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A priori bounds for geodesic diameter. Part III.
A Sobolev-Poincaré inequality and applications to
a variety of geometric variational problems
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Abstract

Based on a novel type of Sobolev-Poincaré inequality (for generalised
weakly differentiable functions on varifolds), we establish a finite upper
bound of the geodesic diameter of generalised compact connected surfaces-
with-boundary of arbitrary dimension in Euclidean space in terms of the
mean curvatures of the surface and its boundary. Our varifold setting
includes smooth immersions, surfaces with finite Willmore energy, two-
convex hypersurfaces in level-set mean curvature flow, integral currents
with prescribed mean curvature vector, area minimising integral chains with
coefficients in a complete normed commutative group, varifold solutions to
Plateau’s problem furnished by min-max methods or by Brakke flow, and
compact sets solving Plateau problems based on Cech homology. Due to
the generally inevitable presence of singularities, path-connectedness was
previously known neither for the class of varifolds (even in the absence of
boundary) nor for the solutions to the Plateau problems considered.

MSC-classes 2020 53A07 (Primary); 46E35, 49Q05, 49Q15, 53A10, 53C22
(Secondary).

Keywords Sobolev-Poincaré inequality - area-stationary set - geodesic distance

- diameter - varifold - indecomposability - mean curvature - boundary - density -
Plateau problem - integral current - integral G chain - Cech homology.

Contents

1__Introductionl
I1.1 Plateau problems| . . . . . ... ... 0oL
|I1.2  'The applications to geometric variational problems| . . . . . . . .

2
2
3
[L.3 _The general results in the varifold-setting| . . . . ... ... ... 4
8
8

[T.4 The challenges and their resolution] . . . . . . . . .. .. .....

(1.4.1 Aim 1: the generalisation to a varifold-setting. . . . . . .

[1.4.2  Aim 2: the treatment of surfaces with boundary| . . . . . 9
[1.4.3  Interlude: lower density ratio bounds|. . . . . . . ... .. 11
[1.4.4  Aim 3: applicability to geometric variational problems| . . 12
I1.5° Acknowledgements| . . . . . . ... ... ... ... .. 13




[2_Notation| 13

[3 The special case of extrinsic diameter and no boundaryj| 15
|4 Sobolev-Poincaré inequality| 16
5 xamples 20
[6 Lower density bounds| 25
[7__Geodesic diameter] 28
|8  Plateau problems| 35
[0 References| 42

1 Introduction

Throughout this introduction, we suppose m and n are integers, 2 < m < n,
and B is a nonempty compact m — 1 dimensional submanifold of class 2 of R™.

Definition (see|7.1)). For closed subsets A of R™, their geodesic diameter is the
supremum of all numbers o(a, ) corresponding to a,x € A, where o(a,x) is the
infimum of the set of lengths of continuous paths in A connecting a and x.

We derive upper bounds for the geodesic diameter of sets A associated with
solutions to a variety of geometric variational problems. They imply finiteness
and are given solely in terms of the boundary data and the dimensions involved.

1.1 Plateau problems

We illustrate our varifold-theoretic results by their implication on the two most
prominent formulations of Plateau’s problem in geometric measure theory.

Theorem A (see and . Suppose S € I,,(R™), 0.5 is indecomposable,
|0S| =218,

ISII(R™) < |ITIR™) whenever T € 1,,(R™) and 0T =9 S,

and d denotes the geodesic diameter of spt ||S||.
Then, for some positive finite number I' determined by m, there holds

d<T [, [h(B,b)|™2dAm"b;
here, by convention, we stipulate [, |h(B,b)|®d#" b= " (B) regarding m = 2.

By the fundamental results of H. Federer and W. Fleming, there exists
an absolutely area minimising integral current S satisfying the hypotheses of
Theorem [A] whenever B is connected and orientable. Even in case A = spt||S]| is
an m dimensional submanifold-with-boundary of class 2 and 9A = B no a priori
estimate for the geodesic diameter was known prior to this work. If m < n — 1,
even finiteness of d is new; in fact, it was only known that A ~ B is connected
by [DLDPHM?23| Corollary 1.10 (b)] by C. De Lellis, G. De Philippis, J. Hirsch,



and A. Massaccesi provided B is class 4 and that in this case the geodesic
distance on A~ B (in the sense of [Menl6bl Definition 6.6]) is real valued and
continuous with respect to the Euclidean metric by [Menl6b, Theorem 6.8 (1)]
by the first author. If m = n — 1, the properties of the geodesic distance on
A ~ B may be combined with the studies of R. Hardt and L. Simon in [HS79]
to yield finiteness of d without providing any a priori estimate on d, see [3.7]
Theorem [A] transfers unchanged to the context of integral flat chains modulo v;
in fact, in we provide a formulation of Theorem [A]in terms of the integral
chains with coeflicients in a complete normed commutative group constructed in
the first paper of our series [MS22], see

The role of the indecomposability hypothesis on 0.5 is merely to guarantee
the indecomposability of S, see B:4] and Thus, we obtain a nonexistence
criterion for indecomposable solutions to Plateau’s problem, see [8.8]

Next, we describe the theorem which results from combining our result on area-
stationary sets in with the studies of the Reifenberg-type Plateau problem
by Y. Fang, S. Kolasinski, H. Pugh, and C. Labourie in [FK18, [Pugl9, Lab22].

Theorem B (see[8.22)). Suppose B is connected, G is a commutative group, L
is a subgroup of the (m — 1)-th Cech homology group of B, € (B, L,G) denotes
the family of closed subsets of R™ spanning L, E € € (B, L,G),

A™(E) =inf {#™(F):F € €(B,L,G)}, A=spt(A#™_E),

and d is the geodesic diameter of A.
Then, for some positive finite number I' determined by n, there holds

4 < Dreach(B) "= (By"/("=1) [ |n(B, )"~ dem b
here, by convention, we stipulate [, |h(B,b)|®dA#" b= " (B) regarding m = 2.

This yields an a priori bound on d determined by the boundary B and the
dimension n. As before, no bound was known even in the smooth case and, due
to inevitable singularities, only points in A ~ B in the same connected component
of A were known to admit a connecting path in A of finite length.

1.2 The applications to geometric variational problems

The scope of our present results is much wider than the relatively regular setting
of minimisers of Plateau problems: It encompasses the Willmore energy with
clamped boundary condition studied by M. Novaga and M. Pozzetta, see[7.6] level-
set mean curvature flow of two-convex hypersurfaces as studied by P. Gianniotis
and R. Haslhofer in [GH20], see A-minimising currents (which in turn include
integral currents with prescribed mean curvature vector and codimension-one area
minimising integral currents with prescribed volume, as studied by F. Duzaar,
K. Steffen, and M. Fuchs in [DS93al [DF90, [DF92], [Duz93, [DS92], [DSI3D)], see
, integral varifolds stationary in R™ ~ B as furnished either by Brakke flow
with fixed boundary studied by S. Stuvard and Y. Tonegawa in [ST21], see
and B:20, or by min-max methods studied by C. De Lellis, J. Ramic, and R.
Montezuma in [DLR18, Mon20], see



1.3 The general results in the varifold-setting

Here, we discuss our key results—Theorems [C} [D] and [E}-in the varifold-setting.
The following subsection will then include corresponding statements—Corollaries
[} B and P—formulated in a purely differential-geometric setting as well as two
further theorems in the varifold setting—Theorems [F] and [G] The latter are
tailored for applications to geometric variational problems.

Hypotheses 1 (First variation). Suppose V' is an m dimensional varifold in an
open subset U of R™ and the first variation,

5V € 2'(U,R™),

of V' is representable by integration (equivalently, the variation measure, |8V |,
of 8V is a Radon measure).

We recall that an m dimensional varifold V in U is a Radon measure over
the Cartesian product of U with the Grassmann manifold G(n, m) consisting of
all (unoriented) m dimensional vector subspaces of R™, that the projection of V'
onto the first factor is termed the weight of V' and is denoted by ||V]|, and that
T (V) is the class consisting of all real valued generalised V' weakly differentiable
functions, see [MS18|, Definition 4.2] by the authors, which includes all locally
Lipschitzian functions f : U — R, see [MS18, Lemma 4.6 (1)].

Definition (see [MenI6al Definition 5.1] by the first author). Suppose V satisfies
the Hypotheses [I| and E is measurable with respect to ||V|| and ||V
Then, the distributional V' boundary of F is defined by

VOE=8V)LE—8(VLE x G(n,m)) € 2'(U,R™).

If V and E are suitably regular (see H. Federer’s characterisation of sets of
locally finite perimeter in [Fed69) 4.5.11]), then V' 0 E may be expressed in terms
of the exterior normal of E (with respect to V), see [Menl6al Theorem 5.9]. The
notion of boundary allows us to formulate indecomposability of a varifold by
considering, for a given class of functions, how many of its superlevel sets split
the varifold in a nontrivial way and yet have no distributional boundary.

Definition (see [MS23| 7.1]). Suppose that V satisfies the Hypotheses [1| and
that & C T(V).

Then, V is called indecomposable of type ¥ if and only if, whenever f € W,
the set of y € R, such that E(y) = {z: f(z) > y} satisfies

IVI(E(y)) >0, [VI{U~E(y) >0, VIE({y) =0
has .#* measure zero.

It is crucial for the present final paper of our series, that indecomposability
of type 2(U, R) is strictly weaker than indecomposability as defined in [Men16al,
Definition 6.2]. An in-depth comparison of notions of indecomposability has
been carried out in the second paper [MS23]; for instance, two touching spheres
yield a varifold which is decomposable but indecomposable of type 2(U,R), see
Example 2 and Corollary 2 therein. The formulation of our main results involves
two further sets of hypotheses whose meaning and significance we shall discuss
next.



Hypotheses 2 (Density and mean curvature). Suppose V is an m dimensional
varifold in an open subset U of R™, ||8V|| is a Radon measure absolutely con-
tinuous with respect to ||V, @™ (||V|,z) > 1 for |V]| almost all , 1 < p < oo,
and the generalised mean curvature vector h(V,-) of V belongs to Li>°(||V||,R™).

Unlike in the differential-geometric case, h(V,-) may have a nontrivial tangen-
tial component related to variations of @™ (||V],). In this regard, considering
the example of a weighted properly embedded smooth submanifold (see [Menl16al
Remark 7.6, Lemma 15.2]), the following question seems natural; if V' is integral,
an affirmative answer follows from [Men13, Theorem 4.8] of the first author.

Question 1. Suppose V satisfies the Hypotheses 7 = Tan™(||V]|, -)y is the tan-
gent planeﬂ function, and ©(z) > 1 for ||V almost all z, where ® = @™ (||V ||, ).
Does it follow that both functions 7 and © are (||V||, m) approximately differ-
entiable at ||V|| almost all x, and, if so, does there hold—denoting (||V||, m)
approximate derivatives by the prefix “ap”—the equation

h(V,z)eu=T(apD7(z)o7(x)) eu+ (apD(logo O)(z) o7(z))(u) forue R"
for ||V|| almost all x, where the trace operator T is as in [MenlGal 15.1]?

Concerning the significance of the Hypotheses [2| we recall that, if p > m,
then spt ||V|| is in many ways well-behaved: For instance, there holds

Ol ([VI,z) =1 for z € spt V]|

by [Men09, Remark 2.7] of the first author—in particular, spt ||V has locally fi-
nite ™ measure—, the set spt ||V|| is locally connected (see [Menl6al, Corollary
6.14 (3)]), decompositions of V" are locally finite (see [Menl6al Remark 6.11]) and
non-uniquely refine the decomposition of spt || V|| into connected components (see
[Menl6al Remark 6.13, Corollary 6.14 (1)]), connected components of spt ||V||
are locally connected by paths of finite length (see [Menl6al Theorem 14.2]),
and the resulting geodesic distance thereon is a continuous Sobolev function
with bounded generalised weak derivative, see [Menl6b, Theorem 6.8 (1)]. A
substantial challenge for the present development arises from the fact that, if
p < m, then spt ||V has substantially less geometric significance: Whenever X
is an open subset of U, there exists a varifold V such that spt ||V equals the
closure of X relative to U, see [Menl6a, Example 14.1]. However, one is at least
assured that P almost all « € spt ||V|| satisfy the dichotomy

either @7 (||[V]l,z) >1 or @™ (||V|,z) =0

by [Men09, Remark 2.11].

The next set of hypotheses concerns the formulation of a boundary condition
for varifolds. This is complicated by the absence of a boundary operator as is
available for currents. In this regard, the distribution B € 2'(U, R™) defined by

B() = (dV)(#) + [h(V,z) e 8(x)d||[V|z for § € Z2(UR")

may act as a replacement whenever V satisfies the Hypotheses [l According to
W. Allard in [AII72] 4.3], || B|| = |10V ||sing in some sense is the boundary of V;

IFor ||V|| almost all , the closed cone Tan™(||V||,z) is an m dimensional plane and 7(x)
is the orthogonal projection retracting R™ onto Tan™(||V||, z).



here we have employed ||6V ||sing to denote the unique Radon measure over U
such that

Yet, it appears more accurate to consider || B|| as stemming from two ingredients:
firstly indeed, the geometric boundary of V but, on top of that, the singular part
of the distributional derivative of the tangent plane function of V; in [Menl7,
Example 15] by the first author, this is illustrated by a varifold V associated
with a properly embedded submanifold-with-boundary M of class 1 of R™ such
that the support of || B|| is not contained in dM. (A more basic example with M
of class 0 but not of class 1 is given by the varifold associated with the boundary
of an m + 1 dimensional cube, see Footnote [2| on page @)

Hypotheses 3 (Density and boundary). Suppose V' and W are m and m — 1
dimensional varifolds in an open subset U of R™, respectively, ||5V|| and ||6W]|
are Radon measures, @™ (||V|,z) > 1 for |V || almost all z, @™ ' (||W||,z) > 1
for ||W|| almost all x,

W=0ifm=2[8V[ <[V, )|+ [WI if m > 2,
[|8W| is absolutely continuous with respect to |W|| if m > 3.

