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Zusammenfassung

In dieser Arbeit geht es um Varifaltigkeiten, deren erste Variation lokal
endlich ist. Eine m dimensionale Varifaltigkeit V in R ist ein Radonmafl
auf dem Produkt R™ X G(n,m) mit der Grassmann-Mannigfaltigkeit
G(n,m). Das zugehorige Gewichtsmaf |V auf R™ erhdlt man durch
Projektion auf R". Die Notation fiir Varifaltigkeiten richtet sich nach
Allard [All72]. In den Kapiteln 3 und 4 werden die notwendigen Begriffe
bereitgestellt.

In Kapitel 5 geht es um die erste Variation §V der Varifaltigkeit V. Das
ist eine lineare Abbildung, welche jedem kompakt getragenem Vektorfeld g
eine reelle Zahl, genauer gesagt das Integral iiber die relative Divergenz
von g zuordnet. Es wird gezeigt, wie die erste Variation mittels Integration
dargestellt werden kann. Korrespondiert die Varifaltigkeit zu einer glatten,
eigentlich eingebetteten m dimensionalen Untermannigfaltigkeit M des
R"™ ohne Rand, das heifit V ist gegeben durch

V(A) =" (MN{z: (x,Tan(M,z)) € A}) fir ACR" x G(n,m),

was ||V|| = 2™ L M impliziert, so ldsst sich die erste Variation ausdriicken
durch die mittlere Kriimmung von M. Dieser Zusammenhang motiviert
die Definition der verallgemeinerten mittleren Krimmung h(V;-) fiir Vari-
faltigkeiten. Das im Sinne des Rieszschen Darstellungssatzes zu V' resul-
tierende Radonmaf auf R™ wird mit ||§V'|| bezeichnet und totale Variation
genannt. Ferner wird definiert, was eine unzerlegbare Varifaltigkeit ist. Ist
eine Varifaltigkeit unzerlegbar, so ist der Trager spt ||V|| des Gewichts-
mafles zusammenhéngend. Andererseits ist jede Varifaltifkeit, die zu einer
zusammenhéngenden geschlossenen glatten Untermannigfaltigkeit des R™
korrespondiert unzerlegbar.

In Kapitel 6 wird die isoperimetrische Ungleichung bewiesen. Sie besagt,
dass das Maf} geeigneter Teilmengen des R"™ beschrankt ist durch den Rand
und durch die Krimmung dieser Menge. Gleichwohl ist dieser Zusammen-
hang nicht linear. Mathematisch ausgedriickt lautet die isoperimetrische
Ungleichung wie folgt. Es gibt eine positive und endliche Konstante T,
sodass

IVI{z: 1 < @™ (V][ 2)} < TV[I(R")™[5V]|(R")

falls ||[V|[(R™) < co. Dabei bezeichnet @™ (||V|],-) die m dimensionale
Dichte von ||V|| und die Konstante I' hangt nur von der Dimension m
der Varifaltigkeit V' ab. Gilt @™ (||V||,z) > 1 fur ||V]| fast alle z und 0 <
IVI[(R™) < oo, so lasst sich die isoperimetrische Ungleichung vereinfachen
zu

IVIIR™™Y™ < T(IsV|(R").

Die wichtigsten Hilfsmittel des Beweises stellen die klassische Monotonie
Identitdt (in der Version von Menne [Menl6a, 4.5]) und ein Lemma von
Simon [Sim83, 18.7], welches erlaubt, den Uberdeckungssatz von Vitali
anzuwenden, dar.

In Kapitel 7 wird untersucht werden, wie sehr sich die Menge {z :
1 < O™(||V]],z)} von der Menge spt |V|| unterscheidet. Im folgenden
sei angenommen, dass @™ (||V]|,z) > 1 fiir |V|| fast alle z gilt. Mithilfe
der isoperimetrischen Ungleichung wird gezeigt, dass der m dimensionale
Dichtequotient von ||V'|| durch eine positive Zahl nach unten beschrankt ist,
sofern der Ableitungsquotient von |6V | nach ||[V||*~*/™ klein ist. Ist V
unzerlegbar, so kann die Voraussetzung an den Ableitungsquotienten re-
duziert werden zu der Annahme, dass der 1 dimensionale Dichtequotient



von ||V || [h(V;-)|™ ! klein genug ist. Sei V eine m dimensionale Vari-
faltigkeit in R", ||6V]| ein Radonmaf, V unzerlegbar, @™ (||V||,z) > 1 fiir
V|| fast alle z, ||§V|| absolut stetig beztiglich ||V|| und h(V;-) lokal zur
Potenz (m — 1) summierbar. Es wird gezeigt, dass dann

O (|V],z) > 1 firr " fast alle z € spt ||V].

Auf die Unzerlegbarkeit von V kann nicht verzichtet werden.

In Kapitel 8 wird der geodétische Abstand in abgeschlossenen Teilmen-
gen des R™, das heifit die kiirzeste Lange von stetigen Verbindungskurven
zwischen zwei Punkten eingefiihrt. Ist dieser Abstand zwischen zwei Punk-
ten endlich, so gibt es eine minimale stetige Verbindungskurve. Diese kann
Lipschitz-stetig und nach Bogenlédnge parametrisiert gewahlt werden. Sei V'
eine Varifaltigkeit wie im letzten Abschnitt der Beschreibung von Kapitel 7
und spt ||V|| kompakt. Es wird gezeigt, dass dann der Durchmesser d von
spt || V|| beziiglich dem geodétischen Abstand beschrankt ist durch

i<T / Ih(V, 2)™ 1 |V

wobei I' eine positive und endliche Konstante ist, die nur von der Dimen-
sion m der Varifaltigkeit abhingt und der Ausdruck 0° als 1 interpretiert
werden soll. Auf die Unzerlegbarkeit von V' kann nicht verzichtet werden.
Absolut Stetigkeit von ||6V|| beziiglich ||V|| wird nur fir m > 3 bendtigt.
Den Hauptteil des Beweises liefern die Techniken aus Kapitel 7. Diese
konnen verwendet werden, indem der geodéatische Abstand approximiert
wird durch eine Folge von Metriken auf spt ||V, welche fiir Punkte, die
im eigentlichem Sinn nahe beieinander liegen, dem euklidischen Abstand
gleich sind.

Abstract

The main results of this thesis are formulated on the following set of
hypotheses. Suppose m < n are positive integers, V' is an m dimensional
rectifiable varifold in R"™, the total variation ||§V|| is a Radon measure,
|[6V7]] is absolutely continuous with respect to the weight measure ||[V]|, V is
indecomposable, @™ (||V||,z) > 1 for ||V|| almost all = and the generalized
mean curvature h(V;-) is locally summable to the power m — 1 with respect
to [[V]].

If m is at least 2, then it will be shown in this thesis that

O (|V],x) >1 for 2" almost all x € spt ||V].

One cannot drop the assumption that V' is indecomposable.
If spt ||V|| is compact, then the intrinsic diameter d of spt ||V'|| will be
estimated in terms of the generalized mean curvature h(V;-) by

d<T / Ih(V; )™ |V

where I' is a positive and finite number depending only on m. This gener-
alizes the diameter control for closed and connected smooth submanifolds
of R"™ of Topping [Top08]. However, it was not known whether the present
hypothesis implies that two points in spt ||V|| have finite geodesic dis-
tance in spt ||V||. The absolute continuity of ||§V|| with respect to |V]|
is only needed for m > 3. One cannot drop the assumption that V is
indecomposable.
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1 Introduction

In this thesis the objects of investigation are varifolds with locally finite first
variation, first introduced by Almgren [Alm65]. The definition and notation for
varifolds in this thesis follow Allard [All72]. As a consequence of the isoperimetric
inequality, the main results of this thesis are an estimate of the set where the
density quotient is small and an estimate of the intrinsic diameter with respect
to the support of the weight measure in terms of the generalized mean curvature.

The isoperimetric inequality for varifolds was first published by Allard [A1172].
Allard shows in [All72, 7.1] the existence of a constant -y such that

IVIIR™)™ < y][§V]|(R™)

whenever V is an m dimensional varifold in R™ satisfying 0 < ||[V||(R"™) < oo and
O™ (||V|l,z) > 1 for ||V| almost all z. The constant v only depends on m and n.
Loosely speaking, the isoperimetric inequality says that the measure of a set is
bounded by its boundary and its mean curvature. The isoperimetric inequality
has lots of applications. Some of them are part of this thesis. Michael and Simon
improve in [MS73, 2.1], see also [Sim83, 18.6], the isoperimetric inequality for
the class of rectifiable varifolds with finite weight for which the first variation
is absolutely continuous with respect to the weight measure in this way that
the constant « only depends on the dimension of the varifold. Menne indicates
in [Men09, 2.2] that the isoperimetric inequality holds true for all rectifiable
varifolds with finite weight and a constant depending only on the dimension of



the varifold. In this thesis it will be proved in Section 6 that the isoperimetric
inequality holds true for all varifolds with finite weight and a constant depending
only on the dimension of the varifold.

Suppose V is an m dimensional varifold in R™ and the total variation ||6V]]
is a Radon measure. Then the dimension of the set spt ||V|| might be strictly
greater than m, see 5.16. Instead, the subset {x : 1 < @™ (||V],z)} of spt ||[V|| is
of geometric interest. In particular the question of how much the mentioned set
differs from the support of the weight measure arises. This question is answered
for one dimensional varifolds in Euclidean space by Menne [Menl6a, 4.8]. To
study this question for higher dimensions, suppose V is an m dimensional recti-
fiable varifold in R™, m is at least 2, ||0V|| is a Radon measure, @™ (||V]|,z) > 1
for |V almost all z, the total variation ||JV|| is absolutely continuous with
respect to ||V|| and the generalized mean curvature h(V;-) is locally summable
to the power m — 1 with respect to ||[V||. In this case, Menne shows in [Men09,
2.9, 2.11] that there holds

either @7*(||V||,z) >1 or @"(||V],z) =0

for 71 almost all z € spt ||V]|. Nevertheless, it may happen that the set of those
x € spt ||V|| for which ®™(||V||,z) = 0 has positive m dimensional Hausdorff
measure. A sufficient condition to avoid this is the additional assumption that
the varifold is indecomposable, see 5.10. This is a strong condition which implies
amongst other things that the support of the weight measure is connected. In
this thesis it will be proved in Section 7 that the hypothesis described above
implies
O (||[V|l,z) >1 for #" almost all x € spt ||V

In view of the isoperimetric inequality it seems natural that not only the
measure of a set is bounded by its mean curvature but also the diameter of a set
without boundary. This dependence is already described for immersed manifolds
in the following way. Suppose m is a positive integer, M is a connected and
closed m dimensional manifold smoothly immersed in R™ with mean curvature H
and intrinsic diameter din;. Topping shows in [Top08] the existence of a finite
constant C'(m) satisfying

e < ) [ B
M

where p is the measure on M induced by the ambient space and the con-
stant C(m) only depends on m. Menne rephrases this result in the unpublished
notes [Menl2b] in the context of indecomposable varifolds. That is if V is
an m dimensional rectifiable varifold in R”, ||[0V|| is a Radon meausre, V is
indecomposable, ||§V]| is absolutely continuous with respect to ||V, spt||V]|
is compact, the generalized mean curvature h(V’;-) is locally summable to the
power (m — 1) with respect to the weight measure |V and @™ (||V|,z) > 1
for ||V|| almost all z, then the extrinsic diameter dext of spt ||V]| is estimated in
terms of the generalized mean curvature h(V;-) by

do < T / (V)™ Ve

where the constant I' only depends on m and the expression 0° should be
interpreted as 1. The absolute continuity of ||§V|| with respect to ||V is only



needed if m > 3. In this thesis it will be proved in Section 8 that the inequality
above can be sharpened by replacing the extrinsic diameter of spt ||V|| by its
intrinsic diameter. It was not known that the present hypothesis implies that
two points in spt ||V]| have finite geodesic distance in spt |[|[V]|. One cannot drop
the assumption that the varifold V' is indecomposable.

