z7F @ sm

= max V. Az, 2)|
(z,2)eBEFT(0)xs™

1

V. F 2\ 2
< mP 1+ (m+1)m? max max <<Z’y(x,y)>>
(z,2)€BRTT(0)xsm YEZHNS™ F(z,y)
’ }
= 2
< myt | T+ (m+1) s max max (2, V,F(z,y))
my (z,2)€EBRT (0)xS™ yEzLtnsm

152



3.4 Isoperimetric inequalities

m m2 2 2
< mp (14 m+ )5 VP2 s )
1

00, Bt (0)xs™

wherein my = my(R) and mg = ma(R) are the constants defined in (3.1.1). If F' satisfies
additionally (F3), then we estimate

Nl

2
F m m
VAR @Ol prergen < ™ (1+A2<m+1> (m)>

wherein

e = M(R) = max I lamEE) > 0
(,9),(z,6)eBE 1 (0)x5™

is an upper ellipticity bound of F measured in terms of the fundamental form (see

Definition 1.4.1).
Proof. In a first step, we compute the derivative of A" with respect to the second argument.
Therefore, we write the Finsler area integrand A" in terms of the spherical Radon transform
(see Corollary 2.3.1) and exploit the differentiation rule of Theorem 2.2.14. Notice that we
write the argument functions to the Radon transform in dependence of y, whereby y should
be the argument whereon the spherical Radon transform is actually applied. Further, we drop
the arguments of terms involving F = F(z,y), A = AF(z,2) and R(f) = R(f)(z) for all
f € HF?  (R™t1\{0}), z € R™*! and y, 2 € R™*1\{0} to simplify notations. Hence, we get

AZ (z,2)

- (R(Fm(lx,y»(z))zi

1 —m
= _R2(F7m)[R(F )z
SN S
AR (Fm) (|Z|ayk( )
2 1 ko
PRE - "EREE Y E )

for all (z,z) € R™H 1 x (R™*1\{0}. Remember that f,, := % forall f = f(z) € CY{R™1\{0})
and f,i = gyfi for all f = f(y) € CH(R™T1\{0}). Raising and lowering of indices is carried
out here with the Euclidean fundemental tensor and its inverse, namely w; = d;;w’ and
w' = §"w; for all w = (w') € R™T!. Therewith, we are able to compute the Euclidean norm

of the Finsler area integrand’s gradient. So, we get

VAT (z, 2)2
= APs,;AF
i J
|2|? 1 oz
= —2 R(=ZLyip~m1F,
FERE)E 2 ERwRER ] v
2 1 R Sy pa— 5 R 2 ip-meip 3.4.1
MR E Rl = R
By Definition 2.2.1 we compute
211(J y .
R(—= 2y F~™1F,.)
ElE v
= ! / iﬁyiF"”‘l(ﬂc Y) Ey(z,y)d ™ (y)
AT TE ) Jome iz T T T
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3 Application of Cartan functional theory on Finsler area

T o T () (S
F~" Nz, y)( —,y —  VyF(x,y) yds™ (y
Erzcn I S A F R VAV E R )

So, we thereof derive that

-
R(=ZLyi P~ Fe) = 0, (3.4.2)

2] ||

since <|—;, y> =0forally € (%l)J- Similarly, we derive by exploiting Definition 2.2.1 again
that
k

A
|R(mij le")‘
1 / L P ) e, ) ()
= Y ’ k ’
2 TE™ 1) | Joma(zye T2] v

1 / jm—m < z va(xvy)> m—1
= Y F (@) (T~ ) A (y
EEZacraD || S A P e )

1 / _ 5 <z VyF(x,y)>‘
F~"™(x,y)d#™ max _—
2] TE ) Jomn( ) (z.9) W) e\ Flany)
_ z VyF(x,y)
= R(F™ = v d) 343
) e (550 ) (343
Combining (3.4.2) and (3.4.3) with (3.4.1) leads to
V. A (z, 2)?
(3.4.2) 1
[2[2(R(F=m))?
+ mQ;R(iyiF_m_lF )0 R( i P=m=1R )
[22(R(F=m))* 2] (A P Y
(3.4.3) 1 ) 1 mtl (< z V,F(z y)>)2
S +m R(F™™))* max St A L
rRE e T ErmE oy & |RET e (T ey

- R (1 ronsmt max (5 W»)

So, we have shown the first estimate Lemma 3.4.2 (i). Taking the maximum on both sides
w.r.t. BRTH(0) x S™ yields directly the first estimate in Lemma 3.4.2 (ii). As noted in

section 3.1, we have

m*(R) = min ~ AF(,) < max AF() = mP(R).

BT (0)xs™ BRI (0)xs™

Thereby, we get

F
I ('v')HOOVWXgm
V,F(z,y)\> :
< max  A"(,-) | 1+ (m+ 1)m? max max <z,y’y>
BRtt(0)xsm (z,2)EBRT(0)xS™ yeztnsm F(z,y)
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2 2
< my [ 14 (m+1) (m) max max (z, va(x,y)>2
mi (w,z)EBg‘H(o)Xgm yczLtnsm
2 }
= 2 mi Yy ) oo,Bngl(O)xSm

If F satisfies additionally (F3), we especially know that F' is convex (see Remark 1.4.2) and

hence the Hessian matrix Fy,(z,y) := (Fyiyi(z,y)) € RMHDXMm+D) g positive semi-definite.

Knowing this and that F > 0 on R™*1 x (R™*T1\{0}), we conclude

Ve = max(V,Py), 0
< max ’Ui{Fyi(Jj,y)Fyi(.r,y) + F(xvy)Fyiyj (x’y)}vj

v=(v?)es™

i F j
= max  v'g;i(x,y)v
v=(v?)esm U( ’ )

F
= max g |y (v,v)

for all (z,y) € R™+ x (R™+1\{0}). If we take now the maximum over B *'(0) x S™ on
both sides, we get

A9 O || L p— max E v,V
VoGO, Emen (e a5 e (0)
= X(R) = Ao
This concludes the proof as thereby follows the last inequality in Lemma 3.4.2 (ii). O

The next result is based on Theorem 1.6.37 and Theorem 1.6.38. In order to apply those
theorems to the Finsler area integrand and reinterpret the resulting inequalites in a Finsler
setting, we need some additional definitions. Let .# be a compact oriented smooth m-manifold
with boundary 0.4, F : T.# — [0,00) satisfy (F1) and X : .# — R™"! be a smooth
immersion. Similar to section 1.6.5, we define dAp := dVx«r and dSp := dVX‘gﬂF, where

the Busemann-Haudorff area form is given in (2.1.1). Hence, [ ,dAp = Af (X) is the m-
dimensional Finsler arca of X (.#) and [, ,dSp = AL _|(X|o.«) is the (m — 1)-dimensional
Finsler area of X (0.4).

Theorem 3.4.3. Let (R™1 F) be a weak Minkowski space, i.e. F = F(y) € CO(R™T1\{0})N
C>°(R™T1\{0}) satisfies (F2). Let A be an oriented smooth m-manifold with boundary 0.4 .

(i) Any immersion X € C?(.#/,R™1) N CY (A ,R™ 1) with X(0.#) C BE(a) c R™T!
satisfies the following inequality

m—1
Ap(x) < Bm2 (/ F*(HF)dAFH(m?) / dSF>,
mmi M mi oM

with a constant

c = cm FV,F) = (1 + (m+1)m® max max <<z7 VyEy) >>2> % :

z€S™ yezlnsm F(y)

If additionally X is a Finsler-minimal immersion an isoperimetric inequality holds as

follows
Ap(X) < cR<m2> / S
m mi oM
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3 Application of Cartan functional theory on Finsler area

(i) If m = 2 and 04 consists of exactly k > 1 closed curves 1, ...,y whose image curve
I == X(v;) have finite Finslerian lengths LY := Lp(I}) for i = 1,...,k, then any
Finsler-minimal immersion X € C?(.#,R™Y) N CY (. ,R™1) satisfies the isoperi-
metric inequality

with a constant
a = ¢(2,F,V,F).

If (R3,F) and (RS,F(m)) are both Minkowski spaces, i.e. F satisfies (GAM), k = 2
and X (M) is connected, then there is even a constant ca = 02(%) such that

Fy2 F\2
Ar(X) = e (22) (LEP+ (L)

Remark 3.4.4.

e Let F'in Theorem 3.4.3 (i) additionally satisfy (F3) and denote by s the upper ellip-
ticity constant of F' as mentioned in Lemma 3.4.2 (ii). In this situation, the proof of
Lemma 3.4.2 (ii) gives an estimate of the constant ¢ = c(m, F, V,F'), namely

¢ = c¢(mF,V,F) < <1+)\2(m+1)(m>2>§.

my

e Lemma 3.4.2 (i) implies that there is no closed smooth Finsler-minimal hypersurface in
(R™*+1F), since the second estimate would then imply that its Finsler area vanishes.
So, in our special setting, we have a alternative proof of [She98, Theorem 1.3]. Notice
that a closed manifold in this context is a complete manifold without boundary. Further,
the Finsler area of an embedded submanifold or hypersurface .# C R™*! is defined by
Ap (M) == Ar(i|l.g), where i : A — R™F1 is the inclusion map.

Proof of Theorem 3.4.3. We start by giving some estimates, which will become useful through-
out the proof. The constants m; and mq are given by

0 < m = rrs1inF(~) < néaxF() = my < o0

Thereby, the following estimate holds
milyl < F(y) < molyl (3.4.4)
and for the dual metrics holds

1 1
—|AF < FF(A) < — A7 3.4.5
SIS P < (345

where ) is a linear real-valued mapping on R™*1. Using (3.1.1), we directly conclude
mi'lzl < AT(2) < mifal.

Further, we have that

N Cor. 218 1 h 1
/ a5 = A (Ko ST AE (Klow) = — [ dSp. (346)
oM myq myq oM
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3.4 Isoperimetric inequalities

Lemma 3.4.2 leads to

r 2\ 2
A oo sm < miy’ <1 + (m+1)m? max max <z, Vy (y)> ) = myc

z€S™ yezLlns™m
(3.4.7)
Even more, by Theorem 2.5.4, the following identity holds
7HAF(X7N) = H§(N)AF(X7N)3

where N : .# — S™ is the normal map of X. Hence,
[ Heemaa = [ pEeoare v
M M
= [ pE@AT N
M
= [ ki
M

- / HE | dAp
M

(3.4.5)
ma / F*(HE)dAR. (3.4.8)
A

Notice that BE(a) C B‘B'tl/ml(a) = Bg/fﬁl (a) and then Theorem 1.6.37 under the assumptions
of (i) gives