The displayed inequality is equivalent to requiring ||B|| < |W]. It implies
that the geometric boundary of V' is contained in W but not necessarily equal
to W. There are good geometric reasons to consider the stronger condition

IB(6)| < [ISE(0(x)|dW (2,S) for 6 € 2(U,R")

which may be seen as the boundary part of F. Almgren’s concept of regular
pair (V,W) described in [AIm66], Subsection 4-3]. This stronger condition is also
employed by T. Ekholm, B. White, and D. Wienholtz in [EWWO02], Section 7].
For our present purposes, the weaker condition will be sufficient. Finally, the
last condition in the Hypotheses |3| excludes the presence of boundary for WE|

To formulate the next theorem, we recall that V' D f denotes the generalised
V weak derivative of f whenever f € T(V), see [MSIS8| Definition 4.2], and
that Tgary (V) denotes the subclass of those members of T(V) which are
nonnegative and have zero boundary values on Bdry U, see [MS18|, Definition
4.16]. It constitutes the varifold formulation of the novel type of Sobolev-Poincaré
inequality formulated in the context of submanifolds-with-boundary of class 2 in
Corollary [I] below.

Theorem C (see . Suppose V and W satisfy the Hypotheses@

(V.)€ LpZy(IVILR™),  if m >3 then (W) € LR ,(|W|, R™),
f € Taryu (V)N Trary v (W),
VD f(z)] <1 for ||V| almost all z, |[WD f(z)| <1 for |W]| almost all z,

and E = {x: f(z) > 0}.

2This condition is natural from the differential-geometric point of view. However, following
F. Almgren’s original approach to compactness (see [Alm65, Theorem 10.8]), one might also
study tuples (Vo, ..., Vi) consisting of ¢ dimensional varifolds V; such that V;_1 controls the
boundary behaviour of V; for ¢ > 0. This would include m dimensional cubes, for instance.



Then, there exists a Borel subset Y of R such that
flx)eY for ||V| almost all x

and such that, for some positive finite number I' determined by m,
(1) if m =2, then Z1(Y) < T(|[VI|(E)"/2 + [8V(E));
(2) if m =3, then

L) <T(IVIE) + [oa(VP V] + [WIE)Y? + (I8 |[(E));
(8) if m > 3, then

21 Y) <T(IVIE)™ + [ (v, )™t ||V
+HIWIE)Y Y 4 [ lh(W, )"~ d|W])).

The utility of these estimates stems from [MS23, Theorem B]: namely, if V'
is indecomposable of type {f}, then spt f4||V|| is an interval and satisfies the
bound

diamspt fx ||V < ZH(Y).

Moreover, if f is continuous, then f[spt ||[V||] C spt f4||V]|, see [MS23| 7.13 (2)].
The resulting oscillation estimate, is the key to establish the next two theorems.

Theorem D (see 6.7 -. Suppose V. and W satisfy the Hypotheses@ ifm=2
then ||8V|| is absolutely continuous with respect to |V||F] ||8W| is absolutely
continuous with respect to |[W|, m —1 < p <m, h(V,-) € L<(|[V|,R"), if

m > 2 then h(W,-) € L, (|[W||,R™), and V is indecomposable of type Z(U,R.).
Then, there holds

either @ (|V],z) >1 or @7 '(|W],z) > 1
for AP almost all x € spt ||V ||; in particular, 2™ Cspt |V < [|[V]|.

The result is already significant in case W = 0 because it implies that inde-
composability of type Z2(U, R) allows to discard the alternative @™ (||[V|,xz) =0
from the afore-mentioned dichotomy. In general, this alternative may not be
omitted as is shown by suitable decomposable varifolds, see [Men09) 2.11].

Theorem E (see. Suppose V' and W satisfy the Hypotheses@ with U = R™,
V' is indecomposable of type Z(R™,R), we have (||V]| + [W])(R™) < o0, and d
denotes the geodesic diameter of spt||V||.

Then, for some positive finite number I' determined by m, there holds

(1) if m =2, then d < T||§V||(R");
(2) if m =3, then d < T(fIu(V,)]2 [V + [|SW]|(R™)); and,

(8) if m >3, then d < T(f|(V, )" Ld||V] + [|a(W, )| 2d]|W])).

3More generally, absolute continuity may be relaxed to ||8V|| < ||[V|| L |h(V, )| + ||W]| and
“W =0 if m = 2” may be omitted from the Hypotheses @ for the present theorem.




In particular, if the sum on the right hand side of the inequality is finite,
then spt ||V is a compact subset of R™ and any two points of spt ||V|| may be
connected by a path of finite length in spt ||V||. In analogy with the properties
described for the case p = m of the Hypotheses 2 an array of further questions
arises. In the absence of boundary, the most immediate ones read as follows.

Question 2. Suppose V satisfies the Hypotheses [3| with W = 0, V is indecom-
posable of type 2(U,R), and h(V,-) € L¢ , (|V|, R")E|

(1) Is spt ||V|| locally connected?
(2) If so, is spt ||V|| locally connected by paths of finite length?

(3) If so, is the geodesic distance induced on connected components of spt ||V ||
a Sobolev function with bounded generalised weak derivative and what are
the continuity properties of this particular (or, any such) function?

The last item thereof relates to the possible study of intermediate conditions
on the mean curvature, that is, to 1 < p < m in the Hypotheses [2| (see [MenTI6al,
p.990]); a special case of that item was already raised as fifth question in the MSc
thesis of the second author supervised by the first author, see [Sch16l Section Al.

1.4 The challenges and their resolution

The starting point of our line of research (see [MS18] and the previous two parts
[IMS22] and [MS23] of our series) culminating in the present final paper was the
following a priori bound for geodesic diameter by P. Topping.

Theorem (see [Top08| Theorem 1.1]). Suppose that M is a compact connected
m dimensional manifold (without boundary) of class 2, that F : M — R™ is an
immersion of class 2, that g is the Riemannian metric on M induced by F', and
that o is the Riemannian distance associated with (M, g).

Then, for some positive finite number I' determined by m, there holds

diam, M <T [, |h(F,z)|" ' 4" z,

where the vector h(F,x) in R™ denotes the mean curvature of F at x in M.

1.4.1 Aim 1: the generalisation to a varifold-setting

The varifold-setting is the natural one to model generalised surfaces with mean
curvature. The corresponding generalisation involved two challenges:

(i) how to rephrase the connectedness hypothesis for varifolds; and,
(ii) how to handle the low summability of the mean curvature.

Regarding , the first notion of connectedness developed for varifolds—termed
indecomposability—was available from the theory of generalised weakly differen-
tiable functions on varifolds, see [Men16al Definition 6.2]. Proceeding to (ii)), we
recall that the Hypotheses [2l with U = R™ and p = m — 1 do not guarantee the
required geometric significance of spt ||V||.

41f m > 2, the first and last condition are equivalent to the Hypotheses with p=m-—1;
if m = 2, they do not require [|§V]| to be absolutely continuous with respect to ||[V]|.



The key to resolve these two challenges is to treat them simultaneously by
means of the insight that indecomposability has a strong reqularising effect; in
particular, the known examples exhibiting undesirable behaviour of spt ||V,
such as [Menl6al Example 14.1] or the earlier one of a similar structure in
[Men09, Example 1.2], are decomposable. The analysis carried out in [Sch16],
not only yields a complete generalisation of the above estimate of the geodesic
diameter to the varifold setting (i.e., Theorem [E| with W = 0) but it also yields
a lower density bound for the varifolds involved (i.e., Theorem |§| with W =0
and p = m — 1) ensuring the geometric significance of spt ||V|| via

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

We note that both theorems describe a one-dimensional property of spt ||[V||: the
length of geodesics therein and a lower density bound .#! almost everywhere.

1.4.2 Aim 2: the treatment of surfaces with boundary

To allow for boundary is evidently a prerequisite for applications to geometric
variational problems such as the Plateau problem. An initial step had been
made by S.-H. Paeng: If m = 2 and M is a manifold-with-boundary, then the
estimate in the preceding theorem may be replaced by

diam, M < T([,,|h(F,2)|dH? z + A, (0M)),

provided (M, g) is convez, see [Paeldl Theorem 2 (a)]. Therefore, to achieve the
second aim, we had to resolve the following three additional challenges:

(iii) for m = 2, how to remove the convexity hypothesis;
(iv) for m > 2, how to take the geometry of the boundary into account; and,
(v) how to phrase the boundary condition in a varifold-setting.

In [Paeld], the convexity hypothesis is mainly used to ensure that interior points
of length-minimising geodesics cannot meet OM. Viewing this as regularity
consideration, a method sufficiently robust for the varifold-setting is likely to
accommodate ({iii) as well. For , the m — 1 dimensional Hausdorff measure
of OM (raised to the appropriate power) does not yield a valid estimate, see
Instead, the mean curvature of F|OM turns out to be an adequate choice;
in particular, the boundary is naturally represented by an m — 1 dimensional
varifold. Regarding , we recall that the difficulty stems from the lack of a
boundary operator for varifolds and is resolved by employing the conditions
described in the Hypotheses [3] above as a substitute.

The second aim was then achieved in the first version of the present publication
(seelarXiv:1709.05504v1) which contained two additional insights with respect
to [Schi16]: Firstly, it introduced the notion of indecomposability of type 2(U,R).
This connectedness property is strictly weaker than indecomposability but yet
strong enough for the deduction of the intended geometric consequences; in
fact, this weakening of our hypotheses has later turned out to be crucial for
the applicability of our theory to geometric variational problems (see Aim 3
below). The second insight was the novel type of Sobolev-Poincaré inequality
formulated in Theorem [C] which is foundational for both the varifold-results on


https://arxiv.org/abs/1709.05504v1

density and those on geodesic diameter in Theorems [D] and [E] To discuss the
nature of Theorem [C], we shall now describe the corollary resulting from it in
the special case of properly embedded connected submanifolds.

Corollary 1 (Novel type of Sobolev-Poincaré inequality, see . Suppose U
is an open subset of R™, M is a properly embedded, connected m dimensional
submanifold-with-boundary of class 2 of U, f: M — R is a function of class 1
relative to M, spt f is compact, and

E=Mn{z:f(x) #0}, rk=sup{|Df(z)|:x € M~IM}.
Then, for some positive finite number I' determined by m, there holds

diam f[M] < T(s™ENM)Y™ + [ |h(M,2)|" "t dt™ x
+ AN ENOM)Y D 4 [ I OM, )| A ) ks
here, the summand [, [h(OM,z)|™ 2dA#™ © shall be omitted if m = 2.

In case M is compact, spt f is automatically compact and, applying the
isoperimetric inequality to M and M yields the following Poincaré inequality
(see|7.15) with a positive finite number A determined by m:

diam f[M] < A(f,, |h(M, )| d#™ 2 + [,,,[h(OM, 2)["? dA™ " z)k;

regarding m = 2, we stipulate [;, [h(0M,z)|° d#" x = 2" (OM) by conven-
tion. Earlier estimates of the essential oscillation of f, see [Menl6al, Theorems
10.1 (1d), 10.7 (4), and 10.9 (4)], differ in several aspects: Firstly, they are limited
to the case OM = @ but do not require connectedness of M. Secondly, they
are local in nature rather than global. Thirdly, they involve the m-th power of
the mean curvature (in fact, an integral smallness condition thereon) instead of
the power m — 1. Finally, they allow for ¢-th power integrals of D f for some
m < q < oo which in fact turns out to be impossible in our setting, see[7.17] The
preceding Poincaré inequality is readily seen to be equivalent to an a priori bound
for the geodesic diameter of M. Applying differential-topologic density results
(to remove the embeddedness hypothesis) then yields the following extension of
P. Topping’s result to immersions of manifolds-with-boundary which corresponds
to Theorem [E] in the varifold-setting.

Corollary 2 (Geodesic diameter bound for immersions, see . Suppose
M is a compact connected m dimensional manifold-with-boundary of class 2,
F: M — R"™ is an immersion of class 2, g is the Riemannian metric on M
induced by F', and o is the Riemannian distance associated with (M, g).

Then, for some positive finite number I' determined by m, there holds

diam, M < T'(f,,|h(F,2)|" " 4" x + [,,,h(F|OM, z)|"? dAa" " z);
regarding m = 2, we stipulate [, |h(OM,z)|° A} x = S (OM).

For m > 3, this leads to the following question which is open even if h(F,-) =0
and F is an embedding. If the answer were in the affirmative, then Corollary [2]
would be a consequence of the resulting statement applied to both F' and F|0M.

Question 3. May the summand [, |h(F,z)[™2dsZ !z in Corollary [2 be
replaced by the sum of the geodesic diameters of the connected components of
OM computed with respect to the induced Riemannian distance on M7

10



1.4.3 Interlude: lower density ratio bounds

The insights discussed so far allow us to deduce lower bounds on the density
based on the connectedness hypothesis. To illustrate this, we state here the
underlying conditional lower density ratio bound in the case of properly embedded
submanifolds regarding the varifold-result on the density in Theorem D]

Corollary 3 (Conditional lower density ratio bound, see . Suppose U is
an open subset of R™, M is a properly embedded, connected m dimensional
submanifold-with-boundary of U of class 2, a € M, 0 < r < o0, B(a,r) C U,
and M ~Ul(a,r) # <.

Then, for some positive finite number I' determined by m, there holds

D=l < ™ (Ua,r) 0 M)Y™ + [ pyan ROV )™ ™
+ AN (U (a,r) NOM)Y D 4 [ mon ROM, )2 Ao

here, the summand fU(a oM |h(OM,-)|™=2d#™L shall be omitted if m = 2.

This is a consequence of Corollary [I] generalised to Lipschitzian functions
and applied with f(z) = sup{r — |z — a|,0} for z € U. Since M ~U(a,r) # &,
our novel type of Sobolev-Poincaré inequality for this f takes the flavour of a
Sobolev inequality because supim f = diam f[M]. Small spheres show that the
hypothesis M ~U(a,r) # @ cannot be omitted. Therefore, whereas p = m is
the critical exponent in general, the critical exponent for the summability of the
mean curvature vector in the connected case is p = m — 1. This is the key to the
regularising effects of indecomposability. For further illustration, we consider
the following class of submanifolds (not necessarily properly embedded).

Hypotheses 4. Suppose 1 < p < 0o, M is a connected m dimensional sub-
manifold of class oo of R™ which meets every compact subset of R™ in a set
of finite ™ measure such that its second fundamental form b(M,-) satisfies
S Io(M,2)||P dst™ & < 0o and the divergence theorem holds in the sense that

[y Tan(M,z); @ DO(x) dt™ & = — [,, h(M,z) @ f(x) A" x
for6 e 2(R",R"), and A= (Clos M)N{a: @™ ("™ M, a)=0}.
In view of [MS23], 3.3, 6.1], Theorem |§| guarantees that
A" P(A)=0 incasem—1<p<m.

The next example shows not only that this bound is sharp but also that there is
no corresponding result in the range 1 < p < m —1. This exhibits a discontinuity
in p regarding the optimal upper bound on the Hausdorff dimension of A.

Example (Sharpness of the lower density bounds, see and . Suppose
m < n. Then, the following two statements hold.

(1) If m — 1 < g < m, then there exists M satisfying the Hypotheses for
1 < p < q such that ™ 1(A) > 0 for the associated set A.

(2) If m > 3, then there exists M satisfying the Hypothesesfor 1<p<m-—1
such that ™ (A) > 0 for the associated set A.

11



1.4.4 Aim 3: applicability to geometric variational problems
For this purpose, we were guided by the following two model cases:
(A) The Plateau problem for integral currents (more generally, G chains).

(B) The Plateau problem for sets using Cech homology.

The solution to each of these problems gives rise to an associated varifold V'
which is stationary away from the boundary. This entails the challenge:

(vi) Does the natural connectedness property of the solution (G chain or set)
entail a suitable indecomposability property of the associated varifold?

Introducing indecomposability of type 2(U, R), has been resolved in [MS23],
see Theorem G therein for Case (Al) and Corollary 2 therein for Case (BJ); in
particular, for Case (B]), it suffices to verify connectedness of spt ||[V'||. On the

other hand, for Case (BJ), two considerations which do not pose a particular
difficulty in Case , see and add two final challenges to our list:

(vii) Is there an a priori estimate for |8V in terms of the boundary data?

(viii) Does connectedness of the boundary imply connectedness of spt ||[V||?

For these challenges in the present Case , a key ingredient is provided by C.
Labourie with [Lab22| Lemmata 1.2.2 and 2.2.1] which ensure

B Cspt |V,

see The treatment of then uses the following theorem which rests on
a refinement of W. Allard’s estimates regarding boundary behaviour in [AII75].
It employs H. Federer’s concept of reach from [Fed59, 4.1].

Theorem F (see . Suppose R = reach(B), V is an m dimensional varifold
in R, [|[V|[(B) =0, sptdV C B C spt ||V, ®"([|[V,x) > 1 for ||V| almost
all x, and
M =R " sup{||V||U(b,R/2):b € B}.
Then, for some positive finite number I' determined by m, there holds
|8V < TMs#™ 'L B.

For Case (B), the ||V|| measure of R", and thus the number M, can readily
be estimated in terms of B and m, see Regarding , we can rely on
the study of connected components of spt ||V from [Menl6a, Corollary 6.14]
in combination with the isoperimetric inequality to deduce connectedness of
spt ||[V|| from that of its subset B, see In combination with Theorem
this yields the following theorem which is also applicable to varifolds constructed
by min-max methods or Brakke flows, see [8:18| and [8:20]

Theorem G (see[8.17)). Suppose B is connected, V is an m dimensional varifold
in R™, |[V](R") < o0, 1 <A< o0,

B cCspt|V], |8V <A#™ LB,

O"(IV|,x) =1 for |V|| almost all z, and d is the geodesic diameter of spt ||V ||.
Then, there holds

d < Tr(m)A [ | h(B, )| ™ b
here, by convention, we stipulate [, |h(B,b)|®dA#" b= " (B) regarding m = 2.
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2 Notation

Basic sources As in Parts I and IT (see [MS22 [MS23]), our notation follows
[Menl16a] and is thus largely consistent with H. Federer’s terminology for geomet-
ric measure theory listed in [Fed69), pp. 669-676] and W. Allard’s notation for
varifolds introduced in [All72]. This includes, for distributions S, the variation
measure ||S||, see [Menl6al, 2.18]; for certain varifolds V' and sets E, the notion of
distributional boundary, V O E, of E with respect to V, see [Menl16al, 5.1]; for cer-
tain varifolds V', concepts relating to generalised V' weak differentiability—that
is, the space T(V) of generalised V' weakly differentiable real valued functions f,
the generalised V weak derivative, V' D f, for such f, and the subspace T¢(V)
of nonnegative members of T (V') realising the concept of zero boundary values
on an open subset G of Bdry U—, see [Menl6al 8.3, 9.1].

Review Here, we list symbols not already reviewed in [MenI6al Introduction,
Section 1]: the Grassmann manifold, G(n,m), of all m dimensional subspaces
of R", see [Fed69) 1.6.2]; the norms associated with inner products, |- |, see
[Fed69] 1.7.1]; the seminorm, || - ||, on Hom(V, W) associated with normed spaces
V and W, see [Fed69l 1.10.5]; the infimum and supremum, inf S and sup S, of
a subset S of the extended real numbers, see [Fed69, 2.1.1]; the class 2% of
all subsets of X, see [Fed69, 2.1.2]; the restriction, ¢ A, of a measure ¢ to a
set A, see [Fed69, 2.1.2]; the support, abbreviated spt ¢, of a measure ¢, see
[Fed69, 2.2.1]; the least Lipschitz constant, Lip f, of a map f between metric
spaces, see [Fed69, 2.2.7]; the Lebesgue spaces, L,(¢,Y), see [Fed69) 2.4.12];
the support, denoted spt f, of a member f of #(X), see [Fed69 2.5.13]; the
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variation, V2g, of g from a to b for maps of the real line into a complete metric

space, see [Fed69, 2.5.16]; the n dimensional Lebesgue measure, £, see [Fed69,
2.6.5]; the diameter of S, diam S, see [Fed69), 2.8.8]; the absolutely continuous
part 14 of a measure ¥ with respect to ¢, see [Fed69, 2.9.1}E| the derivative, ¢’,
of a function on the real line, see [Fed69l 2.9.19]; the number «(m) and the m
dimensional Hausdorff measure, 5™, for 0 < m < oo, see [Fed69, 2.10.2]; the m
dimensional densities, @™ (¢, a), O (¢, a), and O™ (¢, a), see [Fed69, 2.10.19];
the differential, D f, see [Fed69, 3.1.1]; the closed cones of tangent and normal
vectors, Tan(S,a) and Nor(S, a), see [Fed69, 3.1.21]; the unit sphere, S*7!, in
R"™, see [Fed69l 3.2.13]; the vector space, &(U,Y), of functions of class oo and
the support, spt T, of a distribution T" in U of type Y, see [Fed69, 4.1.1]; the
chain complex of integral currents in R™ with m-th chain group I,,,(R"™) and
boundary operator 9, see [Fed69, 4.1.7, 4.1.24]; the member [u,v] of I;(R"™)
associated with the line segment from u to v, see [Fed69, 4.1.8]; the weight, [|V]],
of a varifold V, see [AIlI72), 3.1]; the image, f4V, of a varifold V' under a map
f of class oo, see [AIl72, 3.2]; and, the first variation, 8§V, of a varifold V| see
[AII72, 4.2].

Modification For the push forward, fx¢, of a measure ¢ by a function f, we
use the definition in [MS22] 3.9] which extends [Fed69, 2.1.2].

Amendments Modelled on [Fed69, 4.1.7], we employ the restriction notation,
¢L f, for the measure ¢ weighted by f introduced in [MS22] 3.6]; this weighted
measure was discussed—without name—in [Fed69, 2.4.10]. For subsets A of
Euclidean space, we adopt the concept of reach and the symbol reach(A) from
[Fed59, 4.1] as well as those of approxzimate differentiability of order 2 with the
corresponding approzimate mean curvature, denoted by aph(A4,-), from [San19l
3.8] and [MS23| 6.9]. For certain immersions F' into an open subset U of R", we
use the concepts of mean curvature vector, denoted h(F, ), of varifold associated
with (F,U), and of Riemannian distance associated with F' as laid down in [MS23|
6.10, 6.13, 10.1], respectively. The terms immersion and embedding are employed
in accordance with [Hir94, p.21]. Whenever k is a positive integer or k = oo,
we mean by a [sub]manifold-with-boundary of class k a Hausdorfl topological
space with a countable base of its topology that is, in the terminology of [Hir94]
pp. 29-30], a C* [sub]manifold. For manifolds-with-boundary M of class k, we
similarly adapt the notion of chart of class k and Riemannian metric of class
k—1 from [Hir94l p. 29, p.95] and denote by OM its boundary as in [Hir94l p. 30].
Whenever G is a complete normed commutative group as defined in [MS22]
3.1], we employ the following notation regarding the group Z2¢(R", G) of m
dimensional locally rectifiable G chains S in R™, see [MS22] 4.5]: the notion of
weight measure, ||S||, see [MS22] 4.5]; the homomorphisms

fo B0 (R, G) = Z,0°(RY, G)

associated with locally Lipschitzian maps f : R" — RY, see [MS22l, 4.6]; the
Cartesian product

X 1 B(R",Z) x B (R, G) — A5 ,(R" x R”, ),

5As was stipulated in [Menl16a] for similar notions, 14 will also be employed in the case
where one of the measures 1 or ¢ on X fails to be finite on bounded sets but there exist open
sets Uy, Us, Us, ... covering X at which ¢ and v are finite.
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see [MS22, 4.7]; the isomorphism trn m : Z9°(R™) — Z19¢(R"™, Z), see [MS22,
5.1]; the chain complex of integral G chains in R™ with m-th chain group
L, (R", G)—identified with a subgroup of Z!°¢(R", G)—and boundary operator
Oq, see [MS22] 5.11, 5.13, 5.17]; and, indecomposability of members of I,,(R", G),
see [MS23| 6.6]. Finally, for certain varifolds, we make use of the concept of
indecomposability of type ¥ introduced in [MS23| 7.1].

Definitions in the text Following [MenlGbl 6.6], the terms geodesic distance
and geodesic diameter are laid down in The locally convex space €*(M,Y)
is defined in [L.10]

3 The special case of extrinsic diameter and no
boundary

To highlight some of the principal ideas, we provide the short proof a special

case of Theorem [E]in this section; the general case will be treated in [7.4]

3.1 Theorem. Suppose m and n are integers, 2 < m < n, V € V,,(R"),
spt ||V|| is compact, |8V is a Radon measure, @™ (||V]],z) > 1 for ||V almost
all x, V is indecomposable, and

(1) if m =2, then ¢ = ||8V||, and

(2) if m > 2, then ||dV|| is absolutely continuous with respect to |V and
¥ = V[ h(V, )™t

Then, there holds
diamspt | V]| < Dy(R"),

where I' is a positive, finite number determined by m.

Proof. By [All72, 3.5 (1b), 5.5 (1)], V is rectifiable and ||V || = 5™ . @™ (||V ], ).
Assume ¥(R"™) < co. Let A denote the set of all a € spt ||V]| such that

lim sup [|V[|(B(a, ) /™~ |8V[| B(a, s) < (2y(m))~".
s—0+

Note ||[V||(R™~ A) = 0 by [Fed69) 2.8.18, 2.9.5], hence A is dense in spt ||V]|
and
diamspt | V|| = sup{diam p[A] :p € O*(n,1)}.

Next, suppose p € O*(n, 1) and let ¢ = px. Then, for each b € p[A], there
exists 0 < r < oo such that
r < A¢B(b, 1),

where A = m(2y(m))™; in fact, one may choose a € A with p(a) = b and take
r=inf {s:[8V]|B(a,s) > (2y(m)) "'V (B(a,))' """},
hence 0 < r < oo and ||V B(a,r) > (2my(m))~™r™ by [Men09} 2.5] implying
(2y(m) " HIVII(B(a,r)'~H™ < [|8V] B(a,7)
< |VII(B(a,r))' /"Dy (B(a, )Y,
(2my(m)~tr < |V[|(B(a, 7)™ < (2y(m))™ 4 B(a, ).
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Consequently,

L (plA]) < 2AB(1)p(R™).
The proof will be concluded by showing
diam p[A] = .2 (p[A]).
If this were not the case, there would exist b € R such that
infp[A] < b <supp[4], O (pg[[V].b) =0

by [Fed69, 2.2.17, 2.10.19 (4)] since (p#||V]|)(R ~ p[A]) = 0, hence one could use
JAII72] 4.10 (1)] or [Menl6al 8.7, 8.29] to infer

d3(V{(a,S):pla) >b}) = (6V){a:p(a) > b}
which would be incompatible with the indecomposability hypothesis on V. [

3.2 Remark. Inspection of the final argument shows that the indecomposability
hypothesis on V may be weakened to indecomposability of type O*(n,1).

3.3 Remark. In case m = 2, a related inequality for submanifolds involving the
second fundamental form is provided in [Sim93, Lemma 1.2].

4 Sobolev-Poincaré inequality

The purpose of this section is to establish (see our new Sobolev-Poincaré
inequality, Theorem [C} the key ingredient therein is a monotonicity lemma
(see based on the isoperimetric inequality. Following this, the setting of
connected submanifolds, Corollary (1], results as corollary (see . We also
include a simpler version of our Sobolev-Poincaré inequality for varifolds that
are suitably indecomposable and have no boundary (see .

The lemma below will presently be applied only with ¢ = co. We include the
case ¢ < oo since it yields a new proof of previous Sobolev inequalities (see [4.3)).