A reference for the measure theoretic statements used in this thesis is [Fed69].

Acknowledgement

The author would like to thank Prof. Dr. Ulrich Menne for hints and discussions
concerning this thesis.

2 Notation

The notation of Federer [Fed69] and Allard [All72] will be used throughout
the thesis. Amongst other things, this means & denotes the set of positive
integers and Z(R"™, R) denotes the space of all real valued smooth functions with
compact support in R™. Based on Menne [Menl6a], the following modification
and additional notation are employed. If f is a relation, then f[A] = {y : (x,y) €
f for some © € A} whenever A is a set, see [Kel75, p.8]. For each positive
integer n, the number B(n) denotes the least positive integer in the Besicovitch
Federer covering theorem [Fed69, 2.8.14] for R™. That is if G is a family of
closed balls in R™ with sup{diam B : B € G} < oo, then there exist disjointed
subfamilies G1,...,Gg(,) of G such that

{z :B(z,r) € G for some 0 <r < oo} CYUU{Gi:i=1,...,8(n)}.

A further constant «(m) for the isoperimetric inequality, which depends on
positive integers m will be defined in 6.9. Be also aware of the conventions
described in 3.8 and 3.9.

3 Preliminaries

This section is a collection of definitions and elementary measure theoretic
statements which are preparations for this thesis and will be needed later on.
These include some notations concerning Radon measures and the notion of
Grassmann manifold.

3.1 Definition (see [Fed69, 2.2.1]). Suppose ¢ is a measure over a topological
space X.
Then the closed set

X ~J{U : U is open and ¢(U) = 0}
is called the support of ¢ and is denoted by spt ¢.

3.2 Remark. Suppose the topology of X has a countable basis.
Then ¢(X ~spt ¢) = 0. In this case there holds

b= ¢Lspto.



If X is a metric space, then it follows
spto = X N{z: ¢(U(x,r)) > 0 whenever 0 < r < co}.

3.3. Suppose ¢ is a Borel regular measure over a topological space X and f
maps a subset of X into R.
Then there holds

Jim ofa: f() < s} = lim ofa: f(x) < s} = ofa: flx) <}

for all r € R. Moreover, if f is a Borel function and r € R such that ¢{x :
f(z) <t} < oo for some ¢ > r, then

lim ¢{z: f(x) < s} = Sl_i)r&qb{x cf(x) <s}p=¢{x: f(x) <r}

s—r+
These facts may be verified by [Fed69, 2.1.5 (1)] and [Fed69, 2.1.3 (5)].

3.4 Theorem (see [Fed69, 2.2.3]). Suppose ¢ is a Borel reqular measure over a
topological space X and A is a countably ¢ measurable subset of X.
Then there exist Borel subsets B and D of X such that

DcCcACB and ¢(B~D)=0.
Proof. Choose ¢ measurable subsets Aj, Ao, ... of X such that
A:U?il Ai, (b(AJ) < o0

for all positive integers j. The conclusion follows from [Fed69, 2.2.3] by taking
D =J;2, D; and B = |J;2, B; where the D; and B; are Borel subsets of X
which correspond to j € & such that D; C A; C Bj and ¢(B;~D;)=0. O

3.5 Theorem (see [Fed69, 2.4.10]). Suppose ¢ is a Borel regular measure over a
topological space X, X is countably ¢ measurable, f is a nonnegative ¢ measurable
function and

Y(A) = [, fd¢ whenever A C X.

Then 1 defines a Borel reqular measure over X and all ¢ measurable sets
are 1) measurable.

Proof. Assume A is any subset of X. By [Fed69, 2.10.4] and [Fed69, 2.2.3] it
remains to show

[y fdé =inf{[, fde: B is a Borel subset of X and A C B}.

Obviously the left hand side is less or equal to the right hand side. To prove the
reverse inequality suppose f:{ fd¢ < oo and let € > 0. Choose a ¢ step function
u such that u(x) > 0 for ¢ almost all x, u(z) > f(z) for ¢ almost all x in A and

e+ [y fdo > [udg.

Let
P=Xn{z: f(z) <ulx)}.



Then P is ¢ measurable and 3.4 ensures the existence of a Borel subset D of X
such that
DCP and ¢(P~D)=0.

There holds
P(A~D) < p(A~P)+ p(ANP~D)=0.

Choose a Borel subset C of X such that A~D C C and ¢(C) = 0. For the
Borel set B =D UC it follows A C B and

Judé > [pude > [, fdo
which completes the proof. O

3.6. Suppose X is a topological space and A is a subset of X.
Then the Borel family generated by the relative topology of A in X equals
the set
{AN B : B is a Borel subset of X}.

Hence, if ¢ is a Borel regular measure over X, then ¢|24 is a Borel regular
measure over A. This may be verified with help of [Fed69, 2.1.2].

3.7 Theorem (see [Fed69, 2.2.17]). Suppose X and Y are locally compact and
separable metric spaces, pu is a Radon measure over X and f : X — Y isa p
measurable function.

Then fup is a Borel regular measure over Y.

Proof. Assume A is a p measurable subset of X such that u(A) < co. Use
Lusin’s theorem [Fed69, 2.3.5] to construct a sequence C1,Cs,. .. of compact
subsets of X such that for each positive integer i there holds f|C; is continuous
and

Ci c AnUiTy Gy plA~Ui, C) < 1/

J:
Then M(ANU;.’; C;) =0and C;NC; = & whenever 4,j € & and ¢ # j. Since X
is countably p measurable, this procedure provides a sequence Ki, Ko, ... of
pairwise disjointed compact subsets of X such that f|K; is continuous whenever
i€ & and

N(XNU;.;lKj) =0.

By 3.6 and [Fed69, 2.2.17], (f|K;)xu|2% is a Radon measure over Y whenever
1€ &. Since

oo

Fap =" (FIK;) 2,

j=1

the conclusion follows. O

3.8 (see [Fed69, 2.5.13, 14]). Suppose X is a locally compact Hausdorff space
and p is a Radon measure over X. Let

H(X)

denote the space of continuous real valued functions on X with compact support.
Sometimes the notation

u(f) for [ fdu when fe #(X)



will be used. This is natural since the Riesz representation theorem asserts
that Radon measures over X correspond in this way with the linear functionals
on . (X) wich are nonnegative on the nonnegative members of #(X). The
notation above also will be used to define Radon measures over X.

3.9 (Grassmann manifold, see [All72, 2.3]). Suppose n is a positive integer and
k is a nonnegative integer not exceeding n.
Then the so-called Grassmann manifold

G(n, k)

is defined to be the space of k dimensional subspaces of R™. Suppose S € G(n, k).
Then there exists exactly one member P of Hom(R™, R™) such that

PoP=P P*"=P and imP=SE5.

This induces an injective map G(n, k) — Hom(R"™ R™). A member of G(n, k)
also will be considered as its evaluation under this injection. Moreover, G(n, k)
will be endowed with a metric by the requirement that the injection above is
distance preserving with respect to the operator norm over Hom(R™, R"). With
this metric G(n, k) is compact.

The following definition will be needed to define varifolds in a smooth
submanifold of some Euclidean space.

3.10 Definition (see [All72, 2.5]). Suppose k < m < n are nonnegative integers,
1 <n and M is a smooth m dimensional submanifold of R".
Then define

Gip(M) = (M x G(n,k))N{(z,P): P C Tan(M, x)}.
3.11 Remark. Define a map F : M x G(n, k) — R by letting
F(z,P) = Tan(M, z) e P = trace(Tan(M, z) o P)

whenever x € M and P € G(n, k), where Tan(M, z) and P are considered as
members of Hom(R"™, R"), see 3.9. Then F is continuous and G (M) = F~1{k}.
Therefore, G (M) is closed in M x G(n, k) and G (M) itself is a locally compact
and separable metric space. Moreover, the projection map of Gy (M) onto M is
proper.

4 Varifolds

This section is a summary of [All72, Section 3], which is supposed to make
reading the thesis easier. The notion of varifold and rectifiable varifold in a
smooth submanifold of some Euclidean space will be recalled. Moreover, it will
be shown how to apply a smooth mapping to a varifold. Notice that the following
approach is more general than the approach of rectifiable varifolds in [Sim83,
Section 4], which does not need the notion of Grassmann manifold. This will
be indicated at the end of this section. According to [All72, 4.8 (2), 3.5 (1)],
there exist varifolds with locally bounded first variation which are not rectifiable.
Hence, in view of the isoperimetric inequality 6.5 the following more general
approach makes sense for this thesis.

10



4.1. A useful set of hypotheses is gathered here for later reference.

Suppose 0 < k < m < n are nonnegative integers, 1 < n, M is a smooth m
dimensional submanifold of R™, U is an open subset of R", M C U, i: M — U
1s the inclusion map and v is proper.

4.2 Definition (Varifold, see [All72, 3.1]). Suppose k, m, n and M are related
as in 4.1.

Then V is said to be a k dimensional varifold in M if and only if V is a
Radon measure over G;(M). Let

V(M)

be the weakly topologized space of k dimensional varifolds in M. Whenever
Ve Vi (M), let

IVII(A) = V(Gg(M)N{(x,P):x € A}) for A C M.

In view of 3.7 and 3.11, ||V]| is a Radon measure over M it is called the weight
of V.

4.3 Definition (Mapping a varifold, see [All72, 3.2]). Suppose k, m, n and M
are related as in 4.1, V € Vi (M), u < v are nonnegative integers, 1 < v, N is a
smooth p dimensional submanifold of R” and F': M — N is smooth.

Then the Borel regular measure

FyV

over Gi(N) is characterized by the requirement that
FvB) = [ ADE() o P)] AV (i, P)
{(@,P):(F (=), DF (z)[P])eB}

whenever B is a Borel subset of Gi(N).

4.4 Remark. One may use 3.5 and 3.7 to see that such a Borel regular mea-
sure FiuV exists. The properness of the inclusion map ¢ makes sure that i4V is
a varifold in U.

4.5 Theorem (see [All72, 3.5]). Suppose k, m, n, M and U are related as
in 4.1, E is an % measurable subset of M which meets every compact subset
of U in an (H" k) rectifiable subset of U and v(E) is defined by

v(E)(A) = A"z : (xz, Tan" (A" LB, z)) € A}

whenever A C Gi(M).
Then v(E) € Vi(M). Moreover,

V(B = " E.
Proof. Use [Fed69, 3.2.25] and 3.7 for a possible approach. O

4.6 Remark. This notation is ambiguous since v(F) could be considered a
member of Vi (U). It will always be clear in which space v(E) shall lie.

11



4.7 Definition (Rectifiable varifolds, see [All72, 3.5]). Suppose k, m, n and M
are related as in 4.1.

Then V € V(M) is said to be a k dimensional rectifiable varifold in M if
there are positive real numbers ¢, cg, . . . and % measurable subsets F1, Fs, . ..
of M which meet every compact subset of U in an (%, k) rectifiable subset
of U such that

V= Z c;v(Ej).
j=1
Let
RV (M)
denote the space of k dimensional rectifiable varifolds in M.

4.8 Remark. Suppose M is an ™ measurable and countably (™, m) rec-
tifiable subset of R™, 6 : R™ — R is a nonnegative ™ measurable function,
M ={z:6(z) > 0} and the Borel regular measure u over R™ defined by

n(A) = [, 0(z)d#™x whenever A C R"

is a Radon measure. In other words, v(M, 0) is a rectifiable m-varifold in the
sense of [Sim83, Section 4]. Its weight equals p.
Let r1,79,... be a sequence of positive real numbers such that

. oo
lim r; =0, > j=1Tj =00
J—00

and let g1, go, ... are the characteristic functions of the sets Fy, Es, ... which are
inductively defined by

By ={z:0(z) >+ Y rg;(2)}

whenever i € &. If i € & and K is a compact subset of R, then 7™ (KNE;) <
r;l,u(K N E;) < co. Therefore, E; meets every compact subset of R™ in an
(A, m) rectifiable subset of R™. By [Fed69, 2.3.3] there holds

0= Z;i1 r59;-

It follows
(521 millv (B ) (B) = u(B)
for all Borel subsets B of R™ by [Fed69, 2.4.8]. Hence,

V= Z;il r;v(Ej)

defines an m dimensional rectifiable varifold in R™ which satisfies |V| = u.
There holds

O(x) = O™ (u,x) for ™ almost all x € R",
V(o) = [a(z, Tan™ (u, z))0(z) d#™x  whenever o € # (G, (R™))
by [All72, 3.5 (1)(b)].
Now suppose V is any m dimensional rectifiable varifold in R™. Then there

holds
[VI(A) = [, ©®™(|V],z)ds# ™z whenever A C R"

12



and {z : @™(||V|,z) > 0} is an ™ measurable and countably (™, m)
rectifiable subset of R™ by [All72, 3.5 (1)] and [All72, 2.8 (5)]. Hence,

v({z: @"(|V]l,z) > 0}, @™ ([V],")

is a rectifiable m-varifold in the sense of [Sim83, Section 4].
This shows that the notion of rectifiable varifold in Euclidean space given in
this section leads to the same notion of rectifiable varifold in [Sim83, Section 4].

5 The First Variation of a Varifold

This section is based on [All72, Section 4]. Motivated by the variational formula
[All72, 4.1], one associates with each varifold in a smooth submanifold M of some
Euclidean space, a real valued linear map on 2 (M), called the first variation of
the varifold. If this first variation is representable by integration, one obtains
the generalized mean curvature vectorfield, which is the same as the mean
curvature vector field [All72, 2.5 (2)] whenever the varifold corresponds to a
smooth submanifold of Euclidean space. Given a varifold in a smooth manifold
properly embedded in some open set U of an Euclidean space, it will be shown
how to extend this varifold to a varifold in U. The first variations of these
varifolds are related by a simple formula. This makes it possible to apply the
isoperimetric inequality 6.7, which is stated for varifolds in some Euclidean space
to varifolds in an appropriate submanifold of some Euclidean space. Moreover,
the formula [All72, 4.10 (1)] which shows how to cut a varifold, motivates a
definition of indecomposable varifolds. Varifolds which correspond to connected
and compact submanifolds of some Euclidean space are indecomposable. A class
of varifolds which are decomposable will be given. Finally, it will be shown how
to construct examples of varifolds which will be useful later on.

5.1 Definition (First variation of a varifold, see [All72, 4.2]). Suppose k, m, n
and M are related as in 4.1 and V' € Vi (M).
Then the linear function

oV Z(M)—R
defined by
6V(g) = [(Dg(z) o P) e PdV (z,P) for g € 2 (M)

is called the first variation of V, where 2 (M) denotes the space of smooth
vector fields with compact support in M. The total variation of 5V

[6V]
is defined by letting
16VII(G) = sup{dV(g) : g € Z (M), sptg C G and |g| < 1}
whenever G is an open subset of M and
10V ||[(A) = inf{||6V||(G) : G is open in M, A C G}

whenever A is any subset of M.
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5.2 Remark. An analogous approach of the Riesz representation theorem [Sim83,
4.1] shows that ||dV]| defines a Borel regular measure over M. Clearly there
holds

spt [[0V[| € spt [[V]].

Suppose U is an open subset of R", M = U and g € £ (U). Then there holds
(Dg(x) o P) o P = Dg(x) o P = div(P o g)(x)
whenever (z, P) € G (U).

5.3 (Functions of bounded variation). Suppose n is a positive integer, U is an
open subset of R”, V € RV, (U) and ||6V|| is a Radon measure.

Then ©"(||V]|,-) has locally bounded variation in U and if ||V ||(U) < oo,
then ®"(||V||,-) has bounded variation in U in the sense of [EG92, 5.1].

On the other hand, for each nonnegative function f which has bounded
variation in U one obtains a varifold V € RV,,(U) such that [|[§V]|(U) < oo by
letting

V(e) = [a(z,1gn) f(z) dL™z  whenever o € # (G, (U)).

Actually ||0V||(U) = ||IDf||(U). In particular the isoperimetric inequality for
bounded sets with finite perimeter in R™ [EG92, 5.6.2 (i)] is a special case of 6.7.

5.4 (Representing the first variation by integration, see [All72, 4.3]). Suppose k,
m, n, M and ¢ are related as in 4.1, V € V(M) and |6V is a Radon measure.

Then well known representation theorems [Fed69, 2.5.12] assert the existence
of a ||§V|| measurable function n(V;-) with values in S"~! such that

n(V;z) € Tan(M,z) for |6V almost all

and
3V(g) = [ g(x) en(Viz)d||oV|z for g€ 2 (M).

Notice that n(V;-) is |[§V]| almost unique.
Moreover, the theory of symmetrical derivation [Fed69, 2.8.18, 2.9] implies
the following. The formula

USVI/IVI (@) = it igl|0VIIB(z,r)/igl[V]B(z,7) for V] almost all z
defines a real valued ||V|| measurable function,
h(V;2) = —(I8VI/IVI)@n(Viz) for V] almost all 2

defines a ||V|| measurable function with values in R™ such that

h(V;z) € Tan(M,z) for |V] almost all =
and such that if

16V lsing = 0V {z = (I6VII/IVI)(2) = oo},
then

oV (g) = — [g(z) e h(V;z)d||V |z + [ g(x) e n(V;2) d[|6V|sing®

14



whenever g is a Borel function with values in R™ such that g(z) € Tan(M, z)
for x € M and [ |g|d||6V|| < oo, where 6V (g) is defined to be the value of the
unique [[6V||(1) continuous extension of 6V to

Li(JoV|,R*) n{h : h(z) € Tan(M, x) for |0V almost all x}.
The function h(V;-) is called the generalized mean curvature vector of V.
The following theorem is a generalization of [All72, 4.8 (3)].

5.5 Theorem. Suppose m < n are positive integers, U is an open subset of R™,
acU,VeV,WU) and ||V]|({a}) > 0.
Then there holds ||6V]|({a}) = oc.

Proof. Choose S € G(n,m) and v € S"~! such that
V{ae} xW)>0, [S)]>0
for all neighbourhoods W of S in G(n, m). Then, for
l= f{a}xG(n,m) |P(v)|?dV (z, P)

there holds 0 < [ < oo. Let 0 < ¢ < 1 such that U(a,e) C U and let
4e~! < X\ < oo. Tt will be shown that

IN—m|V|U(a,e) < ||6V]|U(a,¢).
For this purpose choose a smooth function ¢ : R — R such that

0<p<l, ¢ <0,
et)=1 for —oo<t<27IA\7H
O'(t) < =A% fort=A\"1,
p(t)=0 for 227 <t < 0.

Let b =a — A~ 'v and define g € 27 (U) by

9(x) = —p(lz —bl)(z - b)
for x € U. There holds |z —a| — A7t < |z —b| < |v — a| + A~ whenever x € U.
Hence, spt g C B(a,3A\71) C U(a,¢) and |g| < 1. By [All72, 2.3(2)(3)(4)] one

calculates

Dg(b) e P =0,
Dg(x) e P = —¢'(lz = bl)|z — b| '[P (z = b)|* — ¢(Jz — b)m

for b# x € U and P € G(n,m). Therefore,

[ Dy(x) « PAV(z, P)
2 f{a}xG(n,m) —@/(A_l))\‘P()\_l’U)PdV(;U’P) - mHVHU<a7 5)
>IN —m|V|U(a,¢)

and the conclusion follows. O
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5.6 (see [All72, 4.4]). Suppose 1 < k <m < n, M, U and i are related as in 4.1
and V € Vi (M).
Then, if & = m, [All72, 2.5(2)] yields

0(iV)(g) = 0V (Tan(M, g)) — [ Nor(M, g)(x) e h(M, z) d||V'||x
whenever g € 2°(U) and if k < m, [All72, 2.5(3)] yields
8(ixV)(g) = 6V(Tan(M, g)) — [ Nor(M, g)(x) e h(M;z, P)dV (z, P)
whenever g € 27 (U).

5.7 Theorem. Suppose m < n are positive integers, U is an open subset of R™,
j: U — R™ is the inclusion map, V € V, (U) and j[spt |V]|] is closed in R™.
Then juV € Vi (R™), [lj# VI = jx VI and [[6(j4 V)]l = jxl6V].

Proof. Clearly there holds (jxV)(B) = V(G,,,(U) N B) for all Borel subsets B
of G,,,(R™). Hence, ||j V|| = j%||V||. By 3.2, this leads to

spt [|jx VI = jlspt [Vl

as j[spt ||[V]|] is closed in R™. Let G be an open subset of U, g € 2 (U) such
that sptg C G and define g = g U ((R*~U) x {0}). Then sptg = j[sptg],
g e Z(R") and 6(jxV)(g) = 0V (g). Therefore, ||6(jxV)|| > jxl|6V]. Now
let G be an open subset of R™ and g € 2" (R™) such that sptg C G. Choose
a smooth function ¢ : R™ — R such that 0 < ¢ < 1, spteo C U NG and
spt gNjlspt || V] € Int{x : p(x) = 1}. Then spt(pg)|U C UNG, (pg)|U € 2 (U)
and 8(j4V)(g) = 0V () U). Hence, |54Vl < jll6V ] 0

5.8 Lemma (see [All72, 4.5]). Suppose m, n, M and U are related as in 4.1, W
is an open and connected subset of U, Y is an open subset of R™, ¢p: W =Y
and ¢ : Y — W are smooth, pop =1y and W Nimep =W N M.

Then, for V. =v(M) € V,,,(M) there holds

dV(g) =0 whenever g€ Z (M) and sptg C W N M.
Proof. See the first part of the proof [All72, 4.5]. O

5.9 Theorem. Suppose 1 < m < n, M, U and i are related as in 4.1 and
V=v(M)eV,(M).
Then there holds ixV = v(M) € V,,,(U) and

(ixV)(9) = = [y, 9(x) e h(M, ) dA™x
whenever g € Z (V).

Proof. The first statement follows as Tan™ (™ . M,z) = & for 7™ almost
all z € U~ M by [Fed69, 2.10.19 (4)]. Let g € 2 (U). Notice that M Nspt g is
compact and choose a finite covering of M N spt g which consists of open sets W
as in 5.8. Take a partition of unity subordinate to this open covering. Then 5.8
leads to 0V (Tan(M, g)) = 0. The conclusion follows by 5.6. O
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5.10 Definition (see [Menl6a, 6.2]). Suppose m < n are positive integers, U
is an open subset of R", V € V,,,(U) and ||0V]| is a Radon measure.

Then V is called indecomposable if and only if there exists no Borel subset F
of U such that

IVI(E) >0, VIU~E)>0, (V) E=dVLExGnm)

where ((0V) L E)(g) = 6V (xgg) whenever g € 2 (U) and x g is the characteristic
function of E, see [Menl6a, 2.20].

5.11 Theorem (see [Menl6a, 6.5]). Suppose m < n are positive integers, U
is an open subset of R", V. € V,,,(U), |6V is a Radon measure and V is
indecomposable.

Then spt || V]| is connected.

Proof. See the proof of [Menl6a, 6.5]. O

5.12 Theorem. Suppose 1 < m < n, M and U, are related as in 4.1, M 1is
connected, V.= v(M) € V,,(U) and ||0V] is a Radon measure.
Then V' is indecomposable.

Proof. Assume E is a Borel subset of U such that s##™(M N E) > 0 and
(OV)LE=6(VLE x G(n,m)). Let W =V LE x G(n,m). Then W € V,,(U),
spt |W]| C spt||V|| € M and ||6W]| is a Radon measure. One calculates by 5.9
and [All72, 2.5(2), 3.5 (1)(b)]
0=((6V)LE)(g) = (VL E x G(n,m))(g)

= — Jp9(@) e h(M,z)d(A™ . M)z — [, Gy D9(x) @ PAV (2, P)

=— fExc(n,m)(D Tan(M, g)(z) o P) « PdV (z, P)

= _5W(Tan(M7g)>

whenever g € 2 (U). Hence, [All72, 4.6 (3)] implies W = v(M). This means
H™ M =A™ (MO E), ™M~ E) = 0. O

5.13 Remark. The previous proof is based on the proof [Menl6a, 5.9 (1)].

5.14 Lemma. Suppose m < n are positive integers, G is a nonempty countable
family of compact and smooth m dimensional submanifolds of R", E = |JG,
H™(E) < 00, V=v(E) € RV, (R") and " (M NN) =0 whenever M,N €
G and M # N.

Then there holds

e"(|[V|,z) =1 for||V| almost all x,

V(g) = — Z fM g(z) e h(M,z)ds™x whenever g € ' (R™)
MeG

and if Y yreq [y WM, 2)|dA ™z < oo, then ||0V]] is a Radon measure, ||6V ||
is absolutely continuous with respect to ||V|| and for all M € G there holds

h(V;2) =h(M,z) for ™ almost all z € M.
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Proof. First notice that E is (2™, m) rectifiable and ™ measurable. By
[Fed69, 3.2.19] there holds

e (V) =e™(A#A™LE,)

is ™ almost equal the characteristic function of E. The definition of the
approximate tangent space [Fed69, 3.2.16] implies

Tan™ (™ . M,z) C Tan™ (™ . E,z) whenever M € G and x € R™.
Therefore, if M € G
Tan™ (™ . M, x) = Tan" (™ L E,x) for 2™ almost all z € M

by [Fed69, 3.2.19]. One calculates with help of [All72, 3.5 (1)(b)], Lebesgue’s
bounded convergence theorem and 5.9

5V (g) = [ Dg(x) @ Tan™ (™ L E, z)O™ (4™ _E, z) dA ™z
:ZMengDgx o Tan™ (™ L M, x)dA™x
Z:MerMg(ﬂv ) e h(M,z) A"z

whenever g € 2 (R"). Now assume
>wree Sy IB(M,z)|dA "z < co.

Whenever M € G let x s be the characteristic function of M in R™. Lebesgue’s
bounded convergence theorem implies

Vig) =~ J9(x) & (Creq h(M, 2)xum(2)) A2

whenever g € 2 (R"). Therefore, ||§V|| is absolutely continuous with respect to
[IV| and

9) =~ [g(z) e h(V;z) d(A™ L E)x

whenever g € 27 (R") This implies the conclusion. O

5.15 Remark. The previous lemma gives a quantity of examples for varifolds
which are decomposable.

5.16 Theorem (see [Menl6a, 14.1]). Suppose m < n are positive integers and
U is an open and bounded subset of R™.
Then there exists V € RV, (R™) such that

[V][(R™) < o0, spt V] =ClosU,
O™ (|V],z) =1 for ||V] almost all x

and if m > 2, then ||0V|| is a Radon measure and

9) =~ [g(x) e h(Via)d[V]e forge 2 (R"),
(v Ve < o
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Proof. Define

S:R"ﬂ{(xl,...,xn):zmtlx =1, &pmy2=... =2, =0}
which is an embedding of the m dimensional sphere and

Qz,m) =R"N{(y1,-. . yn) : |z —ys| <rfori=1,...,n},

S(z,r)=rS+z
whenever x = (z1,...,2,) € R” and 0 < r < co. Define furthermore
k= {Q(x 27N :27z e 2"}, Gi=F,n{Q:QCU},
= {S(x, 271+ 217y € ZM Q(2,27) C U}

for all positive integers i. Choose an integer k such that U C Q(0,2*). Then
for each positive integer i, the set G; consists of at most 2*(**9) elements. For
E =2, UH,; it follows

HA(E) < 372, 2 (m o+ De(m + 1)(27° D)™
< Q"k(m + Da(m+1)(1-2"™)"! < .

Hence, one may define V- = v(E) € RV,,,(R"). Notice that each Fj; is a disjointed
family and R™ = |J{Clos @ : Q € F;} whenever i is a positive integer. So it is
easy to see that spt |V = ClosU. By 5.14, the case m = 1 should now be clear.
Hence, suppose 2 < m. Notice that |h(M,z)| = m(2~"*+D)~1 whenever i is a
positive integer, M € H; and z € M. Therefore, one calculates

Z{fM |h(M,z)[dA#™x : M € Ufi1 UH:}
< Z 2n(k+z) m+ 1) <m+ 1)(2—i(n+1))mm(2—i(n+1))—1
< Q"k(m +1a(m+1)m < co.

Remember that the intersection of two different m dimensional spheres in R™*!
always has ™ measure zero. According to 5.14, it follows that [[6V]| is a
Radon measure,

@m(”V”’ x) =1 for ||V almost all z,
ng Yeh(V;z)ds#™x for g e Z(R™)

and for all M € Ufil H; there holds
h(V;z) =h(M,z) for #™ almost all z € M.
One calculates
JIb(Viz)[m =t d[V]a
< Z 2n(k+z (m + 1) (m + 1)(27i(n+1))m(m(in(nJrl))fl)mfl
< 2"k(m + Da(m+1)m™ ! < 0o
which completes the proof. O

5.17 Remark. The previous proof is based on [Men09, 1.2].
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5.18 Exzample. Suppose m < n are positive integers, T' € G(n,m), f : R™ — R"
is an orthogonal injection, im f = T, § : R™ — R is a nonnegative Borel
function, 6 is locally 2™ summable and the Borel regular measure p over R" is
defined by

w(A) = [~ 0(f*(y)) d#™y whenever A C R".
The area formula [Fed69, 3.2.5] yields

w(B) = [O(f*(y))N(fIf*[BNT],y)dA™y
= Jre i 0(2) AL

for all Borel subsets B of R". In particular u is a Radon measure. For each
positive integer ¢ define

M; =Tn{y:i~" <0(f*(y) <i}.

Then there holds

it (M; N S) < p(M;n S) < is™(M;NS) whenever S € R”,
Tan™ (e M;,a) = Tan™ (™ L M;,a) =T for 2™ almost all a € M,
T C Tan™(p,a) for 5™ almost all a € M;,

T C Tan™(p,a) for 7™ almost all a € TN {y : 0(f*(y)) > 0}.

In view of 4.8,
V(a) = [ oy, T)0(f*(y)) d#™y whenever o € # (G, (R™))

defines an m dimensional varifold V' in R™ with ||V|| = p. Assume g € Z°(R").
One calculates

3V (9) = [; Dg(y) e TO(f*(y)) d#™y = [Dg(f(x)) ¢ T0(z) dL™x
= [div(f*ogo f)(z)0(z) dL™x
and if @ is a Lipschitzian function, it follows
6V (9) = — [(f* 0 g0 f)(x)  grad f(x) AL

=—[(g90 f)(z)e(fograd)(z)d Lz
=—Jr9(y) e (fogradf o f*)(y) dA™y.

Hence, if |g| < 1, then there holds

5V (g) < ff*[sptg] |grad 6(x)| d.L™x.

6 Isoperimetric Inequality

In this section the isoperimetric inequality for varifolds in some Euclidean space
with locally finite first variation will be proved. An important tool for the proof
is the monotonicity identity in the version of Menne [Menl6a]. In contrary
to Simon’s monotonicity identity [Sim83, 17.3, 17.4], this allows to neglect
the assumptions that the varifold is rectifiable and that its total variation is
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absolutely continuous with respect to the weight. Moreover, a lemma of Simon
[Sim83] will be employed, see 6.3. This is designed to apply the Vitali covering
theorem. In contrary to the Besicovitch Federer covering theorem, which is used
in the proof of Allard’s isoperimetric inequality [All72, 7.1], the Vitali covering
theorem does not involve a constant depending on the ambient space. Once
the isoperimetric inequality for varifolds in some Euclidean space is proved, an
isoperimetric inequality for varifolds in an appropriate submanifold of some
Euclidean space follows instantly by 5.6.

6.1 Theorem (Monotonicity identity, see [Menl6a, 4.5, 4.6]). Suppose m <n
are positive integers, U is an open subset of R™, V. € V,,(U) and |6V is a
Radon measure.

Then there holds

t™|V|B(a,t) + f(B(a,s)NB(a,t))XG(n,m) |z —al=™ 2| P+ (z — a)|>dV (x, P)
=s ™|V|B(a,s) + f: w1l fB(a’u)(a: —a)en(V,z)d||0V]zdL u
whenever a € R, 0 <t <s <r and B(a,r) CU.
Proof. See [Menl6a, 4.2, 5, 6]. O

6.2 Remark. The preceding theorem is a slight generalization of [Sim83, 17.3,
17.4].

6.3 Lemma (see [Sim83, 18.7]). Suppose m is a positive integer, f and g are
real valued functions on {t : 0 <t < oo}, f is bounded and non-decreasing and

1 <limsupt=™f(t),
t—0+

sTf(s) <r ™f(r)+ /T t™™g(t) 4L

whenever 0 < s < r < oo.
Then there exists r such that 0 < r < p = (2™ limy o f(£))V/™ and

f(5r) < 2715 ug(r).