1 R
1R </ |HAF(X,N)|dA+||A5||Oo,gm/ dS>.
mmy M oM

Combining this inequality with (3.4.8), (3.4.7) and (3.4.6) lead to

AR (X) <

m—1
aFx) <~ <m2 [ rodaae e (M) dsF>
mmq H mq oM

m—1
_ Eme </ F*(HE)dAp + ¢ (mQ> / dSF) ;
m ma 4 mi oM

what proves (i). Next, we assume the setting of (ii). We will give some additional estimates.
(3.4.4) implies directly a similar comparison estimate for the related lengths and distances,
ie.

for any continuous curve I" in R™*+! and

milp—ql < dr(p.g) < malp—gq| (3.4.10)

for all p, g € R™*+1. This can be directly derived from the definitions of the Finslerian length
and distance in Remark 1.4.7. Similarly, using (3.4.10) and Remark 1.4.7 leads to

mydist(a, B) < distp(A,B) < medist(a, B) (3.4.11)
for all A, B C R™*!. Then Theorem 1.6.38 leads to
2
G dist(a, I}
.AF(X) < |\A£||oo,s2 Z u + (/ dS) M
Vi

47 2 ’

i=1

157



3 Application of Cartan functional theory on Finsler area

where f% dS equals the Euclidean length £(I5) of I; for ¢ = 1,..., k. Combining this estimate
with (3.4.9) and (3.4.11) for m = 2 yields

2 k 2 .
ANX) <« (m2) Z(W—l—ﬁF(Q)W).

m
L/ =

Notice that for ¢ = 1,..., % the expressions f% dSr and Lg(I;) can differ from each other
if F' is irreversible, but we could nevertheless replace Lg(I;) by f%_ dSr if needed. The last
statement of (ii) for & = 2 can be derived analogously from Theorem 1.6.39. O

3.5 Curvature estimates and Bernstein-type theorems
for Finsler-minimal immersions

3.5.1 Curvature estimates for Finsler-minimal immersions

The subject of this section is to establish normal curvature estimates for Finsler-minimal
immersions. These estimates ultimately lead to Bernstein-type theorems and are an appli-
cation of the classical theory of Berstein-type theorems for elliptic Cartan functionals. We
intend to apply Corollary 1.6.42 and Corollary 1.6.43 on the Finsler area as a Cartan func-
tional. These theorems were established by Simon in [Sim77c] for currents. The resulting
theorems are applicable to (m + 1)-dimensional Minkowski spaces, where the Minkowski met-
ric satisfies the assumption (GA3), where m < 7. Notice that it would be sufficienten to only
assume that the metric F = F(y) : R™! — [0, 00) satisfies (GA2).

In the following, we recall the definition of the Finslerian length for smooth curves (see
also Remark 1.4.7) and define the so-called geodesic spray coeflicients. The geodesic spray
coeflicients determine the differential equations characterizing critical curves of the Finslerian
length functional; critical curves meant in the sense that these are curves of vanishing first
variation of Finslerian length, where only variations are allowed that leave the endpoints of
the curve unchanged (see [BCS00, §3.8 & §5.3], [CSO05, §3.2] and [She01, §5.1]). Nevertheless,

we need them to compute the related normal curvature.

Definition 3.5.1 (Geodesics [BCS00, §3.8]). Let (4, F) be an n-dimensional smooth
Finsler manifold. Choose a local coordinate chart (U, (z%)) on 4. The Finslerian length
of a smooth curve v : [a,b] — A is defined by

Lr() = [b]F(W(f/)W(t))dt,

where 4(t) := %7(1&). The geodesic spray coefficients are defined in local coordinates by

Ghan) = ~wPen{(5), wo-(5) o)

forxcUcC N, y=1y 821- € TU and j € {1,...,n}. A geodesic or Finslerian geodesic of

constant speed 7y : [a,b] — .# can be characterized by the set of equations

() +GRO(0),5(1) = 0 (3.5.1)
for all t € [a,b] and j =1,...,n.

Remark 3.5.2.
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3.5 Curvature estimates and Bernstein-type theorems for Finsler-minimal immersions

e The Finslerian length coincides with the 1-dimensional Busemann-Hausdorff volume,
as defined in Definition 2.1.1 for reversible Finsler metrics. If the Finsler metric is
irreversible, the 1-dimensional Busemann-Hausdorff volume coincides with the Finslerian
length to the 1-symmetrization F(;y of F' (see Theorem 2.1.12).

e In the setting of Definition 3.5.1, (3.5.1) implies that the smooth curve 7 satisfies
F(v(t),%(t)) = const forall te€ [a,bl.

Hence, v is of constant speed measured in terms of the Finsler metric. (3.5.1) implies
even more that v is a critical curve to Lp(7).

o In the case that (.4, F) is a Minkowski space, the Finsler metric F(x,y) = F(y) for
all (z,y) € T4 has a Minkowski structure and thereby the geodesic spray coefficients
obviously do all equal zero. Let p,q € .4 and identify .4 = R"™ as a vector space. The
Finslerian geodesic of constant speed from p to ¢ is given by

q—p
F(q—p)

for all t € [0, F(q¢ — p)]. Hence, in a Minkowski space Finslerian geodesics of constant
speed are line segments.

y(t) = p+t

e The expressions in Definition 3.5.1 are even well-defined if we only assume F € CY(T.4 )N
C?(T#) and 7 to be of class C2.

The following definition introduces the Finslerian normal curvature for immersions.

Definition 3.5.3 (Finslerian normal curvature (cf. [She0l, section 14.2])). Let .# be
a smooth m-manifold, (.4, F) be an n-dimensional Finsler manifold and X : .4 — A4 a

smooth immersion for an integer k > 2. We define X*F' as the pullback of the Finsler metric
F under X, i.e.

X*F(u,v) = F(X(u),dX(v))

for all (u,v) € T.#. The normal curvature or Finslerian normal curvature KX is in local
coordinates (u®) on .# and (z%) on .4 defined by

, A . b
Kl = = {000 = X (G p(00) + CHX (). 0X (0D } 5 o
(3.5.2)

for all (u,v) € T.#\o with v = vaa% € T,.#\{0}. Therein, the geodesic spray coeflicients

G and G%.p are given in Definition 3.5.1 with respect to the respective local coordinates.
This local representation leads directly to the (global) smooth section Kf of X*T. 4" C
T, where X*T N := U(U’U)GT‘//{\O Tx () is at least a C* vector bundle over T.#. The
immersion X is said to be totally geodesic if KE = 0.

Remark 3.5.4.

e The normal curvature notion K§|(u,v) given in Definition 3.5.3 equals the normal cur-
vature A|,(v) in [She01, §14.2]. A similar definition of normal curvature by the same
author can be found in [She98, (96), p. 571]. In both sources, the normal curvature
is defined as a vector field along the immersed surface. The definition in [She01] is
slightly different from the one in [She98] at least for irreversible Finsler metrics (cf.
Theorem 2.1.12), as it is based on the Finslerian length instead of the 1-dimensional
Busemann-Hausdorff volume. Some further theoretical results on the normal curvature
can be found as well in [Bej87].
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3 Application of Cartan functional theory on Finsler area

o It is quite easy to show that the geodesic spray coeflicients G%.  are well-defined even
for immersions X of regularity C*. Then, X*F is a C*~! Finsler metric on .# and K§

is a C*~2 gection of Xw.

e For v € T.# and X\ > 0 holds ICf(\(%/\U) = )\QICQ(W,), what follows directly from the
definition of ICQ\(W]).

o« X*T ¥ = U(u,v)eT//{\o Tx(u)-¥" can be equipped in a natural fashion with a scalar

product induced from the Finsler metric F on T4\ 0, namely {9F|(X(u),dx(v)) ()} wvyer.ano-

The following theorem was established by Shen in [She98] and characterizes to some extend
totally geodesic immersions. Remember that in a Minkowski space geodesics are line segments
(see Remark 3.5.2).

Proposition 3.5.5 (Totally geodesic immersions (cf. [She98, Proposition 8.3])). Let
(A, F) be an (m+1)-dimensional Minkowski space and A o smooth m-manifold with bound-
ary. The image X (M) of a totally geodesic immersion X : M — N is contained in a
hyperplane of N .

The representation of normal curvature in a projective way is useful to establish estimates
and is given in Lemma 3.5.6.

Lemma 3.5.6 (Projective normal curvature representation). Assume the situation in
Definition 3.5.3. Then, the normal curvature can be locally expressed as

Kxlwn = = (55 = X (u) (g™ ) (u, 0) X (w) g (X (w), Xmu(U”)
(Xfm, (w)vv” + G (X (u), qu(v))> %wa (3.5.3)

Remark 3.5.7. We call (3.5.3) a projective representation of the normal curvature, due to the
coefficients

6] = X () (g™ )P (u, 0) X s (u) g (X (), dXu(v))

being coefficients of a C-projection w.r.t. A, where we choose C' = (X7.(u)) € R and
A= (gZ(X(u), X|,(v))) € R™™. These projectional coefficients could also locally define

—

a projection on X*T.4". It seems to the author that a similar approach has been presented
by [Bej87] in a coordinate-free manner.

Proof of Lemma 3.5.6. Let F' be a Finsler metrics. During this proof, the dependencies of
points on the manifold of the mentioned expression will be suppressed if not explicitly needed.
The expressions are evaluated at (u,v) € T.# or (X (u),dX (v)) € Tx(y).# depending on the
respective domain of them.

F(u,v) := *Flu,v) = F(X(uw),dX|4(v)),
F F? i Foyj
9ap = 2) = X;aginiﬁ,
veyh

().

F? F?
X+ (= X0,
L ) Tl
x y
F

? k F2 k l
PR . Xuﬁu"'v + (2) . XuﬁxurU
Y yrx

A
ol
~_
ES
s
3

<

S

I I

+ /—\/‘—\/—\N
o

—
vo|

k l o,T
> XuBXuUuTv v,
yry!
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F? F?
Ga o N - g aB{( ) - () UT}
(u,0) W) (5
F? F?
—(g )aB Xkﬁ_ - XkBqufUT
2 zk v 2 Ykl v
F2
() X{jﬁXfmTv%T}
2 ykyl

= (gF)ocﬂ{ ngkaB+gle Xu UT,UO',UT}

= (g )O‘Bxuﬁgkl{XiauTUUUT 4 GlF}
Putting all together in the defining local representation of the normal curvature yields
j « 1 o 1 3
Icfd(u»v) = - {X:iauﬂv UB _XgLQFX*G_FG;;‘}a ]|X

j o, T ] j o T 9
_ {x,{wv VT + Gl — X)a (g7 )P X gl { X o r v +G%}}W|X

j j 0
- {51] _Xﬂa(gF)aﬂXfﬁgzﬁ}{Xiuuw o7 + G }8 j|

This proves the assertion. O

Ezample 3.5.8 (Euclidean normal curvature). Assume the setting of Definition 3.5.3. Further,
let (A4, F) be the Euclidean space. So, we can identify (.4, F) with (R™*1 |- |). Then by
Remark 3.5.2 the geodesic spray coefficients of F' vanish. Lemma 3.5.6 implies that the normal
curvature can be written in local coordinates as

KE oy = —(65—Xz;a<u><gX*F>aﬂ<u,v>Xuﬁ< b (X <u>,dX|u<v>>)

(e (00707 4 G (X0, 0X (0D ) 5 o

— (8 = 2 6 ) )X (g (X0, 000
(e @07) ol

Further, we deduce gng = XSQ(SMX/% = (29X 90X —. .5 are the coefficients of the first

fundamental form of X and g (X (u),dX|,(v)) = §k due to the choice of metric on the target
space. Thereby, the normal cuvature becomes

. . N L\ 0
KEluw = —(6{—Xza<u> (o) X @ ) (X o7 ) Ll

0X 0X7\ 0
= — (qumur( )_<Xuf’uf( ) ou 5>g ﬁau(X)aleX(u)

o,T X
= — Vv <Xuaur(u),N>N]%|X(u)

o, T ; 0
vv h‘O'TNJ@L)((u)’ (354)

where N is the normal map of X and h,, are the coefficients of the second fundamental form
of X. So, the normal curvature points only in normal direction. If we intend to measure the
(squared) length of this section in some way, we compute

9"l xax @) KXl KX L) = 00 hagN'6;jv70 h N
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3 Application of Cartan functional theory on Finsler area

= (1*0%hag)”. (3.5.5)

So, the normal curvature is determined in the Euclidean setting by the second fundamental
form. Choosing the vector v appropriately, we get the squared principal curvatures of the
surface. These observations justifies at least in the Euclidean setting the designation as a
normal curvature.

For later interpretation of the Cartan functional curvature estimates in a Finsler-Minkowski
setting, we need some estimates to compare Finslerian normal curvatures issued from different
Minkowski metrics. This is given in the following Theorem 3.5.9.

Theorem 3.5.9 (Normal curvature comparison). Let (A, F) and (A, E) be Minkowski
spaces. Let X : M — N be a C%-immersion. Then there exist constants C; = C;(F, E) > 0
for i =1,2 such that

Cig” (KX.KR) < ¢ (KX.KR) < Cag® (KR, KR) (3.5.6)
for all (u,v) € T.#\o, where g¥’ (Kf(, IC;;) is an abbreviation for

F P F
9" (x w.ax @) (Kxlwe Kxlww)) -

Proof. Let F and F be Minkowski metrics. During this proof, the dependencies of the men-
tioned expressions evaluated at points on manifolds are suppressed if not explicitly needed.
The expressions are evaluated at (u,v) € T.Z\o or (X (u),dX (v)) € Tx(y).#\{0} depending
on the respective domain of them. In local coordinates the geodesic spray coefficients G%, and
GY%. vanish due to the Minkowski structure of E and F. So, we get

F ya F
g |(X(u),dX(v)) (K:X|(u,v)a K:X|(u,7j)>
20 (07 = 051 Xy ) (Khewr oo ) (08 = 04X (07 X ) (Ko

= gk (6{ — 5;Xia (gF)O‘ﬁXSﬁg,Z) (Xi,,mv”v7> (quuuv v“) (3.5.7)

and analogously for the Minkowski metric E. Notice that we can assume 4 = R", F(z,y)
F(y), B(z,y) = E(y), ¢"(z,y) = ¢"(y) and g"(z,y) = ¢"(y) for all (z,y) € TA\o

" x (R™\{0}), since (A, F) and (4", E) are Minkowski spaces. We can apply Theorem 1.1.22
to (3.5.7) by setting therein A = (g5 (dX (v))) € R™*" and B = (g5) € R™*" and define
positive constants C; := mingm+1 A1(A, B) and Cy := maxgm+1 A2(A4, B) s.t. the normal
curvature w.r.t. F of X relates to the normal curvature w.r.t. E of X at least locally as
in (3.5.6) for Cy = Ca((gf;),(9f;)) as in Theorem 1.1.22. These constants Cy,Cy are by
construction (see Theorem 1.1.22) invariant under coordinate change on .# and 4. So, we
can write Cy = Ca(gF, 7). O

Irall]

Motivated by theorems presented in subsection 1.6.6 based on [Sim77c], we adapt Defini-
tion 1.6.40 to the a Finsler-Minkowski setting.

Definition 3.5.10. Let (R™"! F) be a Minkowski space. Define the sets
Up(zo, R) = {M : M is a C*-hypersurface with C? boundary OM C R™ "\ BE ()},
Np(zo,R) = {M:M eUF(xy,R), M N BE(x0) is AF-minimizing in BE ()
and there exists an open set Up; ¢ R™™1

such that M N BE(x0) = OUp N BE (20)},

where AF-minimizing in BE (1) is meant as defined in Definition 1.6.40. N (x, R) is the
set of M € Urp(zo, R) representable in as a graph ™! = f(z!, ... 2™), (z,...,2™) €
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3.5 Curvature estimates and Bernstein-type theorems for Finsler-minimal immersions

DE(xgy) = {z : ™t = 0} N BE((x},...,25,0)), where f is a C? function whose graph
on Dg(ac:]) is Finsler-minimal. Analogous to the argument in Definition 1.6.40 holds that
NF(J?o, R) C NF(J?Q,R).

Remark 3.5.11. As mentioned in section 3.1, the following growth condition holds for a
Minkowski space (R™T! F):
mil-| < F() < mgl-|

for constants m; = minyegm+1 F(+) and my = max,cgm+1 F(-). Thereby follows

Bi (:L‘()) CBI};(Q?()) (- Bi ((Eo)

m2 mi

and consequently

R™ N\ B (20) CR™N\BE (20) € R™N\B'} (o).
my mo
Notice that it is easy to show that A-minimizing in an open set A implies A¥-minimizing in
an open set B if B C A. So, we get the following inclusions

U(Z‘Q,R/WM) CUF(]J(),R) C U(JZ(),R/mQ),
/\/l(aco,R/ml) CNF(.’EQ,R) C M(J?Q,R/mg),

’

M (zg, R/my) CNp (20, R) C M (0, R/m2).

Therein, 4, M and M’ are defined as in Definition 1.6.40.

The following Theorem 3.5.12 and Theorem 3.5.13 establish the announced curvature
estimates. Therein, the curvature estimate for some C2-hypersurface M in a Minkowski
space (R™T1 F) takes the following form: There exists a constant C = C(F) > 0 such that

9" | (x.ax) (KX, KK) e
X*G? ~R¥

(3.5.8)

(u0,v0)

where the C? immersion X : .# — M is a parametrization of the hypersurface M with
X (M) =M and ug € A with X(ug) = xo and vy € Ty, M .

Theorem 3.5.12. Let (R™*, F) and (R™*!, F,,,)) be Minkowski spaces. Let M € Np(xo, R)

withm =2 or M € N}(xo,R) with m = 3, then there exists a constant C = C(F') > 0 such
that (3.5.8) holds.

Theorem 3.5.13. Let (R™HL F) be Minkowski spaces and choose | - | to be the Euclidean
metric. In the case m < 6 there is a § = §(m) > 0 such that for all Minkowski spaces
(R™+L F) whose Finsler metric F satisfies

ps(F()—=1-1) < 0, (3.5.9)

there exists a constant C = C(F) > 0 such that (3.5.8) holds for every M € Ng(xo,R). In
the case m < 7 there is a § > 0 such that for all Minkowski spaces (R™1, F) whose Finsler
metric F' satisfies (3.5.9) w.r.t 0, there exists a constant C = C(F) > 0 such that (3.5.8)
holds for every M € Np(xo, R).

Proof of Theorem 3.5.12 and Theorem 3.5.13. Similar theorems for elliptic Cartan integrands
independent of the first argument are Corollary 1.6.42 and Corollary 1.6.43, which are based
on [Sim77¢c, Theorem 1, Corollary 1 & Corollary 2]. We intend to apply those theorems to
the present situation. There, the assumptions are all made on the elliptic Cartan integrand,
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3 Application of Cartan functional theory on Finsler area

whose role is played here by AF. The sets Ng(xg, R) and NII;(I’O,R) can be replaced by

M(z0, R/m3) and M’ (20, R/ms) due to the inclusions presented in Remark 3.5.11. Further,
(3.5.8) can be written in the context of Corollary 1.6.42 and Corollary 1.6.43 as

L Cm?
Z KZ?X(UO) < R22
a=1

for a hypersurface M with principal (Euclidean) curvatures k,, for i = 1,...,m, which is A%-
minimizing in BE,“ (x0). We represent M by a C? immersion X : .# — R™"! with a smooth
oriented m-manifold .# as in (3.5.8). The C? closeness of F to the Euclidean metric | - |
implies C® closeness of A" to the Euclidean area integrand Al'l = |- | (see Lemma 2.3.10). If
we choose .4 to be the (m + 1)-dimensional real vector space R™T! and F to be the standard
Euclidean metric in Theorem 3.5.9 the estimate becomes

1 ' F F
o | (uysaxtu @) (Kl KX ue))

Th.

3.5.9
< 7 (xwaxte @) (K&l o) K%l o))
(3.5.5) (

h #v”v“)Z

< max fﬁigpuv”v“
«

(D )i

7 > K2LF(dX(v))
my

X*F)2(v )
S

The curvature estimates of Corollary 1.6.42 and Corollary 1.6.43 imply then estimates of the
following type:

IA

IN

971X (004X ) KR 000 KR lwa) oy (m2)? o
(X*F)?(v) - “\my ’

where v € Tyg.# and X(OM) C R™TN\BE(X (up)) C }R7"+1\B|| (X (up)). So, we get a

Minkowski version of the curvature estimate. Ultimately, Theorem 3 5 12 and Theorem 3.5.13
follow then directly from Corollary 1.6.42 and Corollary 1.6.43. O

3.5.2 Bernstein-type theorems for Finsler-minimal immersions

Herein, we intend to state some Bernstein type theorems, which either derive from the
curvature estimates of the previous subsection 3.5.1 or the theory of Cartan integrands pre-
sented in subsection 1.6.6. We start with a result in general dimension as a consequence of
Theorem 1.6.44 and section 3.1.

Theorem 3.5.14. Let m > 2. Let (R™*1, F) be a Minkowski space such that (R™*1, F,,)
is also a Minkowski space, i.e. F : TR™T! =2 RMTLx R™F1 [0, 00) satisfies (GAM). There
exists 6(m,y) > 0 and v € (0,1) such that the following holds: Assume

ps(F()—1[-) < ¢
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and that f is a Finsler-minimal graph with

IDf ()| =O(|(z, f(x))[") fiir [x] — oo, (3.5.10)

wherein |(z, f(x))| = v/|z|> + f2(x). Then f is an affine linear function.

Now we present Bernstein theorems stemming from the curvature estimates established in
subsection 3.5.1. Assume that a curvature estimate as in Theorem 3.5.12 and Theorem 3.5.13
holds at every point of an entire Finsler-minimal graph. We deduce that the Finslerian normal
curvature vanishes at every point by letting R tend to infinity for such a graph. So, the graph
as a hypersurface is totally geodesic. Finally, Proposition 3.5.5 implies that the entire Finsler-
minimal graph has to be a plane (cf. [Bej87] and [She98, Proposition 8.3]). This follows also
directly from Corollary 1.6.42 and Corollary 1.6.43.

Theorem 3.5.15. Let (R™! F) be a Minkowski space such that (R™! F,,)) is also a
Minkowski space, i.e. F: TR™T1 =2 RmH+L 5 RmHL 5 [0, 00) satisfies (GAM). For m =2 or
m = 3 every entire Finsler-minimal graph is a plane.

Remark 3.5.16. An entire graph in R™*! is the graph of a function, which is defined on R™.

Corollary 3.5.17. Let (R™™ F) be a Minkowski space and |- | be the Euclidean metric. In
the case m < 7 there is an § = §(m) > 0 such that for all Minkowski spaces (R™1 F), whose
Finsler metric F' satisfies

p3(F() =) < 4 (3.5.11)
every entire Finsler-minimal graph of class C? is a plane.

Remark 3.5.18. In section 2.4, we computed for some exemplary Finsler metrics conditions,
which imply that the m-symmetrization is a Finsler metric by itself. Hence, those Finsler
metrics satisfy (GA3) when they fulfill these conditions. We especially reproduced the sharp
bounds on ||f||g for the Minkowski Randers metric presented by Souza et al. [SST04] and
the special Minkowski («, 5)-metrics of Cui, Shen [CS09]. So, these metrics satisfy (GAM).
Thereby, Theorem 3.5.15 and Corollary 3.5.17 include the Bernstein-type theorems presented
in [SST04] and [CS09] for these distinct Finsler metrics as special cases.
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Nomenclature

A Vector and Set Notation

(3)

H’”L

No

Snfl

dimV
GL(n)
intH™
intH™
ker(f)
rank(f)
sgno
SL(n)

spanS

binomial coefficient for multi-indices........... ... i 92
binomial coefficient ....... ... .. 14
determinant of the quadratic matrix M € RFXF ... .. ... ... ... 8
A-scalar product on R™ .. ... 17
ball of radius 1 around 0 in R™ ... ... . . 25
set of complex numbers. ... ... . 11
closed m-dimensional upper halfspace............... ... i 28
set of natural numbers............ ... 7
set of non-negative integer numbers........... ... ... i 7
set of real nUMbeErs . ... ..o 7
sphere of radius 1 around 0 in R™. ... ... o i 25
set of integer NUMDbETs . ... ... 7
dimension of the vector space V ....... ... i 12
general linear group ..ot 8
boundary of the m-dimensional upper halfspace......................... 28
interior of the m-dimensional upper halfspace........................ ... 28
kernel of a linear mapping f:V — W .. ... .. 18
rank of the linear mapping f:V — W ... ... ..o 18
sign of the permutation o € Si, ... 8
special linear group . ... .. ..ottt 8
set of all linear combinations of elements in S........................... 13
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Nomenclature

trace(M)
Wwe... wk
Q

Br(p), Bg(p)
O(n,m)

Py c

.Uk

trace of a matrix M € RFX!. o o 8
tensor product of w',. .. W 13
closure of an open set Q@ C R™ .. ... . 20
closed ball of radius R and center pin R™ ......... ... ... ... ... .... 25
topological boundary of an open set Q CR™ ... ... .. ... L. 20
cardinality of a set S ... ... 72
UIEE dISC L vttt e 57
open ball of radius R around pin R™ ....... ... ..ot 25
orthogonal group to the Euclidean scalar product....................... 19
C-projection w.rt. t0 A .o 18
orthogonal complement of the set S C R™*L ... ... .................. 15
set of all permutations of 1,... k... ... i 8
set of all covariant k-tensors on V ....... ..o i 12
set of all contravariant k-tensorson V ...... ... . ... ... .. 13
dual space to the vector space V... ... ... i 12
tensor product Of U1, ...y Uk vt 13

B  Functional Notation

168

shorthand for a transition map ..., 29
coordinate chart ¢ : U — @(U) CH™ ... 28
local coordinates . ... ... ..ot 28
characteristic function of the set 2........ . ... .. i 72
Euclidean Laplacian........ ..o 26
Kronecker delta ... ... 7
Kronecker delta ...... ..o 7
spherical Laplacian.......... .. i 26
Kronecker delta ....... ..o 7
components of the differential of f in local coordinates.................. 31
components of the differential of the transition map (%(%)) ............ 30
coordinate vector to local coordinates (%) ...l 30
differential of f: A — A o 31
Jacobian matrix of fat @ ..... .. . 22



Nomenclature

D f(x)
suppg

traceg

V.f
ry 5
Fh
fzi
faz
fz

Jap
H

Hy

hr
hap
JF()
St

differential of f at x w.r.t. the multi-index av........................... 21
support of a function g........ .. . 23
trace of a bundle map f:T A - T H wrt. g. ..., 50
Euclidean gradient ........ ... i 53
spherical gradient ......... ... 26
gradient of f W.r.b. z .. ... 48
Christoffel Symbols .. ... 42
components of the differential of f in local coordinates.................. 31
i-th partial derivative of f w.r.t. z... ... i 48
Hessian matrix of f w.rit. z ... 48
gradient of f W.r.b. z.. . . 48
coefficients of the first fundamental form.............. .. .. ... oL 42
Euclidean mean curvature............ .o 42
T-mean curvature. ...... ... e 50
full T-mean Curvature. . ...........ooiueei i 52
coefficients of the second fundamental form............................. 42
Jacobian determinant of fat x...... ... ... i 22
I-shape operator ... ... 50

C Function Spaces

I lco@)

I ller @)

I llero @)

[ re)

I e )
Hol, q(+)
HF},(R™\{0})
HF), . (R"\{0})
HEF), ,(R™\{0})
27(Q)

D ()

()

supremum norm on CO(Q) ... 20
norm on CF(Q) . ... 21
norm on CF (1) .o o 21
LP-1n0rm On €)oo 23
WHRP oI 00 .ot e 23
Holder normi .. ... 21
vector space of [-times differentiable k-homogeneous functions .......... 25
vector space of even [-times differentiable k-homogeneous functions .. ... 25
vector space of odd I-times differentiable k-homogeneous functions...... 25
space of p-integrable functions on € .......... ... ... . 23
restriction of a function to the unit sphere.............................. 26
k-homogeneous extension of a spherical function........................ 26
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Nomenclature

p; () seminorm of order j on C(R™\{0}) ... 25
p; () spherical seminorm of order j on CY(R™\{0}) for j <1l.................. 25
C§e () set of functions in C*°(§2) with compact support in Q................... 23
Ck(Q) set of k-times continuously differentiable functions on an open set Q@ C R™
20
Ck(Q) set of k-times continuously differentiable functions on the closure of an open
Set ) C R 20
CU.A) set of [-times differentiable real-valued functions on . ................. 29
CY A, N) set of I-times differentiable functions from .# to A .................... 29
Ch(A) set of [-times differentiable real-valued functions on .# of compact support
29
C%7 () vector space of all Holder continuous functions on {2 to a given exponent
T € (0, 1] 21
Cﬁ)g(Q) vector space of all locally Holder continuous functions on €2 to a given ex-
ponent o € (0, 1] ..ot 21
Lr(Q) LP-space On €. ... oo 23
WkP(Q) Sobolev space of order k and integrability p............... ..o 23
Wkp(Q,R") Sobolev space of order k and integrability p.................... L 23
WIIZ’CP(Q, R™) local Sobolev space of order k and integrability p....................... 23
D Measures
T m-dimensional Hausdorff measure ............... ... ..ol 22
FHM-a.e. FC™ almost everywhere . ... 22

E Finsler Manifolds

(AN F)
(g")¥
ldy Fall7
A()
AR()
AL()
K%

L(7)
Lr(v)

170

Finsler manifold . ..... ... 37
inverse to the fundamental tensor............. ... ... ... ... L. 38
dual norm of the odd part w.r.t. theeven part ........................ 121
Euclidean area ........... i 47
Finsler area . ... 68
m-~dimensional Finsler area.......... ... ... o i 68
Finslerian normal curvature of the immersion X : .4 — (A, F) ....... 159
Euclidean length of a curve v : [a,b] = R™ ..., 38
Finslerian length of a curve v : [a,b] = (A, F) ...l 37



Nomenclature

dim.Z

diStF (A, B)
diStF (p, B)

dA
ds
dVx«p

genus(.Z )

int.#

G (z,y)

T 7
T A
T (A)
Ty (A)
T,.4
TX
X*F

dimension of a manifold
Finslerian distance of a set A to a set B
Finslerian distance of a point p to a set B
m-~dimensional Euclidean area element
m — 1)-dimensional Euclidean area element
m-~dimensional Finsler area form
genus of an oriented smooth manifold .#
interior of a manifold
manifold of dimension m
vector space of all k-forms on .#
boundary of a manifold
Euclidean area integrand
m-dimensional Finsler area integrand
m-dimensional Finsler area integrand on R™t!
Finslerian ball of radius R > 0 and center xzg
Euclidean distance between two points p,q € R™
Finslerian distance between two points p,q € A
dual Finsler structure to the Finsler structure F
odd or antisymmetric part of a function F
even or symmetric part of a function F'

fundamental tensor

geodesic spray coefficient
zero section
tangent bundle to .#
cotangent bundle to .#
bundle of covariant k-tensors on .#
bundle of contravariant k-tensors on .Z
tangent space to .Z at p
tangent bundle to the immersion X

pullback Finsler metric
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