4.1 Lemma. Suppose m and n are positive integers, m < n, U is an open subset
of R, V € V,,(U), |8V || is a Radon measure, @™ (||V||,z) > 1 for ||V|| almost
all z, f € TBdryU(V)7 0 <s<r< HV||(oo)(f)7

either, m=q=1and A =1,
or, m<q<ooand A= ((1/m—1/q)/(1- 1/q))1_1/q7
VD feL,|V|,Hom(R",R)), 0 < e < y(m)~!,
VI {z: f(z) =y} < oo, [I8V][{z: f(x) >y} <ellV|({z: fx) = y})' /"

fors<y<r,and§=v(m)~! —e
Then, the quantities

IVII({z: f(z) >y V[V fz: f(2) >y} (VD ) + Ny, if g < oo,
IVI{z: f(@) = yDY ™[V (VD f) + 6Ny, if ¢ = oo,

are nonincreasing in y, for s <y <r.
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Proof. We treat the case m < g < oo. The cases m = ¢ = 1 and ¢ = oo follow
by a similar but simpler argument. Abbreviate a =1—1/gand 8 =1—1/m.
Let i : U — R"™ denote the inclusion, define

E) ={z:f(z) 2 —v}, @) = [VI(E@), G)=g(v)"",
V) = [ VD FIdV], W, =ig(V L E(v) x G(n,m)) € V,,(R")

for —r < v < —s, and notice that
O"(||Wyl,z) >1 for |W,| almost all =

by [Fed69] 2.8.9, 2.8.18, 2.9.11]. Furthermore, as (||V||+]1d0V]|) {z: f(z) = v} =0
for all but countably many v, we have (see [Menl6a, 9.1])

[8Wo|| < ig(|8V|LE(v) +||[VOE@)|) for £ almost all —r < v < —s.
For such v, the isoperimetric inequality (see [MS18| 3.5, 3.7]) yields
Ym)lg(0) "™ < [SVI|(E(w)) + |V 0 E)(U).
In view of [Menl6al, 8.29] and [Fed69) 2.9.19], we deduce the inequalities

< (y(m)~h = g()' TV < [VOEW)(|(U) < ¢'(0)' V0 (0) 1,
oA = ( (m)~" = e)(1 = B/a)™ < (¢ /%) (0)*H ()"~ = G’ (v) ™I (v)'~
for £ almost all —r < v < —s. Therefore, noting 0 < [* K d.Z* < h(v)

for —r < v < —s by [Fed69] 2.9.19], we obtain (using the inequality relating
geometric and arithmetic means)

S\ < aG'(V)G(W)* th(V) Y + (1 — Q)R (V)h(V)"*G(V)* = (G“R'~*) (v)

for £' almost all —r < v < —s, whence the conclusion follows by integration
with respect to Z! using [Fed69, 2.9.19]. O

4.2 Remark. For ¢ = oo, the pattern of the preceding proof is that of [AII72] 8.3].

4.3 Remark. The preceding lemma in particular entails the estimates [Men16al
10.1 (2b) (2d)] with a different, somewhat more explicit constant.

We next gather the set of conditions on density and first variation that we
assume for both varifolds occurring in the Sobolev-Poincaré estimate in 1.5

4.4. Suppose U is an open subset of R™, V' is a varifold in U, m = dim V, ||5V||

is a Radon measure, @™ (||V||,z) > 1 for ||V|| almost all z, and, either m = 1

and ¢=|V|, m=2and ¢ = ||8V|, or m > 2, h(V,-) € Lle | (|V|,R"), and
= [V [V, )™t

4.5 Theorem. Suppose m and n are integers, 2 < m <n, U is an open subset
of R*, V1 € V,(U) and Vo € V,,_1(U) satisfy the conditions of

Vo=0 difm=2, [|sVi]| < |Villc [0(Vy, [ + [Vl if m > 2,
I10V2]| is absolutely continuous with respect to ||Va|| if m > 3,
f € Toaryv Vi), [ViD f(x)| <1 for||Vi| almost all x,

@i are associated with V; as in[{.4)
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forie{l,2}, and E = {z: f(z) > 0}.
Then, there exists a Borel subset' Y of R such that

f(x) €Y for ||Vh]| almost all z,
LHY) ST(IVII(B)Y™ + 61 (B) + Ve | (B)Y "D + ¢a(E)),
where I' is a positive finite number determined by m.

Proof. We assume (||V;|| + ¢;)(E) < oo for ¢ € {1,2}; in particular, we have
IBVZI(E) < co. Define I = RN {y:y > 0},

pi = fxlVill,  vi= fldVill,  and  wi = fyo:
fori € {1,2}. Let a =wy if m =2 and a = fu(||Vi||c [h(V1,-)]) if m > 2. With
Ay =2my(m), Ay =sup{2(m— 1)y(m — 1),24,(2y(m))"/ "V},

we define _
i = A (DY IV for e {1,2}

and functions r; : R — R, for ¢ € {1,2}, by
ri(b) =sup {5:0 < 5 < b and A; u;(B(b, g))l/ dimVi > s} whenever b € R.

Since the sets (R x R) N {(b,5):0 < s <band A; 11;(B(b, s))"/ 4mVi > s} are
relatively closed in (R x R) N {(b,s):s < b}, we may deduce that r; are Borel
functions for ¢ € {1,2}. We also note r;(b) < A; for b € R and i € {1,2}. Let
C = {b: 1 {b} > 0} and notice that C is countable. Moreover, we define

Qi=RnN{b:r;(b) >0} forie {1,2}, B = {b:71(b) > r2(b)}.
Our two estimates below rest on the basic fact that
vi B(b,7i(b)) > (2y(dim V;)) ™" pus (B(b, r4(b))) '~/ 4 Vi

whenever \; < b € Q; and i € {1,2}; in fact, we note [Menl6al 8.12, 8.13, 9.9]
and apply, for small s > 0, with m, V, s, r, q, f(x), and € replaced by dim V;,
Vi, 0, s, 0o, sup{r;(b) + s — | f(z) — b],0}, and (2y(dim V;))~*.

Next, the following two estimates will be proven

LHQaN{b:b> X)) < Aswo(I), LY(BN{b:b>A\}) < Agwi(I),

where Az = 2™ Ayy(m — 1)™~2 and Ay = 2m(M=D+3y(m)m=1A;. Whenever
Ao < b € Y2, the basic fact and Holder’s inequality yield

Ay 1ra(b) < p2(B(b,m2(0)) "D < (2y(m — 1)) 2wy B(b, r2(b)),

whence we deduce the first estimate by Vitali’s covering theorem (see [Fed69,
2.8.5, 2.8.8] with § = diam and 7 = 3/2). To similarly prove the second estimate
suppose A1 < b € B. We first notice that b > r1(b) > ra(b) yields

p2(B(b, r1 ()7 < AS ey (b)
< 271(2y(m)Y ) py (B(b, 1 (b))V™ < 0.
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Combining this estimate with the following consequence of the basic fact,

11 (B(b, Tl(b)))l/m < (2y(m))1/(m71)V1(B(b, Tl(b)))l/(mﬂ)
< (2y(m))1/(m_1)(a(B(b, Tl(b)))l/(m_l) + pa(B(b, 7dl(b)))l/(m—l)),

we first obtain
271 (B(b,r1(0)Y™ < (2y(m)) V"D a(B(b, (b)Y,
and then, using Holder’s inequality,
A7 (D) < pa(B(b,r1 (9) ™ < 2Dy (m) ™ wy B(b, 71 (1))

Vitali’s covering theorem now yields the second estimate.
We now define Y = C U Q7. Since @1 C BU Q> C I, the preceding two
estimates imply that the asserted property of Y may be established by proving

p(R~(CUQ1)) =0,

For this purpose, we define

. v1 B(y, s) 1}
T = (spt N :y > 0 and lim su > (2y(m
( p ,u‘l) {y y 5*>O+p /.Ll(B(y, 8))1_1/m — ( Y( ))

and notice that p; (YT ~C) = 0 by [Fed69, 2.8.9, 2.8.18, 2.9.5]. The assertion
then follows verifying (spt u1) ~Y C Q1 U {0}; in fact, for 0 <b € (spt 1)~ 7T
and small s > 0, we note [Menl6al 8.12, 8.13, 9.9] and applywith V,s,r q,
f(x), and € replaced by V1, 0, s, oo, sup{s — | f(x) — b|,0}, and (2y(m))~!, to
infer 1 (b) > 0. O

4.6 Remark. We recall from [MS23] 7.12, 7.13 (1)] that, under the hypotheses of
the preceding theorem, if V; is indecomposable of type {f}, then

diam spt fx||V1|| < Z1(Y)
and if additionally ||V1|{z: f(z) <y} > 0 for 0 < y < oo, then
diam spt f[[Vill = [[Vi (o) (f)-

4.7 Remark. We notice that Tgary (Vi) = T(V;) N{f:f >0} in case U = R"
by [MenlGal 9.2].

In the special case of connected properly embedded submanifolds of class 2
and a function of class 1 thereon, the following corollary, Corollary [1} results.

4.8 Corollary. Suppose m and n are integers, 2 < m < n, U is an open subset
of R™, M is a properly embedded, connected m dimensional submanifold-with-
boundary of U of class 2, f : M — R is of class 1 relative to M, spt f is compact,
|ID f(x)| <1 forx e M~0M, and E = M N{x: f(x) # 0}.
Then, there holds
diam f[M] < 2Tgm(m) (™ (ENM)Y™ + [, [h(M,2)|" "t dA™ x
+ o ENOM)Y D 4 [ o Ih(OM, z)[m 2 A 1)

here, the summand [ ., [h(OM, )™ 2d#™ © shall be omitted if m = 2.
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Proof. We recall [MS23], 6.14]. We define V; € RV,,,(U) and V, € RV,,,_1(U)
such that

Vil = 2™ M, Va=0ifm=2, |Val =" L0M ifm >2;

hence, V; is indecomposable of type Z(U, R) by [MS23|, 7.9]. Employing [Fed69,
3.1.22], we construct a function g : U — R of class 1 with compact support such
that g|M = f. From [Menl6al 8.7, 8.16, 9.2, 9.4], we infer that |g| € Tgary v (V5)
with
[ViDg|(z)| <1 for ||V;]| almost all «

for i € {1,2}. In view of [MS23| 7.13 (2)] the conclusion now follows from [4.5/and
applied with f replaced by |g| because diam f[M] < 2diam g[M], if 0 € im f,
and diam f[M] = diam g[M] as f[M] is an interval, if 0 ¢ im f. O

To prepare for the case without boundary, we collect another set of hypotheses
on density and first variation. It will be assumed to hold in

4.9. Suppose U is an open subset of R™, V is a varifold in U, 2 <m = dim V,
[I6V] is a Radon measure, @™ (||V]|,z) > 1 for ||V] almost all x, and, either
m =2 and ¢ = ||8V||, or m > 2, ||6V]| is absolutely continuous with respect to
VI, b(V;-) € Ly (VL R™), and ¢ = [V [(V,)[" 1.
4.10 Corollary. Suppose U, V', and 1) are as in ' =2"my(m), f €
Tgaryv(V), V is indecomposable of type {f}, and

VD f(z)| <1 for||V] almost all x.

Then, there holds

diamspt fx ||V < T(IVI|({z: f(z) > ODY™ +y(m)"™ " {z: f(x) > 0}).

Proof. With a possibly larger number T, this follows from [£.5 and [£.6] with
Vi =V and Vo = 0. We verify the eligibility of the present number I' by noting
that, for Vo = 0, we can take Ay = 2mT2A;y(m)™ ! in the proof of in fact,

AT (D) < (B(b, ()™ < (2y(m)) ™ e B(b, 71(b))
whenever A\; < b € B by the basic fact and Hoélder’s inequality. O

4.11 Remark. As in[4.6] we note that, in case ||V|[{z: f(z) < y} > 0 whenever
0 <y < oo, we have diamspt f4[|[V| = ||V | (00)(f)-

5 Examples
In the present section, we construct (see and the mentioned

the introduction which shows the sharpness of Theorem [D] As preparations, we
list an arithmetic formula and terminology for cylinders (see 5.2) and then
indicate a procedure to smooth out corners (see [5.3H5.4)).

5.1. If 0 <z < 1 and 7 is a nonnegative integer, then

oo

Z(J + 1);51 = (1- x)_Q((i + l)xi . ixi—i—l).

j=i
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5.2. Whenever u € S" !, a € R", 0 < r < 00, and 0 < h < 0o, we define
Z(a,r,u,h) =R"N{z: |z —af> = (( —a)eu)*+r*,0< (z —a) eu < h}.

5.3 Lemma. Suppose n is an integer, n > 2, Y is an n — 1 dimensional
submanifold-with-boundary of class oo of R, Y is connected and compact,
€ > 0, and, identifying R® ~ R"~! x R, the subsets Q and U of R™ satisfy

Q=Y x{t:0<t<o0}, U= N{y:dist(y,dY) <e}) x{2:0 <z <e€}.

Then, there exists a properly embedded n dimensional submanifold-with-
boundary M of class oo of R™ such that OM is connected and M ~U = Q ~U.

Proof. As 9Y is compact, we employ [MS23| 3.9, 3.12] to construct § > 0 such
that the function f : G — R, with G = R"~! N {y:dist(y,dY) < §} and

fly) =dist(y,0Y) ifyeY, fly) = —dist(y,0Y) else,

for y € G, is of class co and satisfies |D f(y)| = 1 for y € G. Then, defining
g:GxR = RxRbyg(y,z) = (f(y),2) for y € G and z € R and noting
imDyg(y,z) = R xR for y € G and z € R, the assertion reduces (e.g., by [Fed69l
3.1.18]) to the case n =2 and Y = {y:0 < y < oo} which is elementary. O

5.4 Remark. By induction on n, the preceding lemma implies the following
proposition: If2<ne€Z, —oco<ap <b, <oo fork=1,...,n,¢>0, and
Q=R"N{z:ar <zee, <bpfork=1,...,n},
U=Qn{z:dist(z,QN{x:card{k: x e e, = a or x e e, = by} >2}) < ¢},
where eq,...,e, form the standard base of R™, then there exists a properly

embedded n dimensional submanifold-with-boundary M of R™ of class oo such
that OM s connected and M ~U = Q ~U.

In the first example below related to the sharpness of Theorem [D] we are
able to control the second fundamental form b(M, ) instead of merely h(M,-).

5.5 Theorem. Whenever m and n are positive integers, 2 < m < n, and
m — 1< g <m, there exists a bounded, connected m dimensional submanifold
M of class oo of R™ such that

Jor Io(M, z)||P dst™ x < o0 whenever 1 < p < q,
Jy; Tan(M,z), @ DO(z) dt™ & = — [, h(M,z) @ §(x) dA"" x
for 6 € 2(R™,R"), and such that A = (Clos M)~ M satisfies
AU A) = a(m — q)21 7T, O"(H™ . M,a) =0 foraec A
Proof. We assume n = m + 1 and let d = m — q. Whenever J is a compact
subinterval of R, we denote by ®(.J) the family consisting of the two disjoint

subintervals

{t:iangtgian—l—2_1/ddiamJ}7 {t:supJ—2_1/ddiamJ§t§supJ}
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of J. Letting Go = {{t: —1/2 <t <1/2}}, we define G; = | J{P(S): S € G;_1}
for every positive integer i and C' = (.2, | G;. By [Fed69, 2.10.28], there holds

A C) = a(d)2.

For every nonnegative integer i, we let r; = 27%/% and s; = Z;‘;z(j +1)r;, hence
diam J = r; whenever J € G; and, using 5.1} we compute

si=(1—-2"YN i+ 1 —27YH) ),

Suppose e, ..., e, form the standard base of R™. We observe that [5.3] may
be employed to construct a subset N of the cube

R'N{z:0<zee,<land|veey <ifork=1,...,n-1}

such that its union with (see [5.2))

Z(le_lel + e’l’u %761’1700) U Z(1—27’1 61 + en7 %?e’ﬂ) OO) U Z(07 i? _en7 OO)

is a properly embedded, connected m dimensional submanifold of class co of R™.
In particular, there exists 0 < k < oo satisfying

HA™(N) <k, supim|b(N,)| < k.
With N(a,r) =R"N{z:r~1(x —a) € N} for a € R" and 0 < r < oo, we use
X = {Z(Wﬁ + (80 — Si)en, &, en,iri) 1 J € Gy},
W, = {N(W@l + (80 — 84 Jriri)en,r,-) :J € Gi},
H;, = U;:oU(XjU\I’j)a and M; = {z:2 € H; or x — 2(z ® e,)e,, € H,;}, to define
M = |J{M; :i is a nonnegative integer}.
Clearly, M is a connected m dimensional submanifold of class co of R™ and
A=R"N{z:zee; €C, |zoe,|=sp,and zee, =0for k=2,...,n—1},

where A = (Clos M) ~ M.
Next, we will show the following assertion. There holds

A (M N B(a,r)) < 221 = 217D T2 (ma(m) + w) (i 4 1)

whenever a € A, i is a nonnegative integer, and s;+1 < r < s;. For this purpose,
welet I ={t:|t —aeey| <r}and firstly estimate

No=card{J:INJ#@,Jec G} <41 —27Y)2(; + 1),

in fact, G; is special for {t: —1/2 <¢ < 1/2} by [Fed69l 2.10.28 (2) (4)], hence
card{J: 1> J e G}rd < (2r)? <2(1 — 274 =2(; + 1)%rd,

Since 27 333, 27 (j + 1)y < (1 — 27"/ 72(i 4 1)ry by [.1] we estimate

A™(M N B(a,r)) < \i(ma(m) + k)(1 — 217/ =2(; 4 1)r,

3
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Hence, together with the first estimate and 7; < 2/4(1 — 27/ (4 4+ 1) 1s;4 1,
the assertion follows.
The assertion of the preceding paragraph implies

O (™ L M,a) =0 whenever a € A
and, as Clos M is compact, also 5™ (M) < co. Noting
Jztarum 0(Z(a,r,u,h), 2) [P dA™ & < ma(m)r™ P (h/r),
fN(a,T) [b(N(a,r),2)||P d#™ 2z < gTPrm—P
fora e R*", 0 <r <oo, uc S and 0 < h < 0o, we estimate
Jas (M, z)||P dot™ 2 < 2(KMP + dma(m)) 352 (i + 1)200FE=m)/d) < o0

whenever 1 < p < ¢. Since #™ 1 (OM;) < ma(m)2:A+0=m)/d) for every
positive integer ¢, the conclusion now readily follows. O

5.6 Remark. The preceding theorem answers the third question posed in [Sch16l
Section Al.

In the second example below related to the sharpness of Theorem [D| we are
again able to control the second fundamental form b(M, ) instead of h(M, ).

5.7 Theorem. Whenever m and n are positive integers and 3 < m < n, there
exists a bounded, connected m dimensional submanifold M of class oo of R™
such that

S Ib(M, z)||Pd#™ z < 0o whenever 1 <p <m — 1,
Jy; Tan(M,z), e DO(z) dt™ & = — [, h(M,z) @ §(x) dA"™ x

for 8 € 2(R™,R"™), and such that
S ((Clos M) ~ M) =1, ®"(A™  M,a)=0 foraec (ClosM)~M.
Proof. We assume n =m + 1. With each A C R", we associate sets
A(a,r)=R"n{z:r "z —a) € A} fora€R" and 0 <r < oo.
Let ey, ..., e, denote the standard base vectors of R™. We define

D=R"N{z:zee, =0and |z| <1},

H=R"N{u:for some k € {1,...,m}, u =e, or u= —ey}.
We define v : R — 27 by
v(z) = H ~{u:for some k, zee;, =1and u=-ej or zee, =0 and u = —ei}
for x € R™. Notice that [5.3] may be used to construct a subset R of the cylinder
R'N{z:0<zee,<and|z— (vee,)e,| < 1}

such that RU (R" N {z:zee, =0} ~D(0,1)) UZ(%, £, en,0), see is a
properly embedded, connected m dimensional submanifold of R™ of class co. Let
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S denote the reflection {z:x —2(xz e e, )e, € R} of R along R™N {x cxee, =0}.
Considering the submanifold furnished by [5 applied with e = E and (ak, br)
replaced by (—2,3) if k <n and (-3, 1) if k‘ = n, we observe that |5.3[ may also
be employed to construct, for G C H, a subset Ng of the cuboid

R"N{z:[zee,| <1and |[zeer| <ifork=1,...,m}

such that N¢ contains D(%, 1) U D(—<, 1) and such that

En
4 474

NGuU{Z(%,%,u,oo):ueG}

is a properly embedded, connected m dimensional submanifold of R"™ of class
00. Clearly, there exists 0 < k < oo satisfying

H"(R) <k, supim|b(R,)|| <k, H"(Ng)<k, supim|b(Ng, )| <k

whenever G C H.
In this paragraph, we define various objects for each positive integer i. Let
r; = 271+ and define C; to consist of those z € R™ such that

ree,=2"" 0<zee, <1, and 2 'zec,cZ

for k =1,...,m. We have card C; = (2'~! 4+ 1)™. Then, noting % < 27%, we
define X;(u), for u € H, to be the family consisting of the sets

Z(x—l—“ufgﬁu 2~ 1—%)

corresponding to x € C; with u € y(x). We have card X;(u) = (201 +1)m~12¢-1,
With Cy = &, we define ¥; to be the family consisting of the sets

N'y(x) (J}, 7"1‘) ~ D(Z‘ — %en, Ti;rl )
corresponding to z € C; with z +27%,, ¢ C;_; as well as the sets

Nv(w) (z,7;) ~ (D(J? +Z Fen, 4 YU D(x — ena Ti;rl ))

corresponding to x € C; with x4+ 2"e,, € C;_1. Noting % + ‘372% <r; <27
we also define €2; to be the family consisting of the sets
S(w = Henrip1) UZ(x — (5 + 22 )en, UL, —ep, 2707 — 4 — 20t

UR(z— (2771 = ey, rig1)

corresponding to x € C;. Clearly, we have card ¥; = card C; = card ;. Finally,
we let M; = ;1 Uyen UX; (1) UT; UQy).

Now, we define M = (J;2, M, and notice that M is a bounded, connected m
dimensional submanifold of class co of R™ such that

(ClosM)~M=R"N{z:zee, =0and 0 <z <1lfork=1,...,m}.
Since we have ™1 (dD(a,r)) = ma(m)r™~" and

H"(Z(a,r,u,h)) = ma(m)r™ h, supim |b(Z(a,r,u,h),")|| =",
H™(R(a,r)) < wr™, supim|b(R(a,r),")| < wrt,
H™(Ng(a,r)) < kr™, supim ||b(Ng(a,r),-)|| < rr—!
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whenever a € R", 0 <r < o0, u € S" 1, 0 < h < oo, and G C H, one may use
the fact that > ;o 2"*rf < oo whenever A € R and € > 0 to conclude

lim 2™ (M ~M;_1) =0, lim 2™ ' (OM;) =0,

1—00 1—00

Sy oM, z)||Pdst™z < oo forl<p<m-—1,

whence we readily deduce the asserted conclusion. O

5.8 Remark. The construction bears some similarities with [Men09} 1.2].

6 Lower density bounds

In this section, we provide (see[6.7) Theorem D] The key to this are conditional
lower density ratio bounds (see which are in turn based on the Sobolev-
Poincaré inequality (see [4.5). Moreover, to treat small positive density ratios, a
compactness lemma (see [6.1]) is employed.

6.1 Lemma. Suppose 1 < M < oo.
Then, there exists a positive, finite number I' with the following property.
If m and n are positive integers, m < n < M, a € R", 0 < r < o0,
V € V,,(U(a,7)), ||8V] U(a,r) < T tpm=1

V] B(a,s) > M to(m)s™ whenever 0 < s <r,
and O™ (||V|,z) > 1 for |V]| almost all =, then
IV U(a,r) > (1 = M~ ea(m)r™.

Proof. If the lemma were false for some M, there would exist sequences I'; with
I'; — o0 as © — oo and sequences m;, n;, a;, r;, and V; showing that I' = T;
does not have the asserted property.

We could assume for some positive integers m and n that m < n < M,
m =m;, n =n;, a; =0, and r; = 1 whenever ¢ is a positive integer. Defining
V € V,,(R"NU(0,1)) to be the limit of some subsequence of V;, we would
obtain

IVIIU(©0,1) < (1 =M Ha(m), 0espt|[V], &V =0.
Finally, using [AIl72], 5.6, 8.6, 5.1 (2)], we would then conclude that

O"(|[V|,z) =1 for |V| almost all z,
e"([Vl,0) =1, [[V[U(0,1) = e(m),

a contradiction. O

6.2 Remark. The pattern of the preceding proof is that of [Menl6al, 7.3].

The conditional lower density bounds follow rather immediately from the
Sobolev-Poincaré inequality (see and its corollary (see [4.10]), respectively.
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6.3 Lemma. Suppose m and n are positive inters, 2 < m <mn, U is an open
subset of R™, V1 € V,,,(U) and Vi € V,,_1(U) satisfy the conditions of |7
is indecomposable of type 2(U,R),

Va=0 difm=2, [|8Vi]| <[Vallc [b(V, )l + [IV2ll if m > 2,

[[8Va|| is absolutely continuous with respect to |Va|| if m > 3,
¢; are associated with Vi as infori e {1,2},

a € spt ||[Vi]], 0 < r < oo, B(a,r) C U, and (spt |V1]) ~U(a,r) # @.
Then, there holds

Tis(m) ~'r < [Vl (U(a, 7)™ + ¢1U (a,7) + [ V| (U(a, 7))V "D + ¢ U a, 7).

Proof. In view of [MS18| 4.6 (1)], [Menl6al 9.2, 9.4], and [MS23| 7.4], one may
apply [4.5| and [4.6] with f(z) replaced by sup{r — |x — a|,0}. O

We also include a version without boundary with more explicit constants.

6.4 Lemma. Suppose U, V, and ¢ are as in a€spt|V], 0 <r < oo,
B(a,r) C U, (spt ||V]]) ~U(a,r) # &, and V is indecomposable of type 2(U,R).
Then,

27y (m) < V(U (e, + y(m)™ 0 Ua, )

Proof. In view of [MS18| 4.6 (1)], [Menl6al 9.2, 9.4], and [MS23| 7.4], one may
apply and with f(z) replaced by sup{r — |x — al,0}. O

6.5 Remark. If either m < n or m = n = 2, considering small spheres or small
disks, respectively, shows that neither the nonemptyness hypothesis nor the
indecomposability hypothesis may be omitted.

6.6 Remark. If m = 1 and V otherwise is as in then » < ||V]| U(a,r); in
fact, the indecomposability hypothesis implies {z: |z —a| = s} Nspt | V]| # & for
0 < s < 7, whence the inequality follows, since 51 Lspt ||[V| < ||V by [All72]
3.5(1b)] and [Menl6al 4.8 (4)].

Theorem [D]is contained in the first item of the next theorem. The remaining
items discuss—for special dimensions—slightly more general boundary conditions.

6.7 Theorem. Suppose m and n are positive inters, 2 < m < n, U is an open
subset of R", V1 € V,,(U), Vo € V,,,_1(U),

O Vi(|V;|l,x) > 1 for ||Vi|| almost all z and i € {1,2},

I8VA|| is @ Radon measure, ||0Vz|| is a Radon measure,

Vi is indecomposable of type (U, R), and X = 27 *«(2) "1y (2)~2.
Then, the following three statements hold.

(1) If m =1 <p <m, [V < [[Vi] [0(V1, )| + [Val, [I8Va]| @s absolutely
continuous with respect to ||[Va||, h(Vi,-) € Le¢(||[Va|, R™), and, in case
m > 2, additionally h(Va,-) € LS, (||Va, R™), then

%ﬂm_p(spt Vil N {x:@T(HVlH,x) <1 and ®T71(||V2H,x) < 1}) =0.
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(2) If m=3, [|sVi] < [Vl [n(Va, )| + [Vall, h(V1,-) € Lye(|[Vi[l. R™), and
A=spt [Vill N {z: @%(|Vill, ) < 1 and ©%(|[Va],z) < A},
then
AT LA < sup {27y(2)?, 2°Tim(3) } |8 Val| L A.
(3) If m=2, Vo =0, and A =spt|[Vi|| N {z: ©I(|[Vi],x) < A}, then

SV LA < 257(2)2||5VA | L A

In particular, in all cases, 7™ L spt ||[V1]| < ||V4]l.

Proof. Firstly, we notice that in case of we may assume Vo = 0 if m = 2;
in fact, since @' (||Vz||,z) > 1 for = € spt ||Va|| by [Menl6al, 4.8 (4)], we may
otherwise replace U by U ~spt ||Va|| by [MS23] 7.5].

Secondly, we notice for i € {1,2} that V; € RVaim v, (U) by [AlIT2, 5.5 (1)]
and that

IVill = o5 L@ v )
by [AII72, 3.5 (1b)]. Taking p =m — 1 in case of (2)) or (3), we define

1 = |[Va]| e |h(V3, )P in case of or , 1 = ||6V4]| in case of ,
Yo = ||Vl L |h(Va, ')|p_1 in case of , Yo = ||0V2]| in case of or .

Taking e = inf {27 7y(2) 72,27 2Izy(3) '} and

A1 = 1 in case of or , A1 = A in case of ,
Ao = 1 in case of or , A2 = A in case of ,
§ =2""a(m) Tgg(m) ™ in case of or (), ¢ =0in case of (3],
€1 = 0 in case of or , e1 =27 %y(2)7% in case of ,
€2 = 0 in case ofor , €2 = € in case of ,

we furthermore define

Ar=spt [Vi| 0 {z: @7 (IVall,2) < M}, A = {2: @77 (| Vall,2) < Ao}
Q1 = {z: @7 (|Vi]l,z) > 6}, Q2= {z:©@"(|Val,x) >0},
Xi={2:0@" (¢, x) > ¢} forie{l,2}.

Clearly, we have X» = @ in case of (3). Moreover, we observe that [Fed69,
2.10.19 (3)] may be employed (cf. [FZ73, p. 152, 1. 9-16]) to conclude

278y(2) "2 L X, <4 in case of , e L Xy < )y in case of ,
A P(X1) =0 in case of or ), ™ P(Xz) =0 in case of (I).

Clearly, we have Q2 = @ in case of (3). Applying [Men09, 2.10] with €, I', and s
replaced by (2y(2))~!, 2%y(2), and 1, we obtain

(AN Q1 ~X1)=0in case of , A (Ay N Qay~ X5) = 0 in case of .
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According to [Men09, 2.11], there holds
A P(ANQ2) =0 in case of ().
Moreover, we obtain

A1 NQ1 C X7 UQ:> in case of and ;

in fact, whenever sup{n,1/d} < M < oo and a € Q1 ~(X; U Q2), all sufficiently
small > 0 satisfy

B(a,r) C U, Vil B(a,s) > M~ a(m)s™ for0<s <r,
(ax(m)r™) =Py (U(a, 7)) VP + || Ve Ula,r) < Tgm(M) ™1™,

whence we infer || V1| U(a,r) > (1—M~Y)a(m)r™ byand Holder’s inequality.
Next, we verify

Spt”%” CQ1UX1UQR2U Xo;

in fact, this follows from and Holder’s inequality in case of , from
alone in case of , and from in case of . Therefore, we obtain

A1 N Ay C (A2 NQ2) U X1 U X, in case of or ,
A1 C (A1 N Q1)U X7 in case of 7

whence the main conclusion follows.
Since A\g ™71 LU ~ Ay < ||Va|| by [Fed69, 2.10.19 (3)] and

A {220 < @™ (Vi z) < 1} =0,

the main conclusion yields @™ (||V1]|,2) > 1 for ™ almost all « € spt ||V1]|
and the postscript follows. O

6.8 Remark. The exponent of the Hausdorff measure 5™ P in may not be
replaced by any smaller number determined by m and p even if Vo = 0 by [MS23]
6.1] and Similarly, if m > 3, the hypothesis m — 1 < p in may not be
replaced by m — 1 — e < p for any 0 < € < 1 determined by m and p even if

Vo =0 by [MS23, 6.1] and [5.7]

6.9 Remark. The case m = 1, not treated here, was studied in [Menl6al 4.8];
similarly, results on the case p = m and V3 = 0 are summarised in [Men16al 7.6].

7 Geodesic diameter

In this section, we establish (see and Theorem |E| and Corollary
For this purpose, we firstly study and characterise the geodesic diameter of
closed subsets of Euclidean space (see [7.1H7.3)). Then, we deduce (see [7.4H7.9)
the bounds on the geodesic diameter in the varifold setting. As corollaries, we

treat the cases of immersions (see 7.14)), submanifolds (see [7.15H7.17)), and
A-minimising currents (see [7.18H7.21)).
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7.1 Definition (see [MenI6bl 6.6]). Whenever X is a boundedly compact metric
space, the geodesic distance on X is the pseudometric on X whose value at
(a,x) € X x X equals the infimum of the set of numbers

sup I
Vinf] ¢

corresponding to all continuous maps C' : R — X such that C(inf I) = @ and
C(supI) = z for some compact non-empty subinterval I of R. Moreover, the
diameter with respect to the geodesic distance is termed geodesic diameter.

7.2 Remark (see [Menl6bl 6.3]). The same definition results if one considers
maps C : {y:0 <y < b} — X with LipC < 1 and b = V§C corresponding to
0 <b < oo. (In fact, if it is finite, the infimum is attained by some such C.)

7.3 Lemma. Suppose X is a closed subset of R™ and d denotes the geodesic
diameter of X .
Then, there holds

d = sup{diam f[X]:0< f € Z2(R",R) and |D f(z)| <1 for x € X}.

Proof. In view of [Fed69, 2.9.20] and the supremum does not exceed d.
To prove the converse inequality, we define pseudometrics 5 : X x X — R
by letting os(a, x), for (a,z) € X x X and 0 < § < 1, denote the infimum of the

set of numbers _
J
g |$z - $i71|
i=1

corresponding to all finite sequences o, x1,...,2; € X with z9 = a, r; = x, and
|x; — xi—1| < d fori=1,...,75. One readily verifies that

o5(x,a) < os(z,a) + |x — x| whenever a,z,x € X and |z — x| < §;

in particular, Lip(os(-,a)|B(z,0)) < 1 in case o5(a,z) < co. Denoting by o the
geodesic distance on X, we have

la —z| < os(a,z) < o(a,z) and éli%l os(a,xz) = o(a,z) fora,x € X
-0+

by [Menl6bl 6.3]. Consequently, one readily veriﬁeﬂ
d < sup{diam im sup{s — 05(-,a),0}:0 < s <00, 0 <d <1,and a € X}.

This estimate implies that the conclusion is a consequence of the following
assertion: if € >0,0<s<00,0<d<1,a€ X, and ¢ = sup{s — o5(-,a),0},
then there exists a nonnegative function Z € 2(R"™, R) such that

|Z(z) —¢(x)] <e and |DZ(z)] <1 whenever z € X.

To prove this assertion, we first observe that ( is a real valued function with
Lip(¢|B(z,d)) < 1 for z € X. Moreover, since supim( < oo, it is sufficient

6In fact, as o is real valued in case d < oo, we have

d = sup{diam im sup{s — 05(-,a),0}:0 < s <00, 0< §d <1, and a € X}.
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to prove the assertion with |D Z(z)| < 1 replaced by |D Z(z)| < 1+ €. For
this purpose, we will employ the partition of unity given in [Fed69, 3.1.13]; in
particular, let V4 be the number constructed there, k = sup{1, V4 }, and define

®={U(x,d):x €« XNU(a,s+0)}U{R"~B(a,s)}, U=U2,
h(z) = 55 sup { inf{dist(z,R" ~T),1}:T € ®} forz e U.

Employing a Lipschitzian extension (see [Fed69), 2.10.44]) and convolution, we
construct, for each T' € ®, a nonnegative function g7 € &(R", R) satisfying

lgr(x) — C(z)| < (129)7"(20K) *de for x € T, |[IDgr(z)| <1 forzeR",

where we may assume that gr = 0 if T = R"™ ~B(a, s), since spt{ C B(a, s).
Taking S, S;, and v, for s € S, as in [Fed69), 3.1.13] and choosing 7: S — ®
such that sptvs C 7(s) for s € S, we define G = > __gvsg-(s). Clearly, we have
|G(z) — ¢(z)| < € for z € X and sptG C U(a,s + 26). Noting h(z) > & for
z € X, we furthermore estimate

< Y IDus(@)llgris) (@) = C(z)| < e, |DG(2)| < 1+e

SESy

Z D Vs (m)gT(S) (iC)

seS

for x € X. Applying [MS22| 3.16] with U, FEy, and E; replaced by R™, R* ~ U,
and X to obtain f with the properties listed there, we may take Z € Z(R™, R)
defined by Z(z) = f(z)G(z) for x € U and Z(z) =0 for x e R*" ~U. O

Next, we turn to Theorem [E] the general a priori estimate of the geodesic
diameter in the varifold setting with boundary.

7.4 Theorem. Suppose m and n are integers, 2 <m <n, V1 € V,,(R"™) and
Vo € V,,,_1(R™) satisfy the conditions of with U = R™, V7 is indecomposable
of type Z(R™,R), (V1] + [[V2[)(R") < oo,

Vo=0 difm=2 [V <[Vallc (Vi )+ [IVall - if m > 2,
[I16Va|| is absolutely continuous with respect to |Va|| if m > 3,

¢; are associated with V; as z'n fori € {1,2}, and d denotes the geodesic
diameter of spt ||V1]|.
Then, there holds, for some positive finite number I' determined by m,

d <T'(¢1 + ¢2)(R™).
Proof. The isoperimetric inequality and Hélder’s inequality yield
IVa[[(R™)V D < y(m — 1) 72 go(R™).
We will show
IVAIR™)Y™ < (2y(m))™ ! 1 (R™) + (2y(m) YDy (m — 1) 72 g2(R™);

in fact, if m = 2, then || V3 ||(R™)'/? < y(2) ¢1(R") by the isoperimetric inequality,
and, if m > 2, then we may assume ||V |[(R™)!=Y/™ > 2y(m) || Va||(R"), in which
case the isoperimetric inequality may be used to obtain

VAR < 2y(m) [ [h(Vi,2)| d]|Val| =,
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whence the asserted inequality follows by Hélder’s inequality.

Next, suppose X = spt||V4| and f satisfies the conditions of [7.3] Then,
f € Ta(V;) and ||Vill(oo)(ViDf) < 1 for i € {1,2} by [MSIS8l 4.6 (1)] and
[Men16al 9.2]. Hence, and yield

diamspt fu ||[Vi|| < A(d1 + ¢2)(R"),

where A = Iirg(m) (1+y(m—1)""2(1+(2y(m)) Y =)+ (2y(m))™!). Finally,
we notice f[X] C spt f4||Vi| as f is continuousﬂ O

7.5 Remark. The preceding theorem answers the fourth question posed in [Sch16l
Section A].

7.6 Remark. By [MS23], 10.21], integral varifolds satisfying the hypotheses with
m = 2 and n = 3 occur in the minimisation of the Willmore energy with clamped
boundary condition amongst connected surfaces; see [NP20, Theorem 4.1].

In the case without boundary, somewhat more explicit constants may be
obtained by using [£.10] instead of [£.5]

7.7 Corollary. Suppose V and ¢ are as in[{-qwith U = R", |[V[(R") < o0, V
is indecomposable of type Z(R™, R), d denotes the geodesic diameter of spt ||V ||,
and T = 2mH4my(m)™.
Then, there holds
d<TyR").

Proof. With a possibly larger number I, this follows from [7.4] with V; = V and
Vo = 0. We verify the eligibility of the present number I' by noting that

diamspt £ [ V]| < 27 my(m) ([V[(R™)Y™ +y(m)™ ' $(R")) < Dy(R")

by in conjunction with the isoperimetric inequality and Holder’s inequality,
whenever f satisfies the conditions of [7.3| with X = spt [|V]]. O

7.8 Remark. Each component (see [Menl6a, 6.12] and [MS23| 5.1, 7.2]) of a
varifold occurring in the level-set mean curvature flow of two-convex submanifolds
of dimension m in R™*! satisfies the hypotheses, see [GH20, Corollary 1.1].

7.9 Remark. Here, we compare our proof with that of P. Topping’s analogous
result for immersions (see [Top08, Theorem 1.1]). The principal geometric
idea—suitable smallness of mean curvature implies lower density ratio bounds
in balls—is the same. Our formulation (see and may be traced back
to [AII72, 8.3], whereas his formulation (see [Top08 Lemma 1.2]) was inspired
by his local non-collapsing result for Ricci flow (see [Top05, Theorem 4.2]). To
implement this geometric idea for varifolds, one faces the difficulty that one
cannot—a priori—assume the existence of either geodesics or lower density
bounds; the latter are employed to obtain [Top08, Lemma 1.2]. Instead, our
proof avoids these tools—though, lower density bounds are independently proven
in [6.7—and proceeds through the characterisation of geodesic diameter (see
the Sobolev-Poincaré inequality (see in conjunction with basic
properties from the study of indecomposability (see [MS23], 7.12]).

To prepare for the use of the Whitney-type approximation results in [7.12
we firstly define the appropriate topological function space.

"In fact, as f is closed, we have f[X] = spt fu||V4].
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7.10 Definition. Suppose k is a positive integer, M is a compact manifold-
with-boundary of class k, and Y is a Banach space.

Then, €*(M,Y) is defined (see [Men16h, 2.4]) to be the locally convex space
of all maps from M into Y of class k topologised by the family of all seminorms,
that correspond to charts ¢ of M of class k and compact subsets K of dmn ¢,
and have value

sup ({0} U {| D'(Fo ¢~ ") (@) 12 € K~ ¢[M],1=0,....k})
at F € €%(M,Y).

7.11 Remark. Choosing a positive integer ¢ and charts ¢; of M of class k with
compact subsets K; of dmn ¢;, for i = 1,...,u, satisfying M = (J;_, Int K, the
topology of the locally convex space ¢*(M,Y) is induced by the norm v on
€*(M,Y) whose value at F' € €%(M,Y) equals

sup ({0} U {[| D’ (F 0 ¢; ) ()] 12 € Ky~ s[OM], i = 0,...,0, j =0,...,k});

in fact, each seminorm occurring in [7.10] is bounded by a finite multiple of v
by the general formula for the differentials of a composition, see [Fed69, 3.1.11].
Similarly, we see that the topology of €*(M, R™) agrees with that of the space
named “CE,(M,R"™)” in [Hir94} p.35]. Consequently, if n > 2dim M, the set of
embeddings of M into R™ of class 2 is dense in ¢?(M,R™) by [Hir94, 2.1.0].

Next, we present Corollary [2| the a priori estimate of the geodesic diameter
of immersions of compact manifolds-with-boundary.

7.12 Corollary. Suppose m and n are positive integers, 2 < m < mn, M is a
compact connected m dimensional manifold-with-boundary of class 2, the map
F: M — R" is an immersion of class 2, g is the Riemannian metric on M
induced by F, and o is the Riemannian distance associated with (M, g).

Then, there holds

diamy M < Tigg(m) (o, (F, )™ A" + [ I(FIOM, )2 dgm=);
here 09 = 1.

Proof. First, the special case, that F' is an embedding, will be treated; in this
case, F' induces an isometry between o and the geodesic distance on F[M] by
[Fed69), 2.10.13, 3.2.3 (1)] and We define V; € V,,,(R™) to be associated
with (F,R") and V2 € V,,,_1(R"™) to be 0 if m = 2 and to be associated with
(F|OM,R™) if m > 2. Hence, [MS23], 6.14, 10.3] yield

@™ Vi(||j|l, ) > 1 for |V;| almost all z and i € {1,2},
Vil = Fpoty", |ISVAll = Vil [n(F[M ~0M], )| + Fy (""" LOM),
IVall = Py (" LOM) if m > 2, [[§Va]l = |[Vallw [h(F[OM], )] if m > 2.

Since V; is indecomposable of type Z(U,R) by [MS23| 7.9 (1) (4)], the special
case now follows from [7.4l

In the general case, we assume n > 2m and obtain from [7.11] a sequence of
embeddings F; : M — R" of class 2 converging to F in €?(M,R") as i — oc;
in particular, h(F;,z) — h(F,z), uniformly for z € M, as i — oo by [MS23|
6.11] and Moreover, denoting by g; the Riemannian metrics on M induced
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by F; and by o; the Riemannian distance of (M, g;), we observe that, given
1 < A < o0, all sufficiently large ¢ satisfy

)‘_2<(w>w)7g(z)> < <(w7w)’gi(z)> < /\2<(w,w),g(z)>

whenever z € M and w belongs to the tangent space of M at z, whence we infer
Alo <oy < Ao and ARk < %’j,k < AP F for 0 < k < co. Therefore, the
conclusion follows from the special case applied with F' replaced by F;. O

7.13 Remark. In the case m = 2 with diam, f[M] replaced by diam f[M] a
better constant is obtained in [Miu22, Theorem 1.1].
7.14 Remark. The integral [y, |[h(F|OM,-)|™~2d"! equals J (OM) if

m = 2 but it may not be replaced by sZ™~1(OM)Y/ (=1 if m > 2: it suffices to
take m = n.

Turning to the case of submanifolds, we state the immediate corollary and
then discuss the impossiblity of a seemingly natural sharpening of the result.

7.15 Corollary. Suppose m and n are integers, 2 < m < n, M is a compact
connected m dimensional submanifold-with-boundary of class2 of R™, f : M — R
is of class 1 relative to M, and k = sup{|D f(z)|:x € M ~OM}.

Then, there holds (here, 0° =0)

dian FM] < Tizg(m) (f, I, )" A2 4 [, (DM, "2 47t~
Proof. We combine [Fed69, 2.9.20], [MS23| 10.3], and O

7.16 Remark. In contrast to other Poincaré inequalities, the derivative D f may
not be measured with respect to (£ L M), for any m < q < oo, see

7.17 Example. Whenever m is an integer and 2 < m < ¢ < oo, the infimum of
the set of numbers

V(M) ([, 1D flTdem) e

where y(M) = [,,|h(M,2)|" "1 dA™ z + [,,,/h(OM, z)|™ 2 d™ ! 2, corre-
sponding to all compact connected m dimensional submanifolds-with-boundary
of class oo of R™*! and functions f : M — R of class 1 relative to M with
diam f[M] = 1, equals 0; in fact, the same holds if we require 0M = &.

Proof. Whenever 1 < r < co, we consider
M=8""1x{y:0<y<r}cR™xR~R™

and f: M — R such that f(z,y) = y/r for (z,y) € M; hence, diam f[M] = 1.
Noting | D f(z,y)| = 1/r for (x,y) € M ~OM, we use [Fed69, 3.2.23] to compute

fM‘h(M’ ')‘mfl d%m — %mfl(smfl)(m _ l)mfl,r’
JonsB(OM, )" =2 dt™ =t = 21 (S™ 1) (m — 1) 2,
Sy D flede™ = sm (8™ et

The principal assertion follows and the postscript may be obtained by adding
half-spheres with boundary M to the cylinder M and approximation. O
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Finally, we shall introduce the setting of A-minimising currents, apply our
general diameter estimate to it, and discuss its significance.

7.18 Example. Suppose m and n are integers, 2 <m <n, 0 < A < oo, and,
following [DS93al, the integral current @ € I,,(R™) satisfies

IQIR") < [|Q + I RI(R") + A[R|[(R")  whenever R € L11(R").

Noting [Fed69) 4.1.28] and [All72] 3.5 (1c)], we take V' € IV,,(R™) characterised
by [Vl = [|Q[. Then,
ISV <AV + ol

by [DS93al (2.3)], hence, noting || 0 Q||| = 0 by [Fed69, 4.1.28], we obtain
18V vy < AV I8V =18V vy < 19 QIl;

in fact, [Fed69, 2.9.2] applied with ¢ = |0 Q|| and ¢ = ||V|| yields a Borel set B
such that
10QI(B) =0 and [[V](R"~B) =0,

whence we infer |8V ||y < [[8V[[c B < AV and thus [[8V|[. B < |8V |[jv)-
Recalling [|8V|[jv = [|[V[|c [h(V,-)| from [MS23, 3.21], we deduce

Vlloe)((V;-)) <A and 3V < [V [b(V, )] + |9 Ql|.

7.19 Corollary. Suppose m and n are integers, 2 < m < n, 0 < A < oo,
Q €I, (R"™) is indecomposable,

1QIR") < [|Q + 9 R[(R") + A|R|(R")  for R € Lnt1(R"),

d denotes the geodesic diameter of the set spt Q, and v = Igg(m); if m > 2,
then suppose W € V,,_1(R™), |§W| is a Radon measure, @™ *(|W|,z) > 1
for [W]| almost all z, and || 0Q| < |W]|; if m > 3, then suppose ||dW|| is
absolutely continuous with respect to |W|| and h(W,-) € Ll ,(|[W|,R").

Then, ™ Lspt Q < ||Q|l, the set spt Q is approzimately differentiable of
order 2 at ||Q|| almost all a, and the following three statements hold.

(1) If m=2, then d < ([ |aph(spt Q, )| d|Q] + |9 Q|(R™)).
(2) If m =3, then d < ([ |aph(spt Q,)[* d[|Q[ + [sW[(R")).
(3) If m >3, then d < y( [|aph(spt Q, )|~ d[|Q| + [ [h(W, )™~ d|W]).

Proof. We associate V € IV,,,(R") with @ as in[7.18] Noting [MS22, 5.1] and
[MS23], 6.7], the varifold V' is indecomposable of type 2(R™, R) by [MS23| 10.9].
Therefore, applying and with (V1,Va) replaced by (V,0) if m = 2 and
(V,W)if m > 2yields ™ Lspt Q < ||Q|| and that the last three conclusions hold
with ap h(spt @, -) replaced by h(V,-). Finally, [Men13| 4.8], in conjunction with
[Fed69) 2.10.19 (4)] and [Sanl9l 3.22], shows that the set spt @ is approximately
differentiable of order 2 with aph(spt Q,a) = h(V,a) at ||Q|| almost all a. O

7.20 Remark. For any @ € L,,(R™) satisfying the condition
“There exists no R € I,,(R™) with O R =0such that R#0# Q—R
and || BR[| +|Q — BR[| = [|lQ]”
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indecomposability of 0 @) implies that of ). For @ as in this condition is
guaranteed by
AMQIR™) < a(m +1)(m + 1) *

via the optimal isoperimetric inequality for integral currents of [AIm86} § 10].

7.21 Remark. Both [DS93al] and the preceding theorem are tailored to apply to
the integral currents with prescribed mean curvature vector studied in [DF90L
DF92, [Duz93] and to the codimension-one area minimising integral currents with
prescribed volume and boundary constructed in [DS92]. The condition discussed
in is particularly natural in this context as exemplified by [DS92, 1.2, 1.3]
and [Duz93), 2.3]; the same holds for the mass bound guaranteeing it in view of
[DF90, 6.1]. For n —m = 1, its usage to obtain connectedness of the regular
part of spt @ appears in [DS93bl p. 358].

8 Plateau problems

In this section, we demonstrate how to apply our geodesic diameter estimate
(see [7.4]) to solutions of Plateau problems. Firstly, we consider the setting of
integral chains with coefficients in a complete normed commutative group (see

; in particular, we obtain Theorem Then, we study (see [8.9H8.21)
natural classes of varifolds with conditions on their first variation away from the
boundary; this results (see and in Theorems [F| and [G] Drawing from
the literature, our theory finally becomes applicable to the Plateau problem for
sets based on Cech homology yielding (see @b Theorem

8.1 Lemma (classical). Suppose m and n are integers, 1 < m < n, G is a
complete normed commutative group, S € I,,(R",G),

ISIR™) < ITII(R™) whenever T € 1,,(R",G) and 0¢T = ¢ S,

and V € RV,,,(R™) is characterised by |V] = ||5].
Then, there holds

(8V)(9)] < [JINor™ (|| 9c S|, 2)3(g(x)) ]| 9 S|z for g € Z(R™, R").

Proof. Suppose g € 2(R™,R") and A = Lipg. We define h: R x R" — R"™ and
ht : R™ — R™ such that h(t,z) = hi(x) =  + tg(z) whenever (t,2) € R x R™;
we abbreviate I, = spt [0,¢] for t € R and ¢ = || 0 S||. Identifying [0,t] € I;(R)
with tr.1([0,%]) € I1 (R, Z), see [MS22] 5.1], we notice

[0,] x (¢ S) € Zm(R x R",G) with ||[0,t] x 0¢ S|| = (L*LI;) x ¢

whenever t € R by [MS22, 4.7]. Employing [MS22, 5.13 (6), 5.16, 5.13 (4), 4.5,
4.6], we then obtain

(he)#S € In(R™,G),  hy([0,1] x S) € In1 (R™, G),

hy([0,t] x 0g S) € L,(R™, G),
(ht)4S — S = 0c hy([0,] x S) + hy([0,] x 9 S),
9c ((h)£S — hy([0,4] x 9¢ S)) = dc S,
[SI(R™) — [|h4([0,t] x da S)[|(R™) < [|(hs)4S||(R"),
1A ([0,8] x Dc S)|(R™) < [} g [[Amn (L X @, m) ap DA AL x ¢
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whenever ¢ € R; in case [t|\ < 1, we also observe that h, is a diffeomorphism
with im b, = R™, hence ||(h) 2V |[(R™) = ||(ht)£S||(R™) by [MS22] 3.27, 3.28,
4.6]. For £ x ¢ almost all (s,x) € I; x R", recalling

Tan™ (L x ¢, (s,7)) = R x Tan™ (¢, )
from [MS22, 4.4, 4.7], we finally estimate
[Am (L7 % d,m)ap D h(s,z)[| < (1+ [HA)™ 7! Nor™ (¢, 2)y(g(x))]
H(m = DAL + [£]A)™ | Tan™ (¢, 2)s(g(2))];
thus, [All72] 4.1] yields the conclusion. O

8.2 Remark. The case G = Z appears in [All72], 4.8 (4)] whose method we employ.

8.3 Remark. Tt follows that if such S is indecomposable, then spt ||S|| is connected
by [MS23, 7.7, 10.9].

Theorem [A] corresponds to the case G = Z in the next theorem, see [MS22]
5.1].

8.4 Theorem. Suppose m and n are integers, 2 < m < n, G is a complete
normed commutative group, S € I,,(R™, G) is indecomposable,

ISIR™) < |ITI(R"™) whenever T € 1,(R",G) and 0¢ T = ¢ S,

O™ (||S],z) > 1 for ||S|| almost all z, d denotes the geodesic diameter of spt ||S]|,

and v = Iigm(m); if m > 2, then suppose W € V,,,_1(R"™), ||8W]| is a Radon

measure, @™ (|W|,x) > 1 for |W| almost all x, and ||0¢ S| < |W|; if

m > 3, then suppose ||8W|| is absolutely continuous with respect to ||W]|.
Then, the following three statements hold.

(1) If m = 2, then d < v dg S||(R").
(2) If m =3, then d < v ||dW|(R™).
(3) If m > 3, then d <~ [ |h(W,z)|™ 2 d||W|| z.

Proof. Let V € RV,,,(R™) be characterised by [|V|| = ||S||. From .1} we obtain
I8V || < || g S||; in particular, h(V,-) = 0 by [AlI72] 3.5 (1b)]. In view of [MS23|
10.9], the conclusion then follows by applying [7.4| with (V7, V3) replaced by (V,0)
itm=2and (V,W)if m> 2. O

8.5 Remark. For any S € I,,,(R", G) satisfying
ISI(R™) < |ITI(R"™) whenever T € L,,(R",G) and 0¢ T = d¢ S,

indecomposability of dg S implies indecomposability of S.

8.6 Remark. We recall [MS22] 5.1, 6.2] and suppose G = Z or G = Z/dZ for
some positive integer d. Then, whenever B € I,,_1(R", G) with dg B = 0, there
exists S € L,,(R"™, G) with d¢ S = B satisfying

ISIR™) < |IT||(R™) whenever T € I,,,(R",G) and 0¢ T = 9¢ S;
in fact, in view of [MS22, 4.6, 5.13(6)], we combine [Fed69, 4.1.11, 4.1.16,
4.2.17(2), 4.2.26]. For these G, the density hypotheses are redundant. For general
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G, the validity of a rectifiability theorem analogous to [Fed69l 4.2.16 (3)]—which
is central to this minimisation process—has been characterised in [Whi99, 7.1]
in the context of the flat m-chains over G introduced in [Fle66]; see [MS22| p. 7]
regarding the pending comparison to the present concept of G chains.

8.7 Remark. Here, we discuss the novelty of our results in the case that G = Z,
B is a connected orientable compact m — 1 dimensional submanifold of R",
and || 0z S|| = #™~1 L B: If B is of class 4, then connectedness of spt ||S|| was
first noted—as a consequence of profound regularity results—in [DLDPHM23|
p. 6]; yet, the implication itself is elementary, see That spt ||S|| is necessarily
path-connected—in fact, must have finite geodesic diameter—is new. If B is of
class 2 and m = n — 1, then finiteness of the geodesic diameter of spt ||.S|| can
be deduced from earlier results—recalling [Fed69l 4.1.20, 4.1.31 (2)], it suffices
to combine [Menl6b, Theorem 6.8 (1)] with [HS79, 11.2 (1) (3)]—whereas the a
priori bound on the geodesic diameter in terms of B and m is new.

8.8 Remark. Asin [Miu22l Section 3], the preceding theorem implies nonexistence
of indecomposable solutions to the Plateau problem in the case that the diameter
of spt || g S| strictly exceeds the upper bound for d in the conclusion by [MS22]
5.13(5)].

Now, we return to the setting of varifolds.

8.9 Lemma. Suppose m and n are positive integers, m < n, B is an m — 1
dimensional submanifold of R™ of class 2, 0 < s < R, b€ B, V € V,,,(U(b, s)),
bespt|[V], [VI(BNU(®,s)) =0,

| Nor(B, z)y(z — y)| < (2R)*1|z — y|2 fory,z € B,
U(b,s/(1—s/R))N(ClosB)~B = g,

spt 8V C B, and @™ (||[V||,z) > 1 for ||V|| almost all x.
Then, the following two statements hold.

(1) If 0 < r < s/2, then
18V (| B(b,7) < (r~ " +m/(R—s))||[V|B(b,2r);
in particular, @ ™1 (||8V],b) < 2™a(m — 1) ta(m)@™ (| V||, b).
(2) The function mapping 0 < r < s onto

V] U(b,r) ox 3mR .
rm P 2(R — s)?
is nondecreasing. Moreover, there holds 1/2 < @™ (||V]],b) < co.
Proof. We notice that [AII75, 2.2(3)(4), 3.1, 3.5(1) (2)] remain valid if the

submanifold B therein is required to be of class 2, instead of class co. From

[AII75] 2.2 (4b)], we thus infer that for a € U(b, s) there exists a unique y € B

with |y — a| = dist(a, B) < R. Therefore, [AlIT5], 2.2 (3), 3.1 (1) (2)] yield
18VII(¥) < [ID3(x) 0 S| AV (x,8) +m/(R = s) [y d||[V]|

for 0 < ¢ € 2(U(b,s),R); in particular, |0V is a Radon measure and hence

V € RV,,,(U(b, s)) by [All72] 5.5 (1)]. Moreover, we have

1/2<@"(||V],b) < o0
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by [MenlGal 4.8 (2) (4)] if m =1 and by [AII75] 3.5 (1) (2)] if m > 2.
To verify (1)), we define f: U(b,s) — R by

f(z) =sup {O, 1 — 7~ dist(z, B(b, r))} for x € U(b, s),

hence 0 < f < 1, f(z) = 1 for x € B(b,7), Lip f = r~1, and spt f = B(b, 2r).
Recalling [AII72], 3.5 (1b)] and [MenI6al 8.7], and approximating f by nonnegative
members of 2(U(b, s),R) for instance by means of [Menl6bl 3.7], we conclude

18V < [IVD AV +m/(R —s) [ fd][V]]

and infer (1), as [V D f(z)| < Lip f for € dmn V' D f.

Finally, the first conclusion of (2) may be obtained by adapting the case
a = 0 of [AII75, 3.4(2)] as follows{® Recalling that [AII75, 2.2 (3) (4), 3.1(3)]
remain valid for B therein required to be of class 2 instead of class oo, in the
statement of [AIIT5], 3.4 (2)], omit the definition of x and modify the definition of
O(r) to (r) = %r, and, in its proof, omit the first paragraph, replace o by
0 throughout, replace “g € 2 (U(0,s))” by “g : U(0,s) — R™ is of class 1 with
compact support”, and omit the summand involving p in the last equation. [J

8.10 Remark. The method of proof of is adapted from [AII75) 3.4 (1)].

8.11 Remark. If m = 1, then the sharp estimate @°(||3V|,b) < 2@*(||V]],b)
holds as we could apply [AII75] 3.1 (2)] after the first paragraph of the proof.

The preceding lemma readily yields Theorem [F]
8.12 Theorem. Suppose m and n are positive integers with m < n, B is a
nonempty compact m—1 dimensional submanifold of class 2 of R™, R = reach(B),
Ve V,R"), [[VI(B) =0, sptdV C B Cspt||V[, @ ([|[V|,z) > 1 for [[V]
almost all x,

M =R ™ sup{||V||U(,R/2):b € B},

and T = 4mo(m — 1)~ exp(3m).

Then, there holds 0 < R < oo, TM > 2™ ta(m)a(m — 1)L, and

|8V < TMs#™ 'L B.

Proof. Since reach(B,b) > 0 for b € B by [Fed59| 4.12], there holds R > 0 by
[Fed59) 4.2]. Moreover, observing that B cannot be convex, we obtain R < oo
from [Fed59l 4.2]; in particular, the first conclusion holds. Next, [Fed59) 4.18]
yields

| Nor(B,b)y(y — b)] < (2R) |y — b|* whenever y,b € B.

Applying with s = R/2 and with r = s = R/2, we obtain
O ™ |5V, b) < 2™ a(m — 1) ta(m)@™(||V|[,b) <TM for b e B;

in particular, the second conclusion holds because @™ (||V||,b) > 1/2 for b € B
by. As @™ 11 L B,b) = 1 by [Fed69, 3.1.23, 3.2.17], we infer

o sup 18V B(b:)
ros (A1 B)YB(b,r)

<I'M forbe B.

8This presupposes the following typographical corrections to [AII75] 3.4 (2)]: in the statement,
replace “m(s)1/¥ /(R — 5)” by "km(s)1/*/(R — s) < 17 on line 3 thereof; on page 427, replace
“(6)” by “(b)” on line 7, “2(R)” by “€%(R)”, “®” by “p”, and “near 0” by “near 0 with
supspt ¢ < s” all on line 19, and “£” by “¢” on line 27.
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Since ||V]|(R™ ~ B) = 0, this implies firstly that ||0V]|| is absolutely continuous
with respect to s#™ 1L B by [Fed69, 2.9.2, 2.9.15] and then the last conclusion
by [Fed69, 2.8.18, 2.9.7]. 0

Boundary connectedness may be exploited with the following lemma.

8.13 Lemma. Suppose m and n are positive integers, m < n, U is an open
subset of R", X € V,(U), | X||(U) <00, B=o0 ifm=1, f=m/(m—1) if
m>1,
sup{(8X)(0):0 € 2(U,R"), [ X||(5)(6) < 1} <~(m)~",
and O™ (|| X||,z) > 1 for || X|| almost all z.
Then, the closure of every connected component of spt || X|| meets Bdry U;
in particular, if Bdry U N Closspt || X || is connected, then so is Closspt || X]||.

Proof. Let i : U — R"™ be the inclusion map and denote by ® the family of
connected components of spt || X||. Suppose C € @, hence spt(|| X||.C) = C
and ||0(X L C x G(n,m))|| = 16X]||.C by [Menl6al, 6.14 (4)] and [MS23| 5.1].
Defining

V=ix(XLCxG(n,m)) € V,(R"),

we note 0 < ||[V|[(R™) < oo and infer spt ||V|| = Clos C' and
spt 8V Cspt ||[V|| € ClosU, ||8V||LU = ix(||3X]||.C).
We conclude |8V ||(Bdry U) > 0 because, using [MS23|, 3.3, 3.4], we may estimate

F(m) VIRV < SVI(R®) < [8X[|(U) + |8V ]|(Bdry U)
<A(m) VIRV 4 [[8V]|(Bdry U);

hence, Bdry U Nspt || V]| # @ and the principal conclusion follows. Accordingly,
if B = Bdry U N Closspt || X|| is connected, then so are BU|J{ClosC:C € &}
and its closure Closspt || X]||. O

8.14 Remark. If m = 1, then y(1) = 2! by [MSIS, 3.8, 3.9] and y(1)~! may
not be replaced by any larger value in the preceding lemma.

8.15 Remark. If m = 2 and V is integral, then y(m)~! may be replaced by
the larger value ([g,. [h(S™,-)|™ d#™)V/™ by [KS04, A.18]; the latter value is
evidently sharp. (Based on [Men23| 24.1], the same replacement is feasible in
case2<m=n—1and V is integral.)

8.16 Remark. To illustrate the preceding lemma, let B = Bdry U N Closspt ||W]|
be the fized boundary of either a Brakke flow V;, 0 <t < oo, or a stationary inte-
gral varifold V., resulting from it as subsequential limit as ¢ — oco; one is assured
of the existence of such objects under broad conditions by [ST21, Theorem 2.2,
Corollary 2.4]. Thus, if this boundary B is connected, so must be Closspt ||[V;]],
whenever V; satisfies the first variation condition, and Closspt ||V

In combination with results from [MS23], Theorem |G| now follows.

8.17 Theorem. Suppose m and n are integers, 2 < m < n, B is a compact
connected m — 1 dimensional submanifold of class 2 of R™, V € V,,(R"),
IVII(R™) < 00, 1 < A < o0,

B Cspt|V], |8V <A #™ LB,

39



O"([V|,x) > 1 for |V|| almost all z, and d is the geodesic diameter of spt ||V||.
Then, there holds

d < Tigm(m)X [ (B, b2 dam b,
here, 00 = 1.

Proof. We note V€ RV,,,(R"™) by [All72] 5.5 (1)]; in particular, ||V||(B) =0 by
[AII72, 3.5 (1b)]. Thus, taking X = V|2R" ~B)xG(nm) the et

spt || V|| = Clos spt | X |

is connected by We then apply [MS23], 10.16] in conjunction with [MS23 9.2]
to conclude that V is indecomposable of type 2(R™,R). We let W € V,,_1(R")
be defined by

W (k) = A[zk(b, Tan(B,b)) d#™ b for k € A (R" x G(n,m — 1))

so that

3V < [[W].
The conclusion now follows from applied with (V1,V3) replaced by (V,0) if
m =2 and (V, W) if m > 2, respectively. O

8.18 Remark. Our hypotheses have been arranged so as to include with A =1
the varifolds furnished by the min-max methods of [DLRI8, Theorem 2.6 (b)]
and [Mon20), Theorem 1.3] when, in these theorems, the prescribed boundary is
connected and the ambient Riemannian manifold is a convex body in R"™.

The preceding two theorems combine into two corollaries.

8.19 Corollary. Suppose m and n are integers, 2 < m < n, B is a nonempty
compact connected m—1 dimensional submanifold of class 2 of R™, R = reach(B),
Ve VR, [VI(R") < oo, [VI(B) =0,

spt 8V C B C spt ||V,
O"(|[V|l,z) > 1 for |V| almost all x, M = R~ sup{||V||U(b,R/2):b € B},
and d is the geodesic diameter of spt||V||.
Then, there holds

d <TM [h(B,b)|™ >ds™ b,
where T is a positive, finite number determined by m; here, 00 = 1.
Proof. Let k = 2™ La(m)a(m — 1)~. We will show that one may take

I' =sup {/@71, 1} Tz (m) Tiggz(m).
From we obtain Igrg(m)M > k and

18V < Tigm(m) M o™ " L B;

hence, we may apply with A = sup{1, Tgmm(m)M }. O
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8.20 Remark. The preceding corollary is applicable to the image in R"™ of the
varifolds furnished by subsequential limits as time approaches oo of the Brakke
flow with fixed boundary in [ST21 Corollary 2.4] when the boundary in the
cited source is a connected m — 1 dimensional submanifold of class 2 of R™; in
this case, M is bounded a priori by the initial conditions of the flow.

8.21 Corollary. Suppose m and n are integers, 2 < m < n, B is a nonempty
compact connected m—1 dimensional submanifold of class 2 of R"™, R = reach(B),
S is a (S, m) rectifiable subset of R™,

BcCS, S=spt(s#"LS),
Jg Tan™ (£ S, z) e DO(x)dst'™x =0 for§ € Z2(R" ~B,R"),
M =R " sup{"(SNU(b,R/2)):b € B},

and d is the geodesic diameter of S.
Then, there holds

d < Tiggm(m)M [5|h(B,b)[™ > d#"™ " b;
here, 00 = 1.
Proof. We take V € RV, (R"™) such that |V =™ LS in O

Finally, we include the derivation of Theorem [B]

8.22 Remark. Adopting the terminology of [FKI8| § 12] and drawing from the
literatureﬂ we will deduce the following corollary: If G is a commutative group,
L is a subgroup of the (m —1)-th Cech homology group of B, (B, L,G) denotes
the family of closed subsets of R™ spanning L, E € ‘é(B, L,G),

H™(E) =inf {#™(F):F € ¢(B,L,G)}, S=spt(A™LE),

then ™ (E) < ™ Y(B) diam(B)/m and the geodesic diameter of S is bounded
by Tigxm(m) reach(B) ™™ (E) [5|h(B,b)|™~2d#™ 1 b. Let C be the convex
hull of B. We assume L # {0} because L = {0} implies 7" (E) = 0. Verifying

Ye={th+ (1 —t)c:be B,0<t<1} € C(B,L,G) forceC

by means of [ES52, Chapter 9, Theorems 3.4, 4.4, and 5.1], the estimate of
™ (E) follows from [Fed69, 3.2.20]; thus, noting [FK18, 12.3, 12.4], the set E
is (A™,m) rectifiable by [FKI8| 10.1] applied with U, €, S;, S, and F' replaced
by R"~ B, ¢(B,L,G), E, E, and (R" x G(n,m)) x {1} and

Jp Tan™ (™ LE,x) e DO(x)dt™x =0 for € 2(R" ~B,R")

by [AlI72] 4.1]; hence, S#™ LS = ™ L E by [All72], 2.8 (4a), 8.3], S C C by
[Sim83 19.2], and, noting [Fed69) 4.1.16], we may assume E C C by [FKI8|
12.3]. Inferring S € ¢(B, L,G) from [Lab22, 2.2.1] applied with Ej and E
replaced by E and S and noting B C S by [Lab22| 1.2.2], the preceding corollary
becomes applicable. We also record that, noting [Fed69l 2.10.11, 4.1.16] and
[Lab22l 2.1.3], the existence of such FE, additionally contained in the convex hull

9The authors did not verify the results of [ES52} [FKI8| [Pugi9} [Lab22] employed.
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of B, is guaranteed for instance by [Lab22] 3.2.2] applied with ' = B, d = m,
and . = ™. Finally, the isoperimetric inequality [Pugl9, Theorem 2] yields

%m(E) < A%m_l(3>m/(m_1)7

where A is a finite number determined by n; in fact, in view of [FK18| 12.3, 12.4],
the estimate is entailed by applying the inequality with A, Y, and L, replaced
by B, Y., and 5™ (B)Y/(m=1 for some ¢ € C because Y, € €(B, L, Q).
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