Proof. First notice that the hypothesis 1 < limsup,_,o, t~" f(t) yields 0 < f
and 0 < p < 0o. Assume the conclusion were false. That is

2715 ug(r) < f(5r) forall 0 <r < p.

If m > 2, then for 0 < s < p1/5 it would follow by the Transformation formula
[Fed69, 3.2.6]

sup tf(t) < T f( )+E/H 57t f(5t) ALt
P <u W

s<t<p s

—m 2 on —m 1
SRR B (OLE

N N - b [ )
=u f(,u)+5ﬂ</5t f(t)dft—i—/u ()AL

S

5
<pm ™ () +§ sup t"f(¢) + 51 lim f(t)/ Ht_m d.2'
m

SStSM ILL t—o00

2 2
< 7™ 1 “ —-m —-m 1;
<u thjn ft) + 3 Sittug)ut f) + 5(m — 1)u thln f(@®)
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and therefore,

1 1 1
—<— sup t7™ = lim - sup 7™ <2u~™ lim f(t)=2"",
353,50 f(&) = lim Sup f(t) <2p7™ lim f(2)

a contradiction.

If m =1, then
5 < 2exp(1l) < exp(2),
2 [OH 21 4
f/ magty = 21080) 4y
5/, 5 5
in the calculation above leads to the same result. O

6.4 Remark. The previous lemma and its proof are adaptations of [Sim83, 18.7].
The conclusion of this lemma holds true for the following hypothesis.

Suppose m is a positive integer, f and g are bounded and non-decreasing
functions on {t : 0 <t < oo} and

1 <limsupt™"f(t) < oo,
t—0+

sTf(s) S e () + [y tTg(t) AL

forall0 < s <r < oo.

With regard to the proof [Sim83, 18.7] and the application [Sim83, 18.6], this
is a necessary correction of the hypothesis [Sim83, 18.7]. According to [All72,
5.5(1)], the hypothesis above would have been enough for the purpose of this
thesis. See the proof 6.5.

6.5 Theorem (Isoperimetric inequality). Suppose m is a positive integer.
Then there exists a positive and finite number I' with the following property.
If n > m is an integer, V € V,,(R™) and |0V is a Radon measure, then

Jezi<o@erm vz LAV
1/m
<T([edIVI)™ ([ d|sVI| + [ |P(grad p(x))| AV (z, P)) .
whenever ¢ € Z(R™, R) with 0 < ¢. Here T = 5m21/ma(m)_1/m,

Proof. Let V € V,,,(R™) such that ||§V] is a Radon measure, ¢ € Z(R",R)
such that 0 < ¢ and define

Vo(a) = [ oz, P)p(z)dV (z, P) whenever a € (G, (R")).
Then V,, € V,,,(R") and

IVell(B) = [z edlIV|

whenever B is a Borel subset of R™. Let U be an open subset of R™, g € 2 (R")
such that spt g C U and |g| < 1. Then, by [All72, 2.3 (4)] and 5.4

8V,(g9) = [Dg(x) e PAV,(z, P) = [ (Dg(x) ® P)p(x)dV (z, P)
_ID@Q (z) e PdV(fCP)—f(DSO()()) Pdv(z, P)
= [o(x) on(V z)d||6V |z — [ P(g(z)) e grad ¢(z) dV (z, P)
= [ e(@)g(x) e n(V,z)d[|0V]}z — [ g(x) » P(gradp(x))dV (z, P)

< fU <Pd||5VH + foG(n,m) |P(grad (= ))|dV(x7P)
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and hence
1Vl (U) < fy o ISV + fyrcyn my 1PlErad ()| AV (, P).
Approximating closed sets by open sets from above like in 3.3 yields
18Vl (4) < [4 @IV + [ 40 my | Plerad (@) [ AV (2, P)

for all closed subsets A of R". In particular |0V, | is a Radon measure. Let
a € R" such that
1< p(a)@™(|V]],a).

The continuity of ¢ leads to
O ([Vell,a) = w(a)@™"([[V], a).
Define a function b : {t : 0 < ¢t < 0o} — R by letting

B = Sy #AIVI+ fi oy [ Plerad (@) dV (@, P)
for 0 < t < co. By 6.1 it follows

s ([VelB(a, s) < 7™V [Bla, 7) + [ t77|6V,|B(a, t) A2t

<r | VolB(a,r) + [] t7™h(t) 4L
whenever 0 < s < r < co. Applying 6.3 with f = a(m)~!||V,|B(a,-) and
g = a(m)~th provides 0 < r < (2™ a(m) Y|V, |[(R™))*/™ such that
Sitosm @IV ST oAV fy o w6V
+T([edIVIDY™ [g(0myxcnm) Plerade(@)|dV (@, P),

where T' = 5721/ a(m)~1/™. Doing so for all a € {z : 1 < @(x)@* ™ (|V|,z)}

and applying Vitali’s covering theorem [Fed69, 2.8.5, 6, 8] to the resulting family
of closed balls, it follows

Jeazp@e vy # VIl
1/m
<T([od|VI)"™ (fod|sV] + [ |P(grad (x))| dV (. P)).
which completes the proof. O

6.6 Remark. The preceding theorem is a generalization of [All72, 7.1] since in
[All72, 7.1] the constant I depends on m and n. Moreover, the preceding theorem
is a slight generalization of [Sim83, 18.6] since in [Sim83, 18.6] the hypothesis
includes that V is rectifiable and ||§V]| is absolutely continuous with respect
to ||V]|. Finally, the preceding theorem is a slight generalization of [Men09, 2.2
since in [Men09, 2.2] the varifold V' is assumed to be rectifiable.

The proof of the previous theorem is an adaptation of the proof [Sim83, 18.6].

6.7 Corollary. Suppose m < n are positive integers, V € V,,,(R"™) and either
IVI(R?) < o or 0 < [V [(R™).
Then there holds

IVI{z: 1< @ ([V],2)} < TIVII(R™)Y™ (V[ (R")
for T = 52V ma(m)~1/™,
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Proof. This directly follows from 6.5 with help of Lebesgue’s increasing con-
vergence theorem [Fed69, 2.4.7] and Lebesgue’s bounded convergence theorem
[Fed69, 2.4.9]. O

6.8 Remark. There exists no positive and finite number A satisfying
IVI{e : 1 < @ (V] 2)} < AIVIRDY™[§V[[{z : 1 < ©(|V]],2)}

whenever V € V,,,(R") and ||V|(R") < oc.
To see this, define functions ¢ : {t : 0 <t < o0} - R and §: R™ — R by
letting

@(t) = sup{0,inf{1,(2 — ¢)}} whenever 0 <t < oo,
0(x) = ¢(|z|) whenever x € R™.
Let V' be the corresponding varifold as in 5.18 for some T' € G(n,m) and 6

as above. In view of 5.18 there holds |6V |{z : 1 < ©@*™(||V|,z)} = 0 but
VI{z : 1 <@ ([V],2)} = a(m) and [[V[(R") < oco.

6.9 Definition (see [Men09, 2.3]). Suppose m is a positive integer.
Then the smallest real number I' having the property described in 6.7 is
denoted by vy(m).

6.10 Remark (see [Men09, 2.4]). It is not known to the author whether or not
~v(m) is the same as the constant in [Men09, 2.3]. It could be larger but not
smaller. There holds

m—la(m)—l/m < ,Y<m> < 5m21/ma(m)—l/m
as one could take V € V,,(R™) such that V(a) = fU(O 1) a(z,1gm)dL™
whenever a € Z (G, (R™)).

6.11 Corollary. Suppose m < n are positive integers, 0 < d < oo, V € V,,,(R"™)
and either ||[V|[(R™) < oo or 0 < ||6V]|(R™).
Then there holds

IVI{z : d < @ ([V],2)} < y(m)d~™|V||(R")Y™ |5V (R™).
Proof. This is easy to calculate by 6.7. O

6.12 Remark. All of the following corollaries can be analogously formulated like
above. But there is no positive and finite number A such that

IVI{z:0 <@ ™(|V], )} < AV(R")™[6V]|(R")

for all V € V,,,(R™) with ||[V|(R™) < co and ||[6V]|(R") < oo.

To see this, let W be the varifold which corresponds to the m dimensional
sphere, ¢ > 0 and V = eW. Then |V| = e||W|, @*(||[V],-) = e®@*™(|W][,")
and ||0V|| = ¢||0W||. Let € tend to zero to see that there exists no such A.

6.13 Corollary. Suppose m < n are positive integers, U is an open subset
of R, j: U — R"™ is the inclusion map, V € V,,,(U), jspt ||V |] is closed in R™
and either ||[V||(U) < o0 or 0 < ||6V|(U).

Then there holds

IVI{z : 1 <@ ([V],2)} < (m)|[V[(U)™ 6V (V).
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Proof. The corollary above is a slight generalization of 6.7. Its proof follows
from 5.7. O

6.14 Remark. One cannot drop the assumption that j[spt ||[V]|] is closed in R™.
Otherwise one could take U = R"N{z: |z| <1} and V =v({UNT) € V,,,(U)
for some T' € G(n,m). Then |V ||(U) = a(m) and ||V |{z:1 < ©*"(||V],z)} =
a(m) but §V = 0.

6.15 Corollary. Suppose k < m < n are positive integers, M is a smooth
m dimensional submanifold of R™, the inclusion map i : M — R™ is proper,
VeVip(M) and |V||(M) < .

Then, if k = m there holds

IVI{z =1 < @ (ig[V], )}
< Am)IVIIAD)Y™ (16V (M) + [ [h(M, )| ]| V]|x)

and if k < m there holds

VI{z:1 <0 (ixllV],2)}
< AM)IVIIADY™ ([I6V (M) + [ [h(M; 2, P)|dV (z, P)).

Proof. This is a consequence of 5.6. O

6.16 Corollary (see [All72, 7.2]). Suppose m < n are positive integers, M is a
smooth m dimensional submanifold of R"™, ™ (M) < oo and

B= lim(ijrif%’”_l(M N{z : dist(z, (Clos M) ~ M) = r}).
r—
Then there holds
A (M) <y(m)(B+ [y [h(M, z)| dA ™).

Proof. See the proof [All72, 7.2]. O

7 Density Bounds

Suppose m < n are positive integers and V is an m dimensional rectifiable
varifold in R™ such that the m dimensional density of ||V]| is at least one outside
a set of ||V|| measure zero. In this section the isoperimetric inequality is used to
study the set of points in spt ||V|| where the lower m dimensional density of || V||
is strictly less than one. This set will be estimated in terms of the one dimensional
Hausdorff measure. If m < n, then this set might be far away from having finite
m dimensional Hausdorff measure, see 5.16. Therefore, an additional assumption
is required. Here this will be the assumption that V is indecomposable. First a
lemma originally of Allard [All72] is established, see 7.2. This lemma is naturally
related to the notion of indecomposable varifold. Actually, it shows how to
cut a varifold along a level set of a real valued Lipschitzian function f. The
resulting formula allows to make use of the isoperimetric inequality for the
varifold V . {z : f(z) < r} x G(n,m), where r is a positive and appropriate
small number. This will be indicated in 7.5 and provides a lower bound of the
weight’s m dimensional density quotient presupposed the derivative quotient of
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|6V|| by |[V[|*=*/™ is small. The main part of the final proof is to reduce the
mentioned assumption on the derivative quotient to the assumption that the one
dimensional density quotient of |V|| L [h(V;-)|™~! is small. This will be done in
Lemma 7.10. Most of the statements are more general than necessary for the
purpose of this section. This is designed to make use of 7.10 in Section 8.

7.1. A useful set of hypotheses is gathered here for later reference.
Suppose m < n are positive integers, V. € RV, (R™), |6V is a Radon
measure, f : R™ — R is a Lipschitzian function and

F(z) = ([[Vl,m)apDf(z) o Tan™(||[V]], z)

for ||[V]| almost all x.

Notice that f is (||V||, m) approximately differentiable at ||V]| almost all =
and F defines a ||V|| measurable function by [Menl2b, 4.5]. Moreover, f is
generalized V weakly differentiable in the sense of [Menl6a, 8.3], by [Menl6a,
8.7]. Actually F' equals the generalized V' weak derivative of f.

7.2 Lemma (see [All72, 4.10 (1)], [Menl6a, 8.29]). Suppose m, n, V, f and F
are related as in 7.1 and g € Z'(R™).
Then, for r € R there holds

5V (xsrg) = 6(Vi{z: f(z) <r}x G(n,m))(g)

- Jim bt [ (9(x), F(2)) ||V z,
h—0+ {z:r—h<f(z)<r}

where Xy, denotes the characteristic function of {x : f(x) < r}.

Proof. By [Menl6a, 8.7], the same method of proof [All72, 4.10 (1)] applies. See
also [Menl6a, 8.29] for a more general statement. O

Besides the fact that the weight of an indecomposable varifold has connected
support, which also follows from 7.2, see [Menl6a, 6.5], the only additional
property of indecomposable varifolds used in this thesis will be the following
theorem. Actually, the theorem shows in which sense the connectedness of the
weight’s support persists if one subtracts sets of weight measure zero.

7.3 Theorem. Suppose m, n, V, f and F are related as in 7.1, V is inde-
composable, S C spt ||V, [VIIR"~S) =0, |[F(z)|| <1 for ||V| almost all z,
inf flspt |V[] < 7 < s < sup flspt V][] and (spt V)N {7 < f(z) < s} is
compact.

Then there holds

L'y :r<y<s}~flS]) =0.

Proof. Define pp = fy(||V|[c{z : r < f(x) < s}). Then p is a Radon measure
over R by 3.7. There holds pu(R) < oo and

n(R~ fIS]) < [VI(R" ~5) = 0.
Hence, f[S] is 4 measurable and one may apply [Fed69, 2.10.19 (4)] to obtain

©'(uL f[S],y) =0 for £ almost all y € R~ f[9].
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If
0<Z'{y:r<y<s}~FflS))

were true, there would exist » < y < s such that

©'(1,y) <O (ue fS].y) + O (uL R~ f[S],y) = 0.
Then 7.2 would imply

(OV){z: f(z) <y} =0(Vi{z: f(z) <y} x G(n,m)),

which would be incompatible with the indecomposability of V' as one could find
x1, T2 € spt ||V|| such that f(z1) <y < f(x2). O

7.4 Remark. A slightly weaker statement and the same method of proof have
been used by Menne in [Menl2a, 2.2].

7.5 Theorem. Suppose m, n, V, f and F are related as in 7.1, |F(z)| <1
for ||Vl almost all x, 0 < r < 00 and

[VI{z: f(z) <0} =0,
0<[VI{z: flzx) <s}<oo forall0<s<r,
O™ (||V]l,a) =1 for ||V| almost all a € {z : f(x) < r}.

Then there holds
r < mmlV({z : f@) < rhm
fam) [ 18VIe: 1) < SV ) < sHm T ags
Proof. Define a function z: R — R by letting
u(t) = [VI{z: f(x) < inf{t, r}} forteR.

Then g is non-decreasing and #! almost everywhere differentiable by [Fed69,
2.9.19]. Notice that

O™ ([[Vif{z: f(z) < s} x G(n,m)|,a) = O (||V],a)

whenever 0 < s <rand a € {z: f(z) < s} as f is continuous. Hence, 6.7 and
7.2 yield

s < AV s f(x) < 5} % Glnym))|(R™)
<) (10V e s ) < 5} + Jim 0 VIHass = < fo) <))
— 3 (m) 10V |z £(2) < 5} + #(5))

for £ almost all 0 < s < r. Define p : R — R by letting p(t) = |t|'/™ whenever
t € R. Dividing the inequality above by u(s)'~(1/™) leads to

1< y(m) (1) /M 6V s flw) < )+ ()M (s))

= y(m) (u(s) ™oV Iz : f(2) < s} +mpon)(s))
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for 1 almost all 0 < s < 7. The conclusion follows by integrating this inequality
as

JTpop) dLt < Vi(pou) = pu(r)/™
by [Fed69, 2.9.19]. 0

7.6 Corollary (see [All72, 8.3], [Men09, 2.5]). Suppose
16V {z : f(z) < s} < 2y(m)) M VII({z : f(z) < sh'7H™

for LY almost all 0 < s < 7.
Then there holds

" < 2mey(m)"[VI{z : f(2) <7}

7.7 Remark. The proof of the previous theorem is an adaptation of [All72, 8.3].
Its corollary is a generalization of [Men09, 2.5]. The hypothesis in the previous
corollary is equivalent to the following.

Suppose @Q is dense in {t : 0 <t <r} and

6V |[{z : f(z) < s} < 2v(m) T IVI({z : fla) < sh'Hm™

forall s € Q.
This is a consequence of 3.3.

7.8. Suppose m < n are positive integers, V € RV, (R"), spt ||V|| is compact,
0 < § < o0 and o is a metric over spt | V|| such that

o(z,y) < |z —y| whenever z,y € spt||V] and |z — y| < 0.

Let a € spt||V]|. Then o(a,-) is a Lipschitzian function as spt ||V]| is compact.
By [Fed69, 2.10.44] there exists a Lipschitzian extension f : R™ — R of o(a,-).
As already mentioned in 7.1, f is (||V||,m) approximately differentiable at ||V|]
almost all 2. By the definition of the (||V]|,m) approximative differential [Fed69,
3.2.16] and 3.2, the (||V||,m) approximative differential does not depend on the
Lipschitzian extension f of o(a,-). Moreover, according to [Menl6b, 6.2] and
[Fed69, 3.2.16], there holds

I(V[,m)apDf ()] <1
for |V almost all .

7.9. A useful set of hypotheses is gathered here for later reference.
Suppose m < n are positive integers, V. € RV, (R"™), |[0V] is a Radon
measure, V is indecomposable,

O"(||VI|,z) >1 for||V] almost all x
and
1. either m =1 and ¢p = ||V,

2. orm=2 and ¢ = |6V,
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3. orm >3, ||0V|| is absolutely continuous with respect to ||V|| and
P(A) = f; lh(V;z)|™ 1d||V|x whenever A C R™.

Notice that ¢ defines a Borel regular measure over R", see 3.5.

7.10 Lemma. Suppose m, n, V and v are related as in 7.9, the Borel reqular
measure ¥ is a Radon measure, 0 < § < oo, either 6 = oo or spt ||V|| is compact,
o is a metric over spt ||V]],

|z —y| < o(x,y) whenever x,y € spt ||V,
o(z,y) = |z —y| whenever z,y € spt||V] and |z —y| <4,

a € spt ||V, 0 <r <sup{o(a,z):x € spt||V]} and
Wz :ola,x) <r} <ar,

where n = (M2™T28(1)~y(m)™) L.
Then there holds

™ < (my(m)" 22" |V[{z : o(a, ) <1}
Proof. Define balls with respect to o by

Ulz,s,0) = spt VI[N {y : o(z,y) < s},
B(z,s,0) = spt[V][N{y : o(z,y) < s}

whenever z € spt ||V and 0 < s < oo. Let S be the set which consists exactly
of those z € spt ||V for which

limsup |V (B(z, s,0)) ™76V | B(z, s,0) < (2y(m))~*
s—0+

and let P be the set which consists exactly of those x € U(a,r,0) NS for which
s™ < (2my(m))"||V||B(x,s,0) whenever 0 < s <r —o(a,x).
Let f: R™ — R be any Lipschitzan extension of o(a,-). It will be shown that
ZYf[B(a,r/2,0) NS~ P]) <r/2.

For this purpose assume y is any point in f[B(a,r/2,0) NS~ P], choose x €
B(a,r/2,0) NS ~ P such that f(z) =y and let

s =inf{t: |V|(B(z,t,0)) Y™ < 2¢(m)||6V | B(x,t,0)}.
The definition of S and P and 7.6 in conjunction with 7.8 and 3.2 yield
0<s<r—ola,z), B(w,s,0)C Bla,r,o).
Notice that the hypothesis for m > 3 implies

16VI[(B) = [ (V)| dI[V|

29



whenever B is a Borel subset of R”. By 3.3 and Holder’s inequality [Fed69,
2.4.14] one calculates for m > 2

2y(m)H[V[[(B(z.5,0))' =™ < oV Bz, 5.0)
< VB, 5,0)' DB, 5, 0)) /Y

and therefore, by 7.6

(2my(m))~'s < |V|(B(z,s,0)"/™ < (2v(m))™ ¢ B(z,s,0),
s <m(2y(m))"YB(z,s,0).

If m = 1, the last inequality directly follows from 7.6. Hence, there holds
m(Z’y(m))m(f#(z/J L B(a,r, J)))B(y, s) > m(2y(m))"YB(z,s,0) > s,

as B(z,s,0) C B(a,r,0) N f~1[B(y,s)]. The Besicovitch Federer covering
theorem leads to

LY (f[B(a,r/2,0) NS~ P]) < 28(1)m(2vy(m))™¢yB(a,r,0) < r/2.
The hypothesis on o yields that S consists exactly of those = € spt ||V|| for which
limsup [|V[|(B(z, )™ 71§V [|B(z, s) < (2v(m))".
50+
Hence, ||[V||(R™~S) = 0 by [Fed69, 2.8.18, 2.9.5] and the fact that |[V||{z} =0

for ||V|| almost all x as V is rectifiable, see also 5.5. In view of 7.8, one may
apply 7.3 to obtain

r/2=2"{y:0<y<r/2}Nf[S]) = L' (f[B(a,r/2,0) N S])
< ZYf[Bla,r/2,0) NS~ P))+ 2L (f[B(a,r/2,0) N P))
<r/24+ LY (f[B(a,r/2,0) N P)).

This means
0 < Z'(f[B(a,r/2,0)NP)), B(a,r/2,0)NP#2.

Choose any x € B(a,r/2,0) N P. Then there holds r — o(z,a) > r/2 and by the
definition of P

s™(2my(m))™™ < ||V||B(z,s,o) < ||V||B(a,r,0) whenever 0 < s < r/2,
™ < (2mey(m))" |V B(a, 7, 0)

which completes the proof. O

7.11 Remark. The conclusion of the previous lemma is a weaker version of that
in [Top08, 1.2]. Instead of the Michael-Simon Sobolev inequality [Top08, 2.1]
the isoperimetric inequality, or more precisely 7.6, has been used in the proof
above.
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7.12 Lemma. Suppose n is a positive integer, 1 < d < 0o, u is a Radon measure
over R", ©%(u,z) = 0 for u almost all z, f is a nonnegative y measurable
function and the Borel reqular measure 1 over R™ defined by

Y(A) = [, fdp whenever A C R"

is a Radon measure.
Then there holds

O, x) =0 for " almost all x.

Proof. First notice that y is absolutely continuous with respect to ¢ by [Fed69,
2.10.19 (1)]. For each positive integer ¢ define

Bi={o:|e| <i, @\ (2) > i)
and infer from [Fed69, 2.10.19 (3)] that
i (Bi) <P(By).

Since B; is bounded it follows ¥(B;) < oo, s#1(B;) < oo, #4(B;) = 0, u(B;)
0, ¥(B;) = 0, 1 (B;) = 0. The conclusion follows as {z : @*!(¢),x) > 0}
U;; B;.

7.13 Remark. The previous proof is an adaptation of [FZ73, p. 152, 1. 9-16].

ol

7.14 Theorem. Suppose 2 < m, n, V and ¢ are related as in 7.9, |0V || is
absolutely continuous with respect to |V|| and the Borel reqular measure v is a
Radon measure.

Then there holds

O (||[V|l,z) >1 for #* almost all x € spt ||V

Proof. Let 1 < d < 2. By [All72, 3.5 (1)(a)] it follows that @¢(||V ]|, z) = 0 for
|[V| almost all x. Apply 7.12 to infer that @1(¢,z) = 0 for ! almost all
z € R". Now 7.10 implies

O (||[V,z) > (my(m)) "2 2 a(m)™ for " almost all = € spt ||V].
The conclusion follows by [Men09, 2.11]. O

7.15 Remark. Suppose m < n. Then one cannot replace the assumption that
V is indecomposable by assuming spt ||V|| to be path-connected instead. To
see this, let V' € RV,,(R") be a varifold which is related to U = R" N {z :
|#| < 1} as described in 5.16. If there held @ (||V||,x) > 1 for s#! almost all
x € R"N{z: |z| <1}, then in particular @7 (||V]|,x) > 1 for J#™ almost all
zeR"N{x: |z| <1} and [Fed69, 2.10.19 (3)] would imply

VIR N {z: |z <1}) > "R N {z: |z] < 1}) = .

A contradiction.

7.16 Remark. One cannot drop the assumption that ||§V|| is absolutely continuous
with respect to ||V||. To see this, let T' € G(n,m), and V = v(T N{z : |z] <
1}) € RV,,(R™). Then ©™(||V||,a) < 1/2 whenever a € TN{x: |z| = 1} and

0< ™S = AT A o o] = 1)) < AT {a s o] = 1)),
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7.17 Theorem (see [Menl6a, 4.8 (4)]). Suppose n is a positive integer, V €
RV (R"™), |0V is a Radon measure, V is indecomposable and

O'(IV|,z) > 1 for||V] almost all x.
Then then there holds
OL(|V|,z) > A whenever x € spt ||V,

where A = inf{(238(1)y(1)a(1))~1, (v(1)2%2c(1))71}.

Proof. This follows from 7.10. Actually, the theorem is a weaker version of
[Menl6a, 4.8 (4)]. O

8 Geodesic Distance and Diameter Control

Suppose m < n are positive integers, V' is an m dimensional rectifiable varifold
in R™, ||0V] is a Radon measure, V' is indecomposable, ||V|(R™) < oo, the
m dimensional density of ||V is bounded below by one, outside a set of | V]|
measure zero and if m > 3, then [|§V]| is absolutely continuous with respect
to ||V]]. In this section the intrinsic diameter d of spt ||V|| will be estimated in
terms of the generalized mean curvature by

d<T [|h(V;z)™Ld|[V]z

where the positive and finite number I'" only depends on m. The main part of
the proof is already done in 7.10. First, the notion of geodesic distance over
a closed subset of R™ will be established. If two points have finite geodesic
distance, a shortest path connection of these points exists. Actually, this path
may be chosen to be Lipschitzian and to be parametrized by arclength. It will be
shown how to approximate the geodesic distance by a sequence of metrics, which
are locally Lipschitzian with respect to the Euclidean distance. This allows to
make use of 7.10. Finally, a local property concerning the geodesic distance over
spt ||V|| will be established.

8.1 Definition (Pseudometric, see [Menl6b, 2.2]). Suppose X is a set.
Then amap p: X x X — {t:0 <t < oo} is called pseudometric over X if
and only if the following three conditions are satisfied.

1. If x € X, then p(z,x) = 0.
2. fx,y € X, then p(z,y) = p(y, x).
3. lfz,y,2 € X, then p(z, 2) < p(z,y) + p(y, 2).

8.2 (Continuity of a metric). Suppose n is a positive integer, X is a subset
of R™ and p is a metric over X. One calculates

lp(z0,90) — p(z,y)| < |p(0,y0) — (Yo, )| + |p(Y0, ) — p(y, )|
< p(z0,2) + p(yo, y)
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whenever (z9, yo), (z,y) € X x X. Now assume xg € X and p(x, ) is continuous
at xg with respect to the Euclidean distance over X. Then for each € > 0 there
exists § > 0 such that

p(xo,x) = |p(ro, x0) — p(x0, )] < e whenever z € X and |xg — z| < 4.

Hence, the map p : X x X — R is continuous with respect to the Euclidean
distance over X x X if and only if for each a € X, the map p(a, -) is continuous
at a with respect to the Euclidean distance over X.

8.3 (Geodesic distance, see [Menl6b, 6.3]). Suppose n is a positive integer and
X is a closed subset of R™. Whenever 0 < § < co, one may define a pseudometric

o5 XxX >R

over X by letting os(a, z) for a,x € X denote the infimum of the set of numbers

J
Z |$z - Ii—1|
i=1

corresponding to all finite sequences ¢, z1,...,2; in X with z9 = a, ; = x and
|o; — a1 <dfori=1,...,5and j € L.
Define a further pseudometric

p:XxX—>R
over X by letting p(a, ) for a,z € X denote the infimum of the set of numbers

I
1s1:fp 19
corresponding to continuous maps g : R — X such that g(infI) = a and
g(supI) = z for some compact subinterval I of R, where the length of ¢ is
computed with respect to the Euclidean distance.

8.4 Lemma (see [Fed69, 2.5.16]). Suppose n is a positive integer, X is a closed
subset of R™, g : R — X s continuous, —0o < s <t < 0o and Vig < co.
Then there exists a map G : R — X satisfying

Vig= VY9G, G0) =gls), G(Vig)=g(t), Lip(G)<1.
Proof. See the proof [Fed69, 2.5.16]. O

8.5 Lemma (see [Menl6b, 6.3]). Suppose n, X, o5 and p are related as in 8.3
whenever 0 < § < oo and suppose a,x € X .
Then there holds
=1 .

pla,x) = lim os(a, )
Proof. First notice that lims .4 05(a, ) exists in R since os(a,z) < o.(a,)
whenever 0 < e < § < co. Denote this limit by o(a, ). First it will be shown
that o(a,z) < p(a,z). For this purpose assume p(a,z) < oo and let € > 0.
By 8.4, there exists 0 < u < p(a,z) + € and a map g : R — X satisfying

Vog < pla,z) +¢e, ¢(0)=a, g(u)==z, Lip(g) <1
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Let0<d<oo,me Pand 0=ty <t <...<t, =u,suchthat |[t;—t;_1] <6

for j =1,...,m. Then there holds |g(t;) — g(t;—1)| <0 for j =1,...,m and

m m t; u
os(a,x) < 3250y |g9(t;) — g(t;-1)l < 3252, Vi 9= Vig < pla,z) + €.

Hence, o(a,z) < p(a, ).

To prove the reverse inequality, assume o(a,x) < co. For each positive inte-
ger ¢ choose 0 < 6; < 1/i, m; € & and a finite sequence a = x; 0, Zi1,. .., Tim, =
z in X such that

|(Ei,j —il'i’j,1| Séz fOYj: 1,...,mi,
o(a,x) — (1/i) < os,(a,2) < 3270 |25 — @i5-1] < 05,(a,2) + (1/1).

Choose a Lipschitzian function f; : R — R" satisfying Lip(f;) < 1 and

Ji (Zle |zi,5 — xi,j—1|) =z, fork=0,...,m,.
There holds
fi(0)=a, fi(t) ==z for some o(a,x)— (1/i) <t < o(a,z)+ (1/7).

The Arzéla Ascoli theorem for Lipschitzian functions [Fed69, 2.10.21] provides
a sequence k1 < ko < ... of positive integers and a Lipschitzian function
g : R — R" such that the sequence fx,, fi,,... converges locally uniformly
to g. Then Lip(g) < 1, g(0) = a and g(o(a,z)) = x. Next it will be shown
that img|{t : 0 <t < o(a,x)} C X. For this purpose let 0 < ¢ < o(a,z). The
construction above provides a sequence t1,to, ... of real numbers in {s:0 < s <
o(a,z) 4+ 1} such that t; — t as j — oo and such that for each j € & there
exists k € {0,...,my,} satisfying fy,(t;) = zx; x € X. It follows

lg(t) = fie; @) < |g(t) = fi; )] + [ fie; (&) — fr; (£5)]
<|g(t) — fu,(®)| + |t —t;] = 0 as j — cc.

The closedness of X implies g(t) € X. Hence,
pla,z) < V§@g < o(a, )
which completes the proof. O

8.6 Lemma (Existence of geodesics, see [Menl6b, 6.3]). Suppose n, X and p
are related as in 8.3, a,x € X and p(a,z) < oo.
Then there exists a map g : R — X such that

9(0) =a, g(p(a,z)) ==, Lip(g) <1,
VEe T g = Y g(t) 1 0 <t < pla,2)} = pla, x),
gl{t : 0 <t < p(a,x)} is injective, g is a Lipschitzian function with respect to p,

W ={g(t) : 0 <t < pla,x)} is compact with respect to p and p|(W x W) is
continuous with respect to the Fuclidean distance.
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Proof. The second part of the proof 8.5 shows how to construct amap g : R — X
satisfying

9(0)=a, g(p(a,z)) ==, Lip(g) <1, VE»g=p(a,z).

Assume 0 < t; <ty < p(a,x) such that g(t1) = g(t2). Then there holds

pla,z) < pla,g(tr)) + plg(ta), ) < Vg + VIS g <ty + pla,a) — to.

2

Hence, t1 = t5 and g|{t : 0 <t < p(a,x)} is injective. This implies
Vi@ g = A g(t) 1 0 < t < pla,2)}
by [Fed69, 2.10.13]. Whenever —oco < t; < tg < o0, there holds

p(g(t1), g(t2)) < Vi2g < [ta — t].

Therefore, g is a Lipschitzian function with respect to p and W = {g(¢) : 0 <
t < p(a,z)} is compact with respect to p. The continuity of p|(W x W) follows
from the inequality above, since (g|{t: 0 <t < p(a,x)})~! is continuous. O

8.7 Example. For each positive integer i define

Si=R*N{z:|z| ="'},
T =R*N{(x,y): (i + 1) < (-D)'z <i™!, y=0}
and define
X =ClosU;2,(S; UT;).
Then X is compact and path-connected but has infinite diameter with respect
to p as in 8.3.
8.8 Example (The comb). For each positive integer i define

T =R*N{(z,y):x=i""0<y <1}
and define
X=R?’nN{(z,y): 0<2<1,y=0}UClos| U2, T

Then X has finite diameter with respect to p as in 8.3, but p is not continuous
with respect to the Euclidean distance.

The essential reason for the non-continuity of the geodesic distance over the
comb, is that the comb has infinite one dimensional Hausdorff measure. This
clarifies the following theorem.

8.9 Theorem. Suppose n, X and p are related as is 8.3, X is connected and
HHX) < 0.

Then p is a metric over X, X is compact with respect to p and p is continuous
with respect to the Fuclidean distance.
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Proof. Assume X consists of at least two elements. The connectedness of X
implies
diam X = sup{#'(\[X]) : A = |z — - | for some z € X} < ' (X).

Therefore, X is compact. According to [EH43, Theorem 2|, there exists a
continuous map f : {t:0 <t <1} = X satisfying

imf=X, V§f<2#(X)-diamX.
Hence, p is a metric over X. Define a map s: {t: 0 <t <1} —» R by
s(t) = V§f whenever 0 <t < 1.
Then s is continuous, see [Fed69, 2.5.16], and
p(f(tr), f(t)) < [VEf] = Is(tr) = s(t2)]

whenever t1,ty € {t: 0 <t < 1}. Therefore, f is continuous with respect to p
and X is compact with respect to p. Next the continuity of p will be shown. For
this purpose let a € X and 1, 29, ... be a sequence in X such that |a — z;| = 0
as ¢ — oo. In view of 8.2, it is enough to show that there exists a sequence
k1 < ko < ... of positive integers such that

pla,zr,) =0 asi— oo.

The compactness of X with respect to p provides a sequence ki < ko < ... of
positive integers and b € X satisfying p(b, zx,) — 0 as i — oco. It follows b = a
as |z —y| < p(x,y) whenever z,y € X. O

8.10 Lemma (see [Menl6b, 6.4]). Suppose n, X, 0 < § < 0o and os are related
as in 8.3 and X 1is connected.
Then the following three statements hold true.

1. The pseudometric o5 is a metric over X.
2. Whenever x,y € X, there holds |z — y| < os(z,y).
3. Whenever x,y € X and |x —y| <6, there holds o5(z,y) = |z — y|.

Proof. The statements (2) and (3) directly follow from the definition of o5. They
imply
os(xz,y) >0 whenever z,y € X and x # y.

To prove (1), it remains to show that os(z,y) < oo whenever z,y € X. For this
purpose let a be any point in X and define

U(a) =X N{x:05(a,z) < oco}.

Then U(a) # @ as a € U(a). Moreover, X N{y : |z —y| < §} C U(a) whenever
x € U(a). Hence, U(a) is open in X. Let x1,22,... be a sequence in U(a)
which converges in X to some x € X. Then there exists an integer j such that
|z; — x| < §. Therefore,

os(a,z) < os(a,z;)+6 < oo

and © € U(a). This means that U(a) is closed. The connectedness of X yields
U(a) = X, which completes the proof. O
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8.11 Theorem. Suppose m, n, V and ¢ are related as in 7.9, |[V]|(R™) < oo
and d is the intrinsic diameter of spt ||V||, that is d = sup p[X x X], where p is
the pseudometric over X = spt ||[V|| as in 8.3.
Then there holds
d < Ty(R"),

for some positive and finite number I' which depends only on m. In particular
spt ||V is compact if Yp(R™) < oo.

Proof. Assume ¥(R™) < 0o and V' # 0. Define constants depending on m by
Ty(m) = my(m)2%,  Ta(m) = my(m)™2?,
Afm) = m@(1)y(m)"2" 2
Apply 7.10 with § = oo to obtain
diamspt [|V[| < sup{T's (m), A(m)} (¢ (R") + |V [ (R™)/™).

Hence, spt ||V|| is compact. Moreover, spt||V|| is connected by 5.11 as V is
indecomposable. If m = 1, then 7.10 in conjunction with 8.10 and 8.5 implies

d < (I'(1) + AQ1))p(R").
Now assume m > 2. Let 0 < § < oo and o5 be the pseudometric over X =
spt ||[V|| as in 8.3. Suppose a is any point in spt ||V|| and define
r =sup{os(a,z) : x € spt ||V}
In the case
r < my(m)2?|V]|(R™)Y™
one calculates by the isoperimetric inequality and Hoélder’s inequality
VIR < y(m)[|5V[(R™) < y(m)|[V[|(R™) 1/ =Dy (R =),
r < m2%y(m)"Y(R") = La(m)p(R™).
In the case
my(m)22 | VI[(R™)Y™ < r,
7.10 in conjunction with 8.10 implies
r < m2m A1)y (m) " H(R™) = A(m)p(R").
In both cases there holds
r < sup{T2(m), A(m) b (R™).
The conclusion follows for T' = sup{I'y(m) + A(m),Ta(m),A(m)} by 85. O

8.12 Remark. Obviously one cannot drop the assumption that |V]|(R™) < oo as
one could take V = v(T) € RV, (R") for some T € G(n,m).

Moreover, if m > 3, one cannot drop the assumption that ||§V] is absolutely
continuous with respect to |V]|. To see this, let T be as above and V =
v(TNn{z: |z| <1}) € RV,,(R™). Then h(V;z) = 0 for ||V almost all = but
spt V]| =T N {x: || <1}.

Finally, one cannot replace the assumption that the m dimensional density
of |V is bounded below by a positive number ||V almost everywhere by the
assumption that spt ||V|| is compact. This follows analogous as in 6.12.
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8.13 Remark. Suppose 2 < m < n. Then one cannot replace the indecompos-
ability condition of V' by assuming spt |V]| to be path-connected. To see this, it
is enough by 5.16 to construct an open and bounded set U such that Clos U is
path-connected but has infinite intrinsic diameter. For this purpose, define

t:R—=R"

by letting
u(t) = (,0,...,0) whenever t € R

and define
U(t,r) =U(c(t),r) whenever t € R and 0 < r < o0,
T=R"N{x:(2)" ' <|z| < (2i—1)"" for some i € #},
U=TUU{U(=1)a,(2))" " —a):a=2"1[(20)"  + (2 +1)"1], i € 2}.

Then X = ClosU is an analogous example as 8.7 for a compact and path-
connected set which has infinite intrinsic diameter.

Suppose m = 1. Then one can replace the indecomposability condition of V'
by assuming spt ||V|| to be connected. This will be shown in 8.16.

8.14 Remark. The preceding theorem is not a generalization of Topping’s di-
ameter control [Top08] for two reasons. First, the corresponding varifold of a
closed m dimensional manifold smoothly immersed in R™ does not need to be
indecomposable. For example, the corresponding varifold of two spheres which
meet exactly in one point is decomposable, see 5.14. Second, the geodesic dis-
tance over an m dimensional manifold smoothly immersed in R™ might be larger
than the corresponding geodesic distance as in 8.3. The distance in 8.3 allows a
shortcut whenever the immersion is not injective. However, the conclusion of the
preceding theorem holds true for varifolds which correspond to m dimensional
smooth connected and closed submanifolds of R"™, see 5.12.

The preceding theorem is a generalization of Menne’s diameter control
[Menl2a).

The preceding theorem is an extension of [Menl6a, 14.2], see [Menl6a, 14.4].

8.15 Theorem. Suppose m, n, V and 1 are related as in 7.9, the Borel regular
measure v is a Radon measure, spt |V || is compact, p is related to X = spt||V]|
as in 8.3, a € spt||V]| and 0 < r < sup{p(a,z) : = € spt ||V||}.

Then there holds

r <0 (v plaa) <rh+ [VI{a s pla,e) < vh'm)
for T' = sup{my(m)2*, mB(1)~y(m)"2"+?}.

Proof. First assume r < sup{p(a,z) : € spt ||V||}. Then 8.5 provides 0 < n <
oo such that r < sup{os(a,z) : x € spt|V||} whenever 0 < § < . Therefore,
7.10 in conjunction with 8.10 leads to

r<T <¢{x cos(a,z) <r}p+ |[V]({x : os(a,z) < 7“})”"’) < o0
whenever 0 < § < n. This implies
r <D (e plaa) <o)+ VI pla,z) < r))m)
by 8.5 and [Fed69, 2.1.3(5)]. Now the conclusion for r = sup{p(a,x) : x €
spt ||[V||} follows. O
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8.16 Theorem. Suppose n is a positive integer, V€ V1(R™), |[V|(R™) < oo,
I6V]| is a Radon measure,

O (||V]l,z) > 1 for ||V| almost all x,

spt ||V || is connected, p is related to X = spt ||V as in 8.3 and d is the diameter
of spt ||V|| with respect to p.
Then there holds
d < [[V][(R"),

p is a metric over spt ||V||, spt ||V|| is compact with respect to p, p is continuous
with respect to the Fuclidean distance and the estimate of d is sharp.
Proof. Define
Y ={a:|6V]|{a} > 0}.
Then Y is countable as ||6V|| is a Radon measure and [Fed69, 2.10.19 (3)] in
conjunction with [Menl16a, 4.8 (4)] implies
A (spt|[VI) = 2 (spt [V ~Y) < [V][(spt [V ~Y) < [V][(R™).

The conclusion follows by 8.9 and 8.6. O

A Outlook

This section presents questions based on the results of this thesis.

Isoperimetric inequality, see 6.7. One may investigate whether the isoperi-
metric inequality can be sharpened in the following way.
Suppose m < n are positive integers V € V,,,(R™) and |[V|[(R") < oo.
Does there hold

IVI{e : 1 <@ (|[V],2)} <T|V|({z: 1 <@ (|V],2))V ™ |6VII(R™)

for some positive and finite number I" which only depends on m?

Indecomposability condition. The only property of indecomposable vari-
folds used in this thesis, is that one cannot decompose an indecomposable varifold
by cutting the varifold along a level set of a Lipschitzian function in the way
of 7.2. One may investigate whether the indecomposability condition is stronger
than the property described above.

The set where the density is small, see 7.14. One may investigate whether
the conclusion of 7.14 is sharp in the following way.

Suppose 0 < s < 1.

Does there exists a varifold V' which satisfies the hypothesis of 7.14 such that

A (spt[VIIn{z: ©F (V] z) <1}) > 07
Diameter control, see 8.11. In view of the case m = 2 and the paper
of Paeng [Paeld], one may investigate whether 8.11 can be generalized to an

inequality which involves the singular part ||6V||sing of the total variation but
does not need the absolute continuity of ||§V|| with respect to ||V]].
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Continuity of the geodesic distance. In view of 8.16 one may investigate
whether the following statement holds true.
Suppose V is a varifold which satisfies the hypothesis of 8.11 and ¥(R") < oo.
Is the geodesic distance over spt ||V]| continuous with respect to the Euclidean

distance?
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