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Abstract

Resende, R. Some regularity results in geometric measure theory. 2023. Tese (Doutorado)

- Instituto de Matematica e Estatistica, Universidade de Sao Paulo, Sao Paulo, 2023.

During the author’s PhD, the following single-named contributions were made: [Rd022] and [Res23].
Moreover the following articles were written together with his collaborators: [ACNT22], [NR22], and
[RR23|. Since the topics of these works are substantially different, we will present this PhD thesis
as a composition of some regularity theorems in geometric measure theory. Specifically, this thesis
is an exposition of the results in [NR22|, [Res23] and [RR23]. Such papers are unlike in nature,
considerably different techniques and theories are used in each of them, however they share the

same goal: proving regularity for measure-theoretic objects solving variational problems.

Keywords: geometric measure theory, regularity theory, varifolds, currents, finite perimeter sets,

Plateau problem, area minimizing currents, stationary varifolds, anisotropic functionals.
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Chapter 1

Some words about the general
development of this thesis

All the results attained in this work lies within the vast field of geometric measure theory (GMT).
Since the techniques used and the problems sought are substantially different in nature, our first
step is to give a brief introduction of what GMT is. After that, a little introduction and explanation

about the work evolved by the author in

[RAO22]: R. Resende. (2022). On clusters and the multi-isoperimetric profile in Rieman-
nian manifolds with bounded geometry. Journal of Dynamical and Control Systems,
1-23,

and, together with collaborators, in

[ACNT22]: J. H. Andrade, J. Conrado, S. Nardulli, P. Piccione, R. Resende. (2022).
Multiplicity of solutions to the multiphasic Allen-Cahn-Hilliard system with a small
volume constraint on closed parallelizable manifolds. arXiv preprint arXiv:2203.05034.,

will be given. Unfortunately, these two articles will be left out of this thesis to preserve its ho-
mogeneity of topics and its 'reasonable size’. This thesis will encompass the achievements of the

following articles:

[NR22]: S. Nardulli, R. Resende. (2022). Density of the boundary regular set of 2d
area minimizing currents with arbitrary codimension and multiplicity. arXiv preprint
arXiv:2204.11947.

[RR23]: A. De Rosa and R. Resende. (2023). Boundary regularity for anisotropic mini-
mal Lipschitz graphs. arXiv preprint arXiv:2305.11258.

[Res23]: R. Resende. (2023). Lipschitz approximation for general almost area minimizing
currents. Submitted to arXiv.

The last three cited works are directly related to regularity questions in GMT. By the author’s

choice, the regularity theory shall constitute the main topic of this thesis.
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SOME WORDS ABOUT THE GENERAL DEVELOPMENT OF THIS THESIS

1.0



Chapter 2

(Geometric measure theory

Quoting Frank Morgan’s book (|[Mor09)):

"Singular geometry governs the physical universe: soap bubble clusters meeting along
singular curves, black holes, defects in materials, chaotic turbulence, crystal growth. The
governing principle is often some kind of energy minimization. Geometric measure theory
provides a general framework for understanding such minimal shapes, a priori allowing
any tmaginable singularity and then proving that only certain kinds of structures occur.”

Historically, GMT was born out of the desire to solve Plateau’s problem (named after the physicist
Joseph Plateau) which asks if, for every smooth closed curve in R3, there exists a surface of least
area among all surfaces whose boundary equals the given curve.

Plateau experimented the following: when one dips a piece of wire with Jordan’s curve shape in
bucket containing a soap solution, the shape of the film that forms after pulling out the wire is
the surface that minimizes either locally or absolutely the superficial tension of the film; neglecting
the gravitational effects (taking into account the fact that the mass of the film is tiny), this is
equivalent to minimize the area of the film; thus the referred surface has to be minimal. A solution
of the problem is understood as an object S such that:

Area(S) = inf {Area(Sp) : 9Sy = 9S},

where, of course, we have to make precise: what is the class of competitors Sp, the notion of Area
being considered, and which boundary operator 0 we are selecting.

Great mathematicians studied this problem during the last two centuries. However, the first rigorous
solution came up only in 1930 in the independent works of Jesse Douglas and Tibor Rado. Where
they proved that, for all Jordan curve v in R3, there is a surface with the topological type of a
disc which has ~ as its boundary and minimizes area. The solution given by Douglas impressed the
mathematical community with its simplicity and beauty, using the direct method of the Calculus
of Variations and reducing the problem of minimizing the area to the problem of minimizing the
Dirichlet integral. However, the solution of Douglas/Radd minimizes area only on the universe of
surfaces with the topological type of a disc.

Afterward, in 1956, W.H. Fleming built-in R? a Jordan’s curve that is not the boundary of any
surface of a finite topological type of minimal area. This situation cannot be adequately treated
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with the classical methods developed by Douglas/Rado, involving comparisons among surfaces with
the same topological type. Among other facts, this motivated the emergence of weak definitions of
“surface”, in a nonclassical sense, and new approaches to the problem, involving classical differential
geometry combined with the theory of distributions and measure theory, which is nowadays called
Geometric Measure Theory. Such methods were developed by many authors starting in the 60s;
they were developed in three branches:

e Finite perimeter sets. De Giorgi with the perimeter theory [DG54, DG55, DG61]. This
theory is appropriate to study geometric variational problems in codimension 1, defining a
surface as the boundary of a finite perimeter set, also called Caccioppoli sets;

e Currents. Federer and Fleming [FF60] with the theory of integral currents, designed to work
in higher codimension, density, and multiplicity. The theory of current is extensively studied
in Ferderer’s masterpiece book [Fed69];

e Varifolds. In [Alm68] and [All72b] the authors defined a k-dimensional surface to be a k-
dimensional varifold, i.e., a Radon measure in R" x G(n; k), where G(n; k) denotes the Grass-
mann manifold of k-dimensional planes in R™. Varifolds are more general than currents due
to the fact that currents are coupled with an orientation while varifolds are not.

We mention that one can also consider general sets, several results are available in this direction,
however, since none of the works in this text use this level of generality, we will use the three
definitions in the items above.

There are two main topics in which a satisfactory variational theory, such as the minimization
problems, in particular the Plateau’s problem, should cover: existence and regularity. It is clear that
these are not the only important aspects of the theory, they are essential though.

e Existence. With the notions of surface, spanning and k-dimensional volume fixed in the
formulation of the problem, can we prove the existence of minimizers for the oriented Plateau
problem?;

¢ Regularity. What can we infer about the regularity of such minimizers of the oriented Plateau
problem? For instance: can we approximate them by classical smooth submanifolds? Are
themselves classical surfaces, i.e. C'1? If there exists a set where the minimizer is not regular,
can we estimate the size of this set or prove some weak regularity property for it?

One of the main accomplishments of GMT’s theory is that, under fairly general assumptions, one
can prove good convergence, compactness, and existence, results. Meaning that geometric varia-
tional problems have solutions in the space being considered (space of Caccioppoli sets, currents, or
varifolds). These results are commonly derived by the well-known direct method of the calculus of
variations. Such features dramatically fails in the classical space of smooth manifolds.

Since existence and convergence results are, by now, well-established due to several works, see for
instance [All72al, [FF60], [Giu84]. For a detailed far-reaching exposition on this topics, we refer the
reader to [Magl2], [Mor09], [Fed69], and the references therein.



Chapter 3

A few words about isoperimetry

The goal of this chapter is to present in a nutshell the works evolved in [RdO22] and [ACNT22].

The isoperimetric problem is a long-standing problem in mathematics. By an isoperimetric problem
one means a geometric variational problem in which one tries to find a hypersurface that encloses
a fixed volume and has least perimeter. Similarly to the Plateau problem, as explained in chap-
ter 2, GMT plays a major role in the study of solution for the isoperimetric problem, the so-called
isoperimetric sets. Since existence of isoperimetric sets in the space of differentiable manifolds is not
generally true, one has to consider spaces where, at least, existence in known.

Denoting by P(E) the perimeter of a Caccioppoli set E C R™ and |E| its n-dimensional Lebesgue
measure, one says that F is an isoperimetric set if the following holds true

P(E) = inf {P(E)y) : |Ep| = | E| where Ej is a Caccioppoli set} .

Satisfactory solutions for such isoperimetric problems in R"™ were derived using methods of GMT
developed by Almgren, Federer, Fleming, De Giorgi, and Reifenberg. It is also well-known that in
the Euclidean space, balls are the only isoperimetric sets.

The problem of existence of isoperimetric regions has been widely considered in Riemannian man-
ifolds, instead of in the Euclidean space. Sutdying this problem in general Riemannian manifolds
is much more involved, in fact, one can define Caccioppoli sets in a Riemannian manifold (M, g).
Of course, the notion of perimeter and volume will depend on the metric g chosen. The problem is
posed as follows:

Py(E) = inf {P4(Ep) : Voly(Ey) = Voly(E) where Ej is a Caccioppoli set w.r.t g} .

Classical compactness results of GMT ensure existence in compact manifolds (M, g), we have
existence of isoperimetric sets, it is nowadays well-known, see [Mor09].

The existence of isoperimetric regions in noncompact Riemannian manifolds (M, g) is not an easy
task. However, we can find papers in this directions which give pretty good answers in some specific
types of manifolds. For an example, in [GR12|, the authors proved the existence of isoperimetric
regions to the case of noncompact sub-Riemannian manifolds with cocompact isometry group. For
the Riemannian setting, we refer the reader to [Mor03], [Rit01], [RR04], [CROS|, [Narl8], [Nar09],
[MnEN19] and [Nar14]. For more details on regularity theory see either [Mor03] or [Mor09]. Accord-
ing to these references, we see that we need some condition on the geometry of the manifold (M, g)

7
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in order to prove existence of isoperimetric sets. Since in [NP18], it is provided a counterexample,
i.e., a manifold which does not satisfy the bounded geometry conditions and hence does not
contain isoperimetric regions for some volumes. A Riemannian manifold is said to have bounded
geometry if there exists a constant k& € R, such that Ricy, > k(n —1) (i.e., Ricg > k(n—1)g in the
sense of quadratic forms) and Voly(By(p, injar)) > vo for some positive constant vg.

Furthermore, we have seen a rapidly development of the theory of metric measure spaces, more
specifically, the RCD-spaces, where RCD stands for Riemannian curvature-dimension condition.
Several results concerning existence of isoperimetric sets were generalized to these RCD-spaces that
encompass the class of Riemannian manifolds with bounded geometry. The interested reader can
consult the following survey [Poz23] and the references therein, or [APP22] and [ANP22].

3.1 Partitioning problem

Following the lines of the isoperimetric problem, one can ask whether or not it is possible to solve the
problem of partitioning a space into several pieces with a pescribed fixed volume. This is a celebrated
and long-standing question for which existence in Euclidean spaces and compact Riemannian
manifolds is well-kown (for the same reasons explained in chapter 3). To be more precise, we set the
following definition.

Let (M™, g) be a Riemannian manifold of dimension n. An N-cluster £ in (M",g) is a
finite family of Caccioppoli sets £ := {£(h)}r_, with 0 < Voly(E(h)) < +00,1 < h < N,
and Volg(E(h)NE(K)) =0,1<h <k <N.

Every N-cluster is a partition of M if we consider it united with its ’exterior chamber’; i.e.,
£(0) = M\U,LN:1 E(h). Thus, we can state the multi-isoperimetric problem as the minimization
problem:

N

N
1 . 1 : .
3 E Py(E(h)) = inf {2 E P, (E'(h)) : € is an N-cluster with v(&') = v} ,
h=1 h=1

where v(€’) := (Voly(£/(1)),. .., Voly(£'(N))) and v € RY is a fixed vector-volume.

In [RAO22|, among other results, I prove the existence of isoperimetric clusters for prescribed vector-
volume, i.e. minimizers of variational problem above, in a complete Riemannian manifold, assuming
the bounded geometry condition. This is a generalization of all results aforementioned, since, for
N =1, the notion of isoperimetric cluster and isoperimetric set coincide.

3.2 Multi-phasic Allen-Cahn-Hilliard system

It is well known that the Allen-Cahn-Hilliard (ACH) equation is related (when the temperature goes
to zero) to the isoperimetric problem. In [ACNT22|, we explore this relation to generate solutions
for the ACH system. Let us be more precise.



3.2 MULTI-PHASIC ALLEN-CAHN-HILLIARD SYSTEM 9

Given a compact Riemannian manifold (M, g), we study the existence and multiplicity of vectorial
m-map solutions u = (ui,...,un) € Cg°(M,R™) to the following ACH system

[y EIVgul> + e 'W(u)) dVoly, if u e M,

d€.w(u)=A on M,
00, if ue Li(M,R™)\ 9M,.

E.-w(u) =
VQ(u) = V, 67 ( ) {
The functional &€, w : Lé(M, R™) — R is called the vectorial ACH energy, AR™ is a Lagrange
multiplier, V, is the volume functional given by

Vy(u) = </M udVolg, . .. ,/M udeolg> ,

v=(v1,...,Vp) € RP withv=|v]:=>",v; <1, and Vgu = (Vyuy,...,Vguy,), 0 <e < 1is
the temperature parameter, W € C°°(R™) is a multi-well (multiphasic) potential vanishing at a
finite set of (global) minima points Z C R’} containing the origin and such that #2Z = N, and

M, = {ue W, *(M,R™): Vy(u) =v}.

For the case of the ACH equation, it is well-known that the ACH energy I'-converges to the perimeter
(introduced in the sense of chapter 3) as the temperature ¢ goes to 0. This is the cornerstone to
relate the ACH energy with the ancient problem of finding minimal (in our case CMC (constant
mean curvature)!) hypersurfaces in a Riemannian manifold. Let us explain better this connection.

An ancient problem in this differential geometry is to determine the number of critical points of the
perimeter functional P, on a general Riemannian manifold. Indeed, Yau conjectured that any closed
Riemannian manifold contains infinitely many critical points of the perimeter. This conjecture was
recently solved affirmatively for generic metrics [MNS19, Lil9] and for the remaining cases when
3 < n < 7 [Son23|. Recall that critical points of the perimeter are called minimal hypersurfaces
and they must have zero mean curvature, meanwhile isoperimetric sets are CMC hypersurfaces, or
CMC boundaries.

The convergence of the ACH energy to the perimeter functional was recently used to construct min-
imal hypersurfaces in any closed Riemannian manifold [Gual8, GG18] as an alternative approach to
min-max methods [Alm65, Pit81]. For CMC boundaries, it is only known the min-max construction
in [Dey19, Dey22, Z719]. It is not known whether or not Yau’s conjecture also holds true for CMC
hypersurfaces.

In [ACNT22], instead of considering the ACH equation, we consider the ACH system and we explore
the relations between it and the multi-isoperimetric problem (partitioning problem in section 3.1).
In fact, we can also prove the I'-convergence of the energy €. w(u) to the weighted perimeter of
a cluster as € goes to 0. Several new difficulties are overcome in this paper, since the convergence
is to a weighted perimeter which does not have crucial properties satisfied by the non-weighted
perimeter. Among other results, we prove a lower bound for the number of solutions of the ACH
system under suitable conditions on M and the multiphasic potential W.
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Chapter 4

Brief introduction to Part B

4.1 Stationary varifolds

This chapter’s main goal is to present a historical overview of the results concerning stationary
varifolds (more generally, with p-integrable generalized mean curvature) where the notion of sta-
tionarity also varies depending on the functional being taken. This topic relates directly to the
results achieved in [RR23] described in part B. Even though the results there are for varifolds with
p-integrable generalized mean curvature, we will focus on stationary varifolds in this introduction.

As mentioned in chapter 2, a m-varifold V is a Radon measure on R™*" x G(m + n,m) where
G(m+n,m) denote the Grassmann manifold of m-dimensional planes in R™*". The varifolds are a
natural generalization of non-oriented manifolds, for a nice, detailed, and elucidative introduction
we refer the reader to [All87] and [Alm65].

Given U C R™*"_for every diffeomorphism ¢ € C!(U,R™*"), the push-forward )#V of V with
respect to v is also an m-varifold if defined as

/ (2, m)AWHV) (2, 7) = / B (), dath (1)) T (@, 7)AV (z, 7), YD € CO(Gr(U)).
Gr(U)

Gr(U)

Here d1(m) denotes the image of m under the map dyv¢(z) and Ji(z, ) is the m-Jacobian deter-
minant of the differential d;1) restricted to 7, see [Sim14, Chapter §].

We define the first variation of V as follows. Denote || V|| the total variation of the Radon measure
V, given g € C}(U,R™), we define

d
§V(g) := guﬁvn(m , where ¢(z) := z + tg(z).
t=0
A varifold V is said to be stationary if 6V = 0. This is clearly a generalization of the definition of
smooth minimal manifolds.

The varifolds can be pretty wild in nature. Nonetheless, when we impose a variational obstruction on

them (for instance, stationarity), we can control their behaviour in a regularity viewpoint. Indeed,
denote the density of the varifold V at p by ©™(V,p) = lim,_,o VIBED) i [A]1722], Allard

proves his celebrated e-regularity theorem which we loosely (to avoid technicalities) state below:

11
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Given a stationary integral m-varifold V, r > 0, and p € V, satisfying 1 < ©™(V,q)
for [|[V|-a.e. ¢ € B(p,r) and [|V||(B(p,7)) < (14 €)wmr™, there exists ro > 0 such that
spt(||[V ) N B(p, o) is a C'-submanifold.

Moreover, in [All75], Allard gave a notion of boundary of varifolds based on the definition of first
variation. Such notion surely encompasses the classical notion of a manifold spanning a boundary in
the sense of smooth geometry. For this notion of boundary, he also obtained an e-regularity theorem
which we state below:

Let V be a stationary integral m-varifold, o € (0,1), 7 > 0, p € I', ' a C1*~’boundary’
for V. Assume that 1 < ©™(V,q) for ||V|-a.e. ¢ € B(p,r) and [|[V||(B(p,r)) < (3 +

€)wmr™, then there exists 7o > 0 such that spt(||V]|) N B(p, 7o) is a C'-submanifold.

A remark on the statement above, Allard originally proved the statement for I' € C1!, a few decades
later, it was generalized for I' € C%® in [Boul6].

The majority of the regularity results in GMT, for instance both quoted above, take advantage
of well-known techniques as blowing-up, excess decays, Caccioppoli-type inequalities (L? — L* in-
equalities), etc. Several of these tools already appear in PDEs and in the calculus of variations. Even
though, these techniques are very powerful in GMT, they deeply rely on the so-called monotonicity
formula. It states that if V is stationary then:

VUG _ gy ., | ]

wmr™ B(p,r) x G(m-+n,m) |p — q|m+2

This is a poor-man version of the monotonicity formula and the consequences that we will mention
are just some instances of the extremely strong implications one can derive from it.

One of the main consequences of the monotonicity formula is that the blowups of these stationary
varifolds are cones, i.e., varifolds that are invariant under homotheties!!! Now, working with blowups
become such a powerful tool, since we have way easier objects to study at the limit. Another great
implication of the monotonicity formula is that the density ©™ is an upper semicontinuous function.

4.2 Anisotropic stationary varifolds

In section 4.1, we considered the first variation related to the area functional. However, in real world
applications, this is not always the case. In fact, the so-called anisotropies (functionals that can be
other than the area functional) are widespread in real world problems since anisotropic objects
frequently appear in physics, chemistry, biology, and other fields [Virl8, Tay78, GS86]. Moreover,
we can pose the very same questions of section 4.1 to varifolds satisfying a variational obstruction
related to anisotropic functionals. Results on regularity in this direction are at a very early stage
compared to those for the area functional. Let us dig into that.

We consider an anisotropic integrand to be a C? function F : U x G(m + n,m) — (0, +oc0) and
we define the anisotropic energy of V with respect to the anisotropic integrand F in A C R™*t"
as

Ev(A) = /G L, TV,
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Note that the area integrand is recovered when we consider F = 1. We define the notion of
anisotropic first variation of an m-varifold V as the distribution that acts on each g € C}(U,R™)

as follows
d

0rV(g) = o

g(¢fV)(U) = where ¢y(z) := x + tg(x).

We say that V is anisotropic stationary if 6V = 0.

In trying to answer the same questions of section 4.1, one faces several problems. For instance,
there is no monotonicity formula for this general integrands. In fact, in [All74], it is shown that
a monotonicity formula essentially holds for anisotropic stationary varifolds if, and only if, the
functional is a linear transformation of the area. It means that the very first step of proving that
the blowup procedure for a varifold delivers a cone dramatically fails in this generality.

A new approach is needed to handle anisotropic functional and its variational obstructions on var-
ifolds (or even currents and finite perimeter sets!). Even though there are some regularity results
available for minimizers of anisotropic energies, a far-reaching list of open problems remains un-
solved. It even includes open problems in very restrictive cases, for example, in codimension n = 1.
Furthermore, the setting of minimizers is richer in tools than the setting of stationary objects,
since we have a way to construct competitors to the minimality. In short, very little is known for
stationary objects w.r.t. anisotropic energies!

Groundbreaking achievements were made in [DRT22], the authors, among other results, have proven
a much more general version of the following:

Let F € C?*(R™*" x G(m +n,m), (0,00)) be a functional satisfying suitable conditions,
consider an open, bounded set Q@ C R™, u € Lip (2, R") be a map whose graph T,
induces an anisotropic stationary m-varifold. Then there exists a > 0 and an open set
Qp of full measure in €2 such that u € CH® (Qg, R™).

In [RR23|, we prove an e-regularity theorem for boundary points similar to Allard’s result mentioned
above where he consider the area integrand. In fact, we have proven a more general version of the
statement below:

Let F € C*R™™ x G(m + n,m), (0,00)) satisfying suitable conditions, o € (0,1),
r>0,QCR” ucLip(Q,R"), pel,and I' be a C1*’boundary’ for the varifold T,
induced by u. Assume that Iy, is anisotropic stationary, then there exists § > 0 with the
following property. If ¢ < § and ||T|[(B(z, p)) < (5 4 €)wmp™, for all p € (0,r), then
there exist rp > 0 and ag € (0, 1) such that u € CH* (B (x,70)).
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Chapter 5

Brief introduction to Part C and D

This introduction is focused on the work developed in |Res23] and [NR22|]. We aim at giving a
historical overview on the regularity theory for area minimizing currents. The success Federer and
Fleming’s theory of currents is due to the vastness of applications arising from the existence result
in any dimension and codimension. In another words, under fairly general assumptions, we always
get a (integral) current that is a solution of the Plateau problem, we call them area minimizing
currents.

Thanks to the effort of many great mathematicians, an actual satisfactory regularity theory was
reached in the 70s in codimension 1, both the interior regularity, see for instance [Giu84] and
[Magl2|, and the boundary regularity, see Hardt and Simon [HS79]. The main regularity results
obtained in codimension 1 is the full regularity at the boundary, i.e. it is a classical C'! surface, and
that singularities could exist on the interior, although the singular set can be of dimension at most
m — 7, where m denotes the dimension of the area minimizing current.

In higher codimension, i.e., for an area minimizing current of dimension m in R™*" and with n > 2,
Almgren proved in his masterpiece that the interior singular set has Hausdorff dimension at most
m — 2. This is known as Almgren’s Big regularity paper [Alm00], since its length is indeed big (970
pages!), De Lellis and Spadaro revisited the theory and gave a much shorter and accessible proof in
the series of articles [DS11, DS15, DS14, DS16a, DS16b]. Chang proved in [Cha88| that such set is
discrete when m = 2. Actually, in the paper of Chang, a substantial part of the proof is missing,
but it has been completed recently by De Lellis, Spadaro, and Spolaor in a series of joint works, see
[DSS17a, DLSS18, DSS17b, DLSS20].

In codimension 2 and higher, the theory gets a completely new prospect which is substantially
more complicated. In the aforementioned work, Almgren have introduced a lot of brand new ideas
which were vital for the development of the regularity theory in this setting. De Lellis and Spadaro
sought for a simplified proof and constructions for Almgren’s theory, they have done it using modern
techniques from geometric analysis and nonlinear analysis. Moreover, De Lellis, De Philippis, Hirsch,
Massaccesi (|DDHM18]), De Lellis, Nardulli, Steinbruechel (|[DLNS21|,|DLNS23]), and Nardulli and
I ([NR22|), have adapted Almgren’s tools to handle the boundary case which was not covered by
Almgren’s theory in [Alm00]. There are still several open questions in this high codimension case.

In order to state the results available, we need to set a few definitions. Consider a complete Rie-
mannian manifold ¥ € R™*" of dimension m + 7 and an oriented submanifold I' C ¥ of dimension
m — 1. We will denote by [M] the natural multiplicity one current associated with any rectifiable
set M C X. From now on, assume that 7' is an integer rectifiable integral current of dimension m

15
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in 3, one can consult [Fed69] for the precise definition. If p € sptT \ spt 9T, we say that p is an
interior point, if p € spt 9T, we call p a boundary point.

e Let p € R™*" then we define the density of T at p as (T, p) := lim, o %' We say
that the boundary is taken with multiplicity Q* if 0T = Q* [I'];

o We say that = € spt(T") \ spt(97) is an interior regular point if there is a neighbourhood
U of x and m~-dimensional smooth submanifold = C U N3 and a positive integer @ such that
TLB,(x) = Q[Z]. The set of interior regular points, which of course is relatively open in
spt(T') \ spt(0T), is denoted by Reg;(T"). Its complement spt(T) \ (Reg;(T") Uspt(0T)) is the
interior singular set of 7" and will be denoted by Sing;(T");

o If 0T = Q[I'] for some @ € N\ {0}, we say that the point p € I" is a boundary regular
point for T if there are a neighbourhood U 3 p and an m-dimensional regular submanifold
E C UNZX (without boundary in U) such that spt(T) N U C Z. Such points are denoted
Regy,(T') and its complementary set in I' is denoted Singy(T);

e T will be called area minimizing current at = € spt(7") at scale ro > 0, if
1T (Br(x)) < IT + 0Q (B (x))

for all 0 < r < 79 and for all (m + 1)-dimensional integral currents @ in ¥ with support
in By(x). A current T is called area minimizing in the open set U, if the current T is area
minimizing in each = € spt(7') N U.

5.1 Interior regularity in codimension 1

We now treat the interior case, i.e., 9T = 0. In a nutshell, the results available in the interior
regularity theory for area minimizing currents are:

De Giorgi, Simon, Federer, Almgren and Fleming have stated in several different works that the
dimension of the singular set is at most m — 7, where m is the dimension of the current, which is
an optimal result taking into consideration the famous example, the so-called Simons’ cone, given
by Simons in [Sim68] of an area minimizing 7 dimensional current S in R8. In fact, in [Sim68], it is
proven that S is stationary and stable current. Afterwards, Bombieri, De Giorgi, and Giusti proved
in [BGGG69| that S is indeed an area minimizing 7-current. Having in mind this counterexample,
the result below in optimal:

Theorem A. Let Q C R™™™ be open, ¥ smooth as defined above and T an area minimizing current
m QNY andn=1. Then:

e Form < 6, Sing;(T) N Q is empty (Fleming and De Giorgi [DG61, De 65, Fle62] for m = 2,
Almgren [Alm66] for m = 3, and Simon [Sim68] for 4 < m < 6, see also the works of Reifenberg
[Rei64] and Triscari [Tri63]),

o Ifm =17, Sing,(T) NQ consists of isolated points (Federer in [Fed80]),

e Form > 8, Sing,(T) N has Hausdorff dimension at most m — 7 (Federer in [Fed80]) and is
countably (m — 7)-rectifiable (Simon in [Sim95]),
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o For every m > 7, there are area minimizing currents T in the euclidean space R™ for which
Sing,;(T) has positive (m — 7)-dimensional Hausdorff measure (Bombieri-De Giorgi-Giusti in
[BGGG69)).

5.2 Interior regularity in arbitrary codimension

Almgren have proved in [Alm00] that in general dimension and codimension we have that
dim (Sing; (T")) < m — 2.

One notes that this is weaker than the result in codimension 1, nevertheless it is also an optimal
result for » > 1, this is assured by the famous Federer’s examples of complex varieties. In fact, in
[Fed65], Federer shows that complex varietes induce area minimizing currents, thus if one considers
the following

F={(z,w) eC*: 2* =w’},

one gets an example of a 2 dimensional singular area minimizing current in R%. In short, the
regularity result for interior points follows.

Theorem B. Let Q C R™™™ be open, ¥ as defined above and T an area minimizing current in
QNY and n > 2. Then:

e Form =1, Sing;(T) N Q is empty;
e For m =2, Sing;(T) NQ is discrete, see |Cha88] and [DSS17a, DLSS18, DSS17b, DLSS20];

e Form > 2, Sing;(T) N Q has Hausdorff dimension at most m — 2, by Almgren, see [Alm00],
for X € C®, and by De Lellis-Spadaro, see [DS11, DS15, DS14, DS16a, DS16b], for ¥ € C3%;

e For every m > 2, there are area minizing currents T in R™2 for which Sing;(T) has positive
hausdorff (m — 2)-dimensional Hausdorff measure (Federer in [Fed65]).

We will not introduce in this text the theories, definition, and notions that were used to overcome
the difficulties of increasing the codimension, for the precise definitions and details, one can consult
the original work of Almgren ([Alm00]) and the other works aforementioned. One can also see part D
and part D where we use all these techniques to approach our results. Let us at least name these
important concepts: Almgren’s Q-valued maps defined on the Fuclidean space, Lipschitz approxi-
mations by ()-maps for integer rectifiable currents and for area minimizing currents, excess decays
with extremely crucial power laws, frequency functions, center manifolds, Lipschitz approximation
by @-maps defined on submanifolds, blowup arguments, these theories are the backbone of the
framework created by Almgren and developed by the outstanding mathematicians aforementioned.

5.3 Boundary regularity in codimension 1

As mentioned before, Hardt and Simon ([HS79]) stated the C1* regularity of the boundary of an
area minimizing current in FEuclidean spaces. A central problem that Hardt and Simon faced was
that their conditions allowed the existence of boundary two-sided points:

The generalization of Hardt-Simon work to the Riemannian setting is due to Steinbruechel in [Ste22]
where the following statement is proven.
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Dy

Figure 5.1: Let T = [D1] + [D2] and p € 9Ds Nint(Dy). We say that p is
a two-sided boundary point for T.

Theorem C. If Q C R™"™ s open, ¥ smooth as before with i = 1, a € (0,1) and T is an
area minimizing m-current in Q'Y and 9T is an oriented embedded C? (m — 1)-submanifold of
Q (CY* when ¥ = R™FL[HST9]). Then for any point x € spt(9T), there is a neighbourhood V
of x in Q satisfying that V NsptT is an embedded chi m-submanifold with boundary (CY® when
¥ = R™FL[HST9)).

As it was noticed in [GMT86, Problem 4.19], this result can be extended under the same assump-
tions but with arbitrary boundary multiplicity, i.e., 9T = Q*[I'],@* > 1, using a decomposition
argument provided by White in [Whi79]. Unfortunately, it is known that this kind of decomposition
argument is a specific feature of the codimension 1 setting.

5.4 Boundary regularity in arbitrary codimension

In the arbitrary codimension setting, the multiplicities play a crucial role and there is no such simple
reductions.

5.4.1 Boundary being taken with multiplicity 1.

In [All75, AlI69], Allard has proven that the boundary of an area minimizing current taking the
boundary with multiplicity 1 is regular, however, he needed to impose a crucial condition on spt (97")
which is that spt(9T) is cointained in the boundary of a uniformly convex set, we call this condition
convex barrier. Indeed, the strong result that Allard proved is the following theorem.

Theorem D. Let T be an area minimizing integral current, p € spt(9T),U an open neighbourhood of
p and assume that spt(0T)NU is a C* oriented (m—1)-submanifold of R™ ™. Then, if O(T,p) = 3,
there exists V. an open neighbourhood of p such that spt(T) NU is a C*~' oriented m-submanifold
of R™+m,

With a convex barrier assumption over the boundary of 7', Allard also proved that ©(T,p) = % for
every p as in the theorem above, see [All75, Section 5.2] .

Removing the additional geometric restriction (convex barrier assumption), there were no results
about even existence of boundary regular points. De Lellis, De Philippis, Hirsch and Massaccesi in
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[DDHM18| proved the density of Regy(T) in spt(T") where T' is an area minimizing current with
boundary multiplicity 1 in a Riemannian manifold of class C>?.

To achieve the following result the authors have adapted the constructions and trailblazing ideas
introduced by Almgren to the boundary case which is even much more involved and required highly
nontrivial new ideas.

Theorem E. Assuming that ¥ is a C> submanifold of R™+" with o € (0,1), T is a C>* oriented
submanifold of ¥ and T' area minimizing in 3NBa(0) with 0T L B2 (0) = [’ N B2(0)] . Then Reg,(T)
is a relatively open dense set in I' N Ba(0).

We cannot hope to prove an estimate for the size of the singular set, as we have seen for the interior
singular set. This is due to the fact that, [DDHM18, Thm 1.8], there exist a smooth curve I' and
an area minimizing current 7" with 0T = [I'] such that the Hausdorff dimension of Sing(7) is 1,
i.e., the same Hausdorff dimension of I'.

However, it still leaves some open questions. For example, it is not known whether or not Sing, (7')
is a H™ -null set. Moreover, the counterexample given above provides 'fake’ singularities, in the
sense that, around a singular point, the area minimizing current is given by ’unions’ of regular
manifolds (see section 5.3). Furthermore, one can indeed divide the singular set into 'fake’ singular-
ities (also called crossing-type singularities) and ’genuine’ singularities (also called branch points).
In [DDHM18], the authors propose some conjectures about the Hausdorff dimension of the set of
‘genuine’ singularities.

5.4.2 Boundary being taken with arbitrary multiplicity.

As noticed, in codimension 1, the multiplicity of the boundary can be handled with a decomposition
argument, it means that we can focus on proving theorems for the simpler case that @* = 1. This
is not true in higher multiplicity cases, hence requiring different proofs/approaches.

2o
23

Figure 5.2: While in Allard’s setting, [All75], only one sheet is allowed,
in [DLNS23] several sheets taking the same boundary as in the picture is
permitted.

One can ask if the similar results for multiplicity equal to 1 can be stated for arbitrary boundary
multiplicity with/without this convex barrier condition. It is much trickier to achieve such type of
result, the works by De Lellis, Nardulli and Steinbruechel, [DLNS21, DLNS23], answer this question
positively for 2-dimensional currents with the convex barrier condition.
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Theorem F. Let T be an 2-dimensional area minimizing integral current, p € spt(9T),U an open

neighbourhood of p and assume that spt(0T) N U is a C>* curve in R*t™. Then if O(T,p) = %,

for some Q* € N\ {0}, there exists V an open neighbourhood of p such that spt(T) N U is a C>®
oriented surface in R2T™.

Removing the convex barrier assumption, Nardulli and I (|[NR22|) have proven the following result:

Theorem G. Let T be an area minimizing 2-dimensional current in Bo(0) with 0T B32(0) =
Q* [T NB2(0)], for some @* € N\ {0}, a € (0,1), and T is a C>* curve in R**"™. Then Reg,(T)
is a relatively open dense set in I' N Ba(0).



Part B

Boundary regularity for anisotropic
minimal Lipschitz graphs
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Chapter 6

Introduction

6.1 Regularity theorems for the area functional

In his seminal work [All72a], Allard developed the regularity theory for varifolds with bounded first
variation. He first obtained a rectifiability theorem, proving that, for every m-varifold V,

if sup O6V(X)<1,then VL{z € R : 0% (V,z) > 0} is a rectifiable varifold. (R)
[[Xloo<1

Additionally, he proved a celebrated e-regularity theorem, which guarantees, for every m-varifold V
with generalized mean curvature in LP(H™), p > m, and H™(spt(||V||) N B(z,r)) close to wy,r™,
that spt(||V]|) is C1" locally around x for some 7 € (0,1).

Afterwards, in [All75], Allard extended this regularity result to varifolds with C''! boundary. Here
the boundary is intended as a C™! submanifold I with dimension m — 1 such that the first variation
of the varifold is bounded away from I'.

One of the reasons why Allard considered a C'! boundary is that for each point 2 € T' there is a
neighborhood of x in T" such that the distance function y — dist(y, ") is differentiable in a tubular
neighborhood of T'. For more details, we refer the reader to [GS22], where the authors explore
Federer’s notion of reach of I' to prove that I' is Cb! if, and only if, the reach is strictly positive.
Bourni [Boul6] generalized Allard’s boundary regularity theorem to C1*“ boundaries, for a € (0, 1),
using a Whitney partition argument to overcome the non-differentiability of the distance function
above around T

6.2 Anisotropic functionals

A natural question is whether or not the regularity theorems mentioned in Section 6.1 still hold if
the first variation is not computed with respect to the area functional, but rather with respect to
more general anisotropic functionals F : R™*" x Gr(m,n) — (0, +00).

Anisotropic functionals, together with their minimizers and critical points, have been extensively
studied, and several results available for the area functional have been extended to the anisotropic
setting. This is typically not an easy task, as several basic properties of isotropic minimal surfaces
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dramatically fail for anisotropic minimal surfaces. More precisely, Allard’s proof of the aforemen-
tioned regularity theorems strongly rely on the well-known monotonicity formula. However, in
[All74], Allard showed that the monotonicity formula holds only for linear transformations of the
area functional. The lack of a monotonicity formula for general anisotropic functionals gives rise to
numerous technical issues in the theory, since the majority of the isotropic results deeply rely on
it.

De Philippis, De Rosa and Ghiraldin proved in [DPDRG18] that, if F is of class C! and satisfies
the so called atomic condition (AC), the rectifiability criterium (R) holds also for the anisotropic
first variation dr in place of §. This result found applications, among others, in the solution of
the anisotropic Plateau problem [DPDRG20, DD22| and the anisotropic min-max theory [DR18].
In the case of an autonomous anisotropy F, i.e., F does not depend on the variable in R™™",
the authors in [DPDRG18] showed that the validity of (R) is actually equivalent to AC. We refer
the interested reader to the following works for further developments of the theory: [HP17, DLOG6,
DPDRG20, DL22, Tio21, DLDRG19]. In codimension n = 1 and in dimension m = 1, AC is
equivalent to strict convexity of F. In [DRK20|, De Rosa and Kolansinski have proven that
the atomic condition implies the Almgren’s strict ellipticity condition. We refer the reader to the
following works about this type of functionals in higher codimension, where basic questions remain
open to date: [PT04, BES62, BES63|.

Several important regularity theorems have been obtained for anisotropic minimizers. In particular,
Almgren [Alm68| proved regularity for sets minimizing an elliptic anisotropic energy in any dimen-
sion and codimension; Duzaar and Steffen, [DS02], exhibited how to obtain interior and boundary
regularity for integer rectifiable currents in any dimension and codimension that almost minimize
an elliptic anisotropic energy. Schoen, Simon and Almgren [SSA77| proved that, in codimension 1,
anisotropic energy minimizers in the sense of currents have singular set of Hausdorff codimension at
least 2; De Philippis and Maggi in [DM15] proved regularity for free boundary Caccioppoli sets that
minimize an elliptic anisotropic energy. Figalli in |Fig17] focused on the proof of regularity for almost
minimal integral rectifiable currents, in codimension 1 and with density 1, under weak conditions
on the anisotropic functional: namely C1!' anisotropies rather than the usual C? assumption. We
also refer the reader to [Har77, LIN85, DDH19] for the boundary regularity of anisotropic energy
(almost) minimizers and stable surfaces.

However, the regularity theory of stationary points for anisotropic integrands is much less under-
stood, due to the number of nontrivial difficulties caused by the lack of a monotonicity formula
and of mass ratio bounds. For codimension 1 varifolds, Allard proved regularity under a density
lower bound assumption [All86, The basic regularity Lemma, Assumption (1)]. De Lellis, De
Philippis, Kirchheim, and Tione presented in an expository fashion several open questions in the
theory, see [DDKT21]. To the best of our knowledge, for codimension bigger than or equal to 2,
the only regularity result for varifolds that are stationary for an anisotropic energy is proved by De
Rosa and Tione in [DRT22] for varifolds induced by Lipschitz graphs.

6.3 Main result

The aim of this work is to prove the anisotropic counterpart of Allard’s boundary regularity theorem
[All75]. To this aim, we will consider the anisotropic integrands introduced in [DRT22, Definition
3.3| satisfying the uniformly scalar atomic condition (USAC), c.f. definition 7.3.1.
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Our main result is the following. For a more precise and detailed statement, we refer to theo-
rem 11.0.2.

Theorem H. Let m,n > 2, F be an integrand of class C? satisfying USAC, I' C R™" be an
(m — 1)-submanifold of class C1*, Q C R™, u € Lip(Q,R"), and dgraph(u) = I'. Assume that the
antsotropic mean curvature of u is in LP for p > m. Then there exists § = §(m,n,p, F,||u||Lip, ) > 0
with the following property. If 0 < §, x € I' and rg > 0 are such that

lgraph(w)[|(B(z, 7))

WM

1
§§+a Vr € (0,r9),

then there exist p > 0 and n € (0,1) depending only on m,n,p, F, ||u||Lip, I such that

u € CY(B (x,p)).

Following Allard’s paper [All75], an interesting and direct application of this results is for minimizing
currents satisfying a convex barrier assumption. In this scenario, we are able to prove that all
boundary points satisfy the mass ratio bound, thus we would have full regularity for the boundary.
In fact, this was already shown by Hardt in [Har77].

When either one does not have the convex barrier condition or the condition on the density, the
problem is much more subtle even for minimizers of the area integrand. For some results in this
direction we refer to [DDHM18, DLNS21, NR22, HS79).
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Chapter 7

Notation and preliminaries

We fix integers m,n > 1 and denote Ry := {t € R : ¢t > 0}. We denote by U an open subset of
R™" B(z,r) := {y € R™™" : |z —y| < r},B, := B(0,r). If 7 is a linear subspace of R™*" we
denote By (z,7) := B(z,r) N (z + ), and we also denote p, the orthogonal projection from R™*"
onto . When m = R™ x {0}, we omit 7 in the preceding notations.

For s > 0, H?® denotes the s-dimensional Hausdorff measure induced by the Euclidean metric in

R™*" and ws := H*(B,(0,1)) where 7 is an s-dimensional subspace. We denote the inner product

of vectors by (,) : R™" x R™" — R, the product of matrices by - where to any A = (a;;)/=1"""

and B = (b;;)1=)"7° it assigns A- B = (Y h_; awbij)’ =7, and A : B = tr(A* - B).

7

For the basic theory that we will assume, we refer the reader to [Fed69|, [Sim14], [All72a], and the
references therein.

7.1 Measures, rectifiability and Grassmannian

We denote by (U, R™) the set of R™-valued Radon measures on U, when m = 1, we denote with
M (U) the set of nonnegative Radon measures on U. Given p € M(U,R™), we set:

e for a Borel set A C U, ul_ A(E) := u(E N A) as the restriction of u to A;
e |[u]] € M (U) to be the total variation of u. Recall that, for any open set A C U,

1ll(A) := sup { [t dnte) g € AR, gl < 1},

where (g(z),du(z)) = Z?j{n gi(z)dp();

e the upper and lower s-dimensional density of p at z, respectively, as

o e Il BEr) gl Br)
@S(M?x) = lr_>0+p HS(B(Jf,T)) 5 @*(:U‘v ) : lr_>0+f HS(B(p7 r))

In case ©F(u,x) = O%(u,x), we call this number the density of p at x and denote it by
(1) -
s\
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e for a Borel function g : U — R", the push-forward of i through g as gy = po g L

Let M C U C R™" we say that M is s-rectifiable if there exist a sequence of Lipschitz maps
{g; :R®* — U}jz‘xf and an H®-null set My such that

+oo
M=Myu [ | g;)
j=1

In [Sim14, Lemma 1.2, Chapter 3|, it is shown that M is s-rectifiable if, and only if, M can be
covered, up to a H*-null set, by countably many s-dimensional submanifolds of U of class C'. A
nonnegative Radon measure p € My (U) is said to be s-rectifiable, if there is an s-rectifiable set
M C U and a nonnegative Borel function © : U — Ry such that y = OH*L M.

The Grassmannian of s-dimensional linear subspaces of R™*" is denoted by Gr(m + n,s), we will
often call 7 € Gr(m + n, s) as an s-plane in R™*". We endow Gr(m + n, s) with the metric

m+n
Il = | 3 (leiprley) — (e pzle))?  Vm,7 € Gr(m +n,s),
3,7=1

where p, and pz denote the orthogonal projections of R™*" on m and 7, respectively, and {e;}7}"
is the canonical orthonormal basis of R™*". We also fix the notation

Gr(A,m+n,s) = Ax Gr(m+n,s), VAcCUcCR™™,

and Gr(A) := Gr(4,m + n,m).

7.2 Varifolds

We say that V is an m-varifold on U if V is a nonnegative Radon measure defined on Gr(U).
The space of all m-varifolds on U is denoted by V,,(U). For every V € V,,,(U) we can define the
measure ||[V|| € M4 (U), which is often called weight of V, by the relation

IV[I(A) = V(proj~'(A)), VACU,
where henceforth proj denote the canonical projection of Gr(U) on U. Hence, we define
0, (V,z) =05, (IVl,z),  Oy(V,2):=07 (V] 2),

and, when ©™ (|| V||, x) exists,
O™(V,z) = 0" (||V],x).

Of particular interest are rectifiable varifolds, which enjoy a richer structure than general varifolds,
see [Sim14, Chapter 4 and 9|. In fact, we say that V € V,,(U) is an m-rectifiable varifold if,
there exists an m-rectifiable set M in U and a positive locally H™-integrable function © on M with
© =0 on R"\ M such that

V(A) = / O(y) dH™(y), VA C Gr(U).
proj(A)NM
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In this case, we use the notation V. = v(M, ©).

For every diffeomorphism v € C}(U, R™*"), the push-forward ¥#V € V,,,(U) of V € V,,,(U) with
respect to v is defined as

/ B(z, 7)d(HV) (@, ) = / B (), duth (1)) T (@, 7)AV (z, 7), YD € CO(Gr(U)).
Gr(U) Gr(U)

Here d,1(7) denotes the image of m under the map d,v(z) and

JY(z,m) = \/det ((dﬂﬁ‘ﬂ)* ° dxw‘ﬂ-)

is the m-Jacobian determinant of the differential d 1 restricted to 7, see [Sim14, Chapter 8|.

We consider an anisotropic integrand to be a C! function F : Gr(U) — (0, +00) and we define
the anisotropic energy of V with respect to the anisotropic integrand F in A as

Ev(A) = /G o)

Note that the area integrand is recovered when we consider F = 1.

We define the notion of anisotropic first variation or F-first variation of an m-varifold V as
the distribution that acts on each g € CL(U,R") as follows

d
5}'V(g) = ang‘#v)

where ¢ (z) = = + tg(x). If £V = 0, we say that V is anisotropically stationary or F-
stationary.

We recall the following formula for the anisotropic first variation of a varifold:

Proposition 7.2.1 (Lemma A.2, [DPDRG18]). Let F € CY(Gr(U)) and V € V,,(U), then for
every g € CL (U, R™™) we have

35V) = [ [(DeF.m).0(0) + Bt 7) Do) aV (e )
where the matriz Bx(z,m) € R™T" @ R™T" s uniquely defined by
Br(z,m) : L= Fla,m)(x : L) + (DyF(w,m), 7 o Low + (o Lo w)> , (7.2.1)
for all L € RMT" @ R™+™,
If we assume that §rV is a Radon measure on B,, \ I, there exists a ||V||-measurable function

Hr: By, \I' = R™™ called either anisotropic mean curvature vector or F-mean curvature
vector such that

5V (g) = — /B (Hr.g) V], VgeC'(By) st glr =0, (72.2)

ro \I'

[Hr(x)] = DvyllorVil(z), Vo€ By \T,
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where Dy([|7 V|| denoted the Radon-Nykodim derivative.

7.3 Assumptions on the anisotropic integrand

As we briefly mentioned in the introduction, there are several ellipticity conditions which one might
impose on F. We refer the reader to the references in Section 6.2. We will just recall the ellipticity
condition that we will use in this paper, i.e. the uniformly scalar atomic condition, introduced
in [DRT22, Definition 3.3].

To this aim, we denote the dual function of F by F* which is defined on Gr(U,m + n,n) as
FH(x,m) = F(z,nt).

Definition 7.3.1 (Uniformly scalar atomic condition). Given an anisotropic integrand F € C1(Gr(U)),
F satisfies the uniformly scalar atomic condition (USAC) if for every z € U there exists a constant
Kr, > 0 such that

Br(x,mo) : Br+(x,71) > Krpllmo — mi||%, Vo, m € Gr(m + n,m).

Remark 7.3.2. We recall that De Rosa and Tione proved in [DRT22, Proposition 3.5] that USAC
implies the so-called atomic condition. The atomic condition was in turn introduced in [DPDRGI1S,
Definition 1.1] to prove the Rectifiability Theorem ((R) with respect to the anisotropic first variation

dr). Hence, the Rectifiability Theorem (R) holds assuming that the anisotropic integrand satisfies
USAC.



Chapter 8

Anisotropic first variation at boundary
points

We isolate here the assumptions under which we work in this section.

Assumption 1. We set the boundary, varifold and anisotropy assumptions as follows:

(Boundary) Let T' be a closed (m — 1)-dimensional submanifold of class C1® for some
a € (0,1]. Assume that 0 € T, the radius ro > 0 is such that I' N B,, is a graph of a Ch®

function over TpI" and k > 0 is a constant which satisfies

pn.r(z —y)| < Klz —y|' T

for all z,y € ' N By;

1
, |Ipn,r — PN, ol S Kl —y[*  and  cwrf < 5 (8.0.1)

(Varifold) Let V € V,,(B,,) satisfying 0 € spt(V) and ©(z) > 1 for ||V|-almost every
z € B,,. We assume that 0V is a Radon measure when restricted to B,, \ I', and the

F-mean curvature Hr of V belongs to L' (B, \ T, V);

(Anisotropy) Let F € C*(Gr(B,,)).

8.1 A good distance function

If T were of class C! we would have that I' has strictly positive reach and the distance function
d(z,T) is differentiable (not necessarily of class C!) in a tubular neighborhood of thickness of the
reach. However, for a C1'® boundary T', the distance function is not necessarily differentiable and
thus we need to “smoothen it". Bourni in [Boul6, Section 3| showed how to properly construct this
smooth distance function and we briefly recall the main properties that we are going to use in our

work.

Following the scheme of [KP99, Definition 5.3.2 and 5.3.9], let W be a Whitney decomposition of

B,, \ I" into nontrivial closed (m + n)-cubes such that, for every C' € W, we have that

diam(C) < d(C,T) < 3diam(C).
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We will fix the following notations: z¢ is the center of the cube C| pc is a point in I' that satisfies
|lxc—pc| = d(ze,T') and {¢c}cew is a Whitney partition of the unity associated to W as in [KP99,

Definition 5.3.9] such that
c
D < — 8.1.1
Dec(o)] < g (81.)

where ¢ > 2 is a dimensional constant. Since by construction ) ¢,y ¢c = 1, and for every x there
exists Cp € W such that ¢, (z) > 0, therefore

Z @& (x) > C(m,n,rg) > 0. (8.1.2)
cew

We recall the following lemma:

Lemma 8.1.1 (|Boul6|). If we assume that ckr§ < 1/2, there exists p : B,y — Ry such that

(i) p is a positive function of class C* with |Dp(z)| < 1+ crp(x)®;

(i) the following equality holds

p(z)Dp(x) = Y po(@)pn, .l —pe) + Y (x),
cew

where |Y (z)| < ckd(z, )1 < crp(x)' T
(i) we have that

d(z,T)
2

Remark 8.1.2. Notice that, the constructions in this subsection do work if we replace I' by any
k-manifold of class C1® with k < m + n.

3d(z,T)
—5

< (1—crd(z, 1)) d(z,T) < p(z) < (1 + crd(z,I)*)d(z,T) <

8.2 First variation formula

We state the formula for the anisotropic first variation at boundary points in the following propo-
sition. First, following Allard’s framework, we show that, under assumption 1, the anisotropic first
variation is a Radon measure in the whole ball B,,, i.e., including the boundary I'.

Proposition 8.2.1. Under assumption 1, 67V is a Radon measure on B,,. Moreover, there exists
a |07V ||-measurable function Nz defined on ' such that Nx(p) € N,I',Vp € ', and

57V (g) = / (Hr,g) d| V] + /F (NF. 9) |65V lsng, Vo € C1(Byy).

B,,\I

Remark 8.2.2. Thanks to proposition 8.2.1, under assumption 1, §#V is a Radon measure on
the whole ball B,, and © > 1, |V|-a.e. in B,,. Hence, if F satisfies USAC, by the Rectifiability
criterium [DPDRG18, Theorem 1| and remark 7.3.2, the varifold V shall be m-rectifiable.

Proof. We want to show that for any compact subset W C B,, and g of class C'! with support
in W, we have §rV(g) < C'sup,ep,, |g(x)|. To that end, we cannot directly apply (7.2.2), since g
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does not need to vanish on I'. We thus define the family of smooth functions fj : R — R such that
h €]0,1],

1, if h/2
fh<t>={0’ G AU ETRTACIEEY

Recalling the definition of p in lemma 8.1.1, by proposition 7.2.1, we obtain that
V) = [ D.Fig) 4 B Dglav
Gr(B,,\I')
(%)

=/ (D2 F,g) dV+/ Br:D(g+ (faop)g— (fnop)g)dV.
Gr(By\I') Gr(Br,\I')

Notice that (x) is controlled by Cr w supg, lg|, thus it remains to bound

Ty Ts T3

/ By [D((l  heop) )+ Unop) Do+ o p(Vp) -g|dv. (8.2.1)
Gr(Br,\I)

Using that F is of class C! and g has support in W, by the definition of B in (7.2.1), we can bound
the modulus of (8.2.1) by C|T1 + T» + T3|, where the constant is such that C = C(F, W) > 0.

Since (1 — fp, o p) g vanishes on I', by (7.2.2), we have that

/ Br: D((1= fuop)g)av = - [ (1- fuop) g, Hr+ D, F)dV.  (3.22)
Gr(B,,\I") Gr(B,,\I")

We notice that f, o p — 0 as h — 0, which together with (8.2.2) ensures the estimate |T7| +
|T2| < Ci(F,W)sup|g|. It remains to bound the last summand 73 by Ca(F,W)sup|g|, which
is done by precisely the same proof provided in [Boul6, Equation 3.10]. Therefore we have that
0rV(g) <C supg, |g| which guarantees that 67V is a Radon measure on B,,. The moreover part
can be proved as in [Boul6, Theorem 3.1], hence we omit the details here. O
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Chapter 9

Caccioppoli inequality at boundary
points

An usual step in the proof of regularity theorems is proving an estimate where the excess is controlled
by the height, mean curvature, and an ’error’ in case of 'boundary points’. This is the so-called
Caccioppoli-type inequality. To the best of our knowledge, there is no such result for boundary
points of m-rectifiable varifolds with L2-integrable anisotropic mean curvature.

Allard did prove a Caccioppoli-type inequality in [All75, Lemma 4.5] for the area functional. Un-
fortunately, the techniques used in the isotropic case do not work in the anisotropic case due to
the lack of a monotonicity formula. We also have another difficulty compared to Allard’s work: our
boundary I' has regularity C1® while the setting of [All75] requires a boundary I' of class C1!, as
explained in the introductory section.

We aim to achieve a Caccioppoli-type inequality (proposition 9.0.2) in the sense of [All75, Lemma
4.5], [DRT22, Proposition 4.3|, and [Boul6, Lemma 4.10].

Assumption 2. We assume assumption 1. We further impose that the anisotropic functional F
satisfies USAC, defined in definition 7.3.1, and Hr € L?(B,,).

Under such assumptions, by remark 8.2.2; the varifold V is m-rectifiable. So, henceforth we might
use the following notation V. = v(M,©). We define the classical notions of excess and height for
varifolds as follows.

Definition 9.0.1. Let V = v(M, ©) be a rectifiable m-varifold and = € Gr(m + n, m). We define
the tilt excess of V with respect to 7 in B(x,r) as the number

Ev(m x,r) = 7"1”/]3(

We also define the height excess of V with respect to 7 in B(z,r) to be the number

| I — T, M*d ]| V] ().

)

1
Hy(emor) = /B( Al TPV )

We usually hide the subscripts whenever it is clear from the context.

We now state the Caccioppoli-type inequality in this context.
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Proposition 9.0.2 (Caccioppoli-type inequality). Under assumption 2, there exists a constant
C=C(m,n,||Fllc2, Kr,T') > 0 such that

1
CE(m,0,r/2) < ﬁH(Z,W,O,T) + rz_mHH;H%Q(BT) + K22 (9.0.1)

for all z € R™™ 4r < ro,m € Gr(m + n,m) with TyT' C 7.

When the varifold V is induced by the graph of a Lipschitz function, the next corollary states that
the quantities in proposition 9.0.2 can be replaced by integrations on balls of the subspace R™,
while in proposition 9.0.2 they are quantities/integrations over balls of the ambient space R™*",

Given an open bounded set €2 C B,;, C R™ and a Lipschitz function u : 2 — R", we will denote by
V] := v(graph(u), 1)

the m-varifold induced by graph(u) C R™*™ and by Hz its anisotropic mean curvature. Let also
Hlu] : @ — R™ denote the function Hlu|(z) := Hr(z,u(x)) and, for any R > 0,z € Bg,s <
d(z,0BR), and f: Bgp C R™ — R™ measurable function, we set

1

Do ™= T BT TR oy g/ 280 (Ds3= (o

For the reader’s convenience, we recall that B (z, s) := B((z,0), s) N (R™ x {0}).

Corollary 9.0.3 (Caccioppoli-type inequality). Assume that V[u] and Hlu| satisfy assumption 2.
There exists a constant C. = Ce(m,n, || F||c2, Kz, T, ||u||lLip) > 0 and Cy, := 2 + 2||u||Lip such that

1
Ce |Du(y) — L|[*dy < — lu(y) — (W)e,r — L(y)|*dy
B-NQ " JBe,-NQ

+r2]{3 M) Py +
Curm

for all L € R™ @ R™ such that ToI' C im(h(L)) and ||L|| < 2||ullLip and all v € (0,47 r).

Remark 9.0.4. The function A stands for one of the canonical charts of the Grassmannian, we
make it precise defining h : R™ @ R"® — R @ R™T" as

W(L) = M(L) [M(L)'M(L)] " M(L)!, where M(L) == < idLm )

We refer the reader to [DDKT21, Subsection 6.1], [DRT22, Page 470], and [HT21, Subsection A.6]
for a more expository introduction to these objects.

Proof. Extending this proof from the interior case to boundary points setting is identical to the
argument presented in [DRT22, Corollary 4.4], but now relying on proposition 9.0.2. O

Proof of proposition 9.0.2. First of all, by standard arguments, cf. [DRT22, Page 465|, we can as-
sume without loss of generality that F is an autonomous functional, i.e., it does not depend on
the variable in R”*". Hence we will denote Br(n) = Br(x,7) and Kr = Kr,. We can set the
m-manifold of class C** given by I' = T' + (NoI' N 7). In particular, by remark 8.1.2, we have a
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Whitney decomposition W of B, \f. We denote with z¢ and ¢ respectively the center of the
cube C' and the orthogonal projection of z¢ on I'. We consider a Whithney’s partition of unity
{®c}cew, and a C! function p satisfying all the conclusions of lemma 8.1.1.

We choose the following vector field g € C}(Bs,, R™") as a test for the first variation:

2(2) Y @o(@)go(a), where go(x) = Br(n)(py, plz — Tc)),
Cew

where ¢ € C°(Ba,, [0,1]) such that ¥|g, = 1. It is important to choose g using the Whitney
decomposition, since it ensures that g|r = 0, in particular g|r = 0, and then (7.2.2) holds. By direct
computations we obtain that

Dg=3_ [wso% (9¢) - (Vo) +9*BEDge + 20*Pege (V@C)t] : (9.0.2)
Ccew
Dgc = Br=(nt) o Py, T (9.0.3)

Equation (9.0.2) together with (7.2.2) assures that

—/<HF, /Z Br: [21/1900 (9¢) - (V)" + 9*0¢Dge + 20*Bego - (VSOC)] (9.0.4)

Cew

We set the following notation

Rii= [ 3 *@)Rhe) (Hrla)go@) V(@)
cew

1@—/}2% DBE(TM) ¢ (go(x) - Vib(a)!) d|VI|(),
cew

Ry = / S 202(2)p0(2)BA(TM) : (90(2) - VEe(a)!) d V]| (@),
cew
/’Ejzﬁ B)BATLM) : Br-(x) o by pd|V|(2).
cew

By (9.0.4) and (9.0.3) we obtain that
Li =Ry + Ry + Rs. (9.0.5)

We estimate |L1| from below. By the definition of L; and the uniformly scalar atomic condition,
definition 7.3.1, recalling that ¢|g, = 1,we get

ILy| >Kf/ S 02 (@)7 (@) | M — 72| V]| (2)
Cew (9.0.6)
(8.1.2)
> KrC | |T.M —=|*d||V|(z) = KxCr™E(x,0,7),
B,

where here and in the rest of this proof C' = C(m,n,rp) > 0 is defined in (8.1.2). The right-hand
side of (9.0.6) is exactly the desired left hand side in the Caccioppoli-type inequality (9.0.1), up to
the factor r"™. Therefore, it remains to bound |R;i| + |Rz2| + |R3| from above with the right hand
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side in (9.0.1) (again up to the factor ™) plus a term that can be reabsorbed in the left hand side
of (9.0.1). With this aim in mind, let us estimate the term Rs. We have that

Ro= [ 3" 202@pola)BATM) : (g0(a) - Vo)) |V (o).

Cew

By straightforward linear algebra computations, we have that
Br(m)t - Br(rt) =0 (9.0.7)

which in turn implies

R3—/ > 2 (@)po() (Br(T:M) = Br(m)) : (9o(@) - Voe(x)') A V] (x).

cew

We apply Young’s inequality to obtain

Ry < B2C / G @) T M — 72|V (2) (9.0.8)
2
+ e(m, n, K7) / S Gel@)ge(@) - (Voe@)| dIvi@).
cew

To bound the second summand on the right hand side of the last inequality, we proceed as follows

> b vl —70) - (Vool@) = 3 (b, rl — Tc) = Py, _rlz =) - (Voo (@)

cew cew

= > P, £ - ) - (Voc(@)',

cew

where in the first equality we have used that ) -,y V@c = 0. Plugging the equality above in
(9.0.8), we get that

KxC .
R < S2EB(m 0 + e [ 3 Be(@lpy, @~ 70 Vo) P V()
cew
8.L1) KrC g |PN r( —T0o))?
< B te [ 30 pel) e IV
Cew diam
8.0.1) KO 2+2a
< B im0, e [ 3 pe@ T i) (0.09)
G m*(C)
KrC
< 2B o) + e [ Y po@l - meld Vi@
cCew

- 4
where ¢; = ¢1(m,n, || Fllcz2, W) > 0.

Turning our attention to Ri, thanks to the hypothesis that Hr belongs to L2, we apply Young’s
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inequality and Jensen inequality to get

|Ra| = ‘/¢2(w)< ), Y Pele >d!VH( )

Cew
C’1 (m,n
< 2Hlp,) + / > wrb@lee@PdV]  (©010)
cew
m n
< P, + 5 [ Y pe@lse@PdlviL
cew

We now use (9.0.7) to estimate the summand Rz as follows

Ry < ) / > 2 (2)Be (@) (BF(T:M) — Br(m)) : (go(z) - Vip(2)") d|| V]| (2)
cew

<2/II¢IIHV¢HIIBJE(T M) = Br(m)|| Y #e(@)lge(@)|d| V](x)
cew

<Co(m,n, || Flc2) /WHHT M — || Z 26(@)lgo(x)|d|| V| (z)
cew

r?KzC Ca(m,n, || F||c2
= /BQT [T M — =|* + 2 c2) C;V z)|go () *d||V||(2),

where in the third inequality we have used that F is C? and that the Grassmannian is compact, and
in the fourth inequality we have used again Young’s inequality. Since the last chain of inequalities
is true for any 1 choosen as above, we can take a sequence {¢; }ien C C°(B2,[0,1]) such that
converges to the indicator functions of B,.. Therefore we obtain that

KrC
Ryl < B2 /uTzMwn? S Y st

B2 cew

K;C
== (m,0,7) / Z Bol)|ge(x)]?,
Bar cew

(9.0.11)

where Cy = Co(m, n, || F||c2) > 0. We finally use (9.0.9), (9.0.10), and (9.0.11) to estimate

|Ra| + | R rmE(m, 0,7) + r?||HE| e (Ba )+K2 pmt2og
o (9.0.12)
/ D> Pe(@)|Br () Py, vz — 7)) Pd|[V]],
Bor cew

where ¢; = c1(m,n, || F|lcz, W) > 0, and Cy = Co(m,n, || F||c2) > 0. It only remains to bound the
last summand of the previous inequality. We firstly recall the equality in [DRT22, Equation 3.5]
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which states that Br(r+) = F(r)r+ — t DF(7)7* and thus we obtain the following
Br (), ¢z —Fe))| < |[F(m)n* — aDF(x)xtpy., rla— o)l
< I Fle2lpy, r(@) = Py, _r(@0)

< |1 Flc2 (Ippy, (@) + Iore, (@)
(8.0.1)
<1 Fles (1P, (@) + slzcl )

< 1Flle (10x,, 1 = Prs) @) + [P ()] 4+ )

< Fles (1(ors, 7 = Pr)(@)] + dlw, m) + 5rt+)

(8.0.1) X
< [ Flle2 (“|EC|Q|SC| +d(z, ) + kr +°‘)

< 4[| F|lcz (d(z, m) + wr!t).
The chain of inequalities above with (9.0.12) provides the following estimate

KrC

|Ry| + | Ro| + |Rs| < r"E(m,0,7) + | Hr | s,

2
2r r

d2 ,
T es(mym [ Fllez W) (m+ - (@ ”)dnvn> .

9.0

Combining this inequality with (9.0.6), and recalling (9.0.5), we can reabsorb %rmE(w, 0,7) on

the left hand side and conclude the proof of (9.0.1).

O



Chapter 10

Excess decay at boundary points

In this section, we will work under the following assumption 3. It is clear that assumption 3 is more
restrictive than assumption 2.

Assumption 3. We assume assumption 1. Additionally, V. = VJ[u] and Hr = Hr[u], where
u:C By, CR™ — R" is a Lipschitz function with Hz[u] € LP(Q2) for some p > m. We also set
I'NByy, = O(graph(u)) NBy,, and 092 = p(I") splits By, into two disjoint open sets, namely 2 and
Bur, \ ©. Moreover, there exists o € (0,1) such that for every r € (0,4r), we have

[V[u]l[(B,) _ 1

< +o. (10.0.1)

O |

W™

We recall a lemma that relates the stationarity of the function u with the stationarity of the varifold
V/[u] induced by u. This lemma is proved in [DDKT21]| for the case of interior points. Let us set the
notation to state it:

A(L) :=/M(L)!M(L), Zr(L) :=A(L)F (h(L)) VL € R™ @ R"™. (10.0.2)
where h and M (L) are defined in remark 9.0.4.
Lemma 10.0.1. Assume assumption 3. If for some positive constants C' and q > 1 it holds
07V u)(9)] < CllgllLasy, xrm)s Vg € Co (Bary X R™, R™™) with g|r = 0,

then there exists C' = C'(C,m,p,q) > 0 such that

1 .
/Q<DI]:(DU),DC>' dH™ < C/HCA‘J(D’LL)||Lq(B4TO), V¢ € O (Byry, R™) with Clpry =0. (10.0.3)
Moreover, if C =0, thus C' = 0.

The proof of lemma 10.0.1 is a straightforward extension of [DDKT21, Proposition 6.8] to our
boundary setting. Furthermore, [DDKT21, Proposition 6.8] can be adapted to give the equivalence
between the two properties. However, we choose to state only the exact statement we will use.

We now use the mass ratio bound (10.0.1) in assumption 3 to prove the following technical lemma,
that will allow us to apply the Caccioppoli inequality (proposition 9.0.2).
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Lemma 10.0.2. Under assumption 3, there exists Cq = Cq(m,n,a) > 0, ¢o = co(m,n, ) >0 and
L, € R™ @ R™ with ToI' C im(h(Ly)) such that |L, — (Du),|| < Cqr®* 4+ Cqo for any r € (0,cp).

Proof. Without loss of generality, we can assume that T' = By,, N R™! x {0} by a standard
procedure of straightening the boundary (for instance, using [DLNS23, Lemma 3.1|). By the Taylor
expansion of the mass (c.f. [DS11]), we obtain that

m4o mem
Corme 2 (VLB - 257 ) = [ ol
{zm>0}NB,

Thus the control over the mass ratio enables us to straightforwardly derive that
(D), || < Cor® + 20.
We choose L,, := limg_,o(Du)s which, by the last inequality, satisfies the desired inequality. It is easy

to see that ToI' = R™~! x {0} C im(h(L,)), since Du(x) = x,,vq for any z = (2, x,,) € R™ 1 x {0}
and a fixed vy € R". [l

One of the crucial parts of the regularity theory is to prove an excess decay with a precise rate of
decay. Let us fix the following shorthand notation for the excess of the function wu:

Emme:f |Du(z) — L|%dz,
B(z,r)NQ

E(x,r):= E(z,r,(Du),), and E(r) := E(0,r).

(10.0.4)

We now prove the excess decay at boundary points for the function u, i.e., we prove that the
derivative Du of u becomes closer in L%-norm to a linear map as we decrease the radius of balls
centered at the origin. The proof follows a similar argument as the one for |[DRT22, Proposition
4.5].

Proposition 10.0.3 (Excess decay). Under assumption 3, there exists a positive constant C, =
Ce(m,n, | Fllc2, K7, ||ullLip, ) > 0 with the following property. For every e € (0,47 *C 1), there
exist 0 = 0(g) > 0 such that

PO 2 () |y < E(r) <6 and o < 6 (10.0.5)

mmply
E(er, Ly) < Cee®*E(r). (10.0.6)

Proof. As in the proof of proposition 9.0.2, we can again assume without loss of generality that F
is an autonomous functional.

We prove our statement by a contradiction argument. Assume that for every C, > 0 there exist
e € (0,471C; 1) such that, for any 6,0 > 0 satisfying

PO 2 () | L uny < E(r) < 6 and o <6, (10.0.7)
for some r, (10.0.6) does not hold, i.e.,

E(er, Ly) > Cee®E(r). (10.0.8)
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We divide our proof into three steps. In Step 1, we prove that a certain blowup sequence for u
converges in WH2(B, N Q) to a limit function ug. After that, we show in Step 2 that the function ug
is a weak solution of an elliptic system of PDEs, subsequently we use regularity theory for elliptic
PDEs to obtain an estimate for the second derivative of ug. We close our argument in Step 3, where
we apply the Caccioppoli inequality, corollary 9.0.3, together with the elliptic estimates from Step
2, to get a contradiction with (10.0.8).

Step 1: We choose 0; = §;¢* and (5?- := E(r;) where r; — 0 satisfying both (10.0.7) and (10.0.8). For
Jj large enough such that r; < min{co, 01/0‘}, we pick L given by lemma 10.0.2. We set Q; := 7“]719,
;= rj_lf, and the blowup sequence as follows

Uy Qj-}Rn

u(ry2) = (), = 1y(Dw), =

Z =
(5j1“j

We assume that ¢; > 0, otherwise there is nothing to prove. It is easy to see that Q; — {z € R™ :
Ty > 0} and T'; — R™ 1 as j goes to 4+o00. Furthermore, we list some properties of the sequence
u; that will be used in this proof. They are:

(a) Duj(z) = (5]-_1 (Du(r;z) — (Du),,), which is a trivial computation;
(b) (Duj)1 =0, which is a straightforward consequence of item (a);
(c) meQ. | Du;||* = 1, which follows changing variables and using item (a);
J
(d) fBanj lluj— (uj) |2 is uniformly bounded. This follows from the Poincaré-Witinger inequality
and item (c);

(e) E(erj, Ly) > Cee®*Ey, (1), where we set E,, (1) to be the excess, as defined above in (10.0.4),
for the function wuj, ie., Ey (r) = JCBTﬂQj |Duj(z) — (Duy), ||?dz. This item follows from
(10.0.8), item (b), and the definition of w;.

Denote the halfball Bf := B, N {(2/,2,n) € R™ ! xR : x,,, > 0},Vs > 0. As a consequence of
item (c) and item (d), we obtain that (u;) is bounded in Wh2?(BY). Since W12(B7) is reflexive, we
can assume that

uj — ug in WH2(BY) and u; — g in L2(BY).

By classical trace theory, c.f. [Eval0, Section 5.5], we have the following convergence
uj — ug in L2R™ N BY) = ug|gm-10p, = 0.
Moreover, we also have that there exists a matrix (Du)o such that (Du),, — (Du)o thanks to the
fact that {(Du)y, }jen is equibounded.
Step 2: We start defining, for all A € R™ ® R™, the following sequence of operators
1

2
0

T;(4) = = [Zr(8;A + (Du),,) — Tr((Du)y,) — 5;(DIx((Du)y,), A)] (10.0.9)
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where Zr is defined above in eq. (10.0.2). One can check that Z;(A) — D?Zx((Du)o)[A, A] in the
C?-topology. We now claim that wug is a weak solution of an elliptic system of PDEs, namely,

D*Zx((Du)o)[Dug, DSJAH™ = 0 for all ¢ € C°(B],R™), (|pr) = 0. (10.0.10)

+
Bl

For the fluency of the text, we let the proof of this claim to the end. Since ug is a weak solution of
the elliptic PDE in (10.0.10), we have that

Schauder Est.

SuP HD2U0H2 S HUOHCQ’C'(B+ ) S COHUO||CO,<1(B+ )
Bt 1/2 1/2
v (10.0.11)
G-N-M Poincaré Ineq. item (c)
< Golluoll s < CollDuoll 2y < Co,

where DG-N-M stands for the De Giorgi-Nash-Moser inequality and we put item (c) into account
to use the Poincaré inequality.

Step 3: We now apply the Caccioppoli inequality, i.e., corollary 9.0.3, for L chosen at the beginning
of the proof and r = er; to obtain

1
C. | Duly) — Lu|2dy < ,2][ u(y) — (W) caer, — Lu(y)*dy
Ber;NQ (erj) Beyer; NQ

4 <erj>2][ Hdl () Py + K2 (er;) >
BCusrij

Using Holder inequality, we guarantee that

1
Ce | Du(y) — Ly||*dy < (ar-)?][ lu(y) — (u)cper, — Lu(y)*dy
Ber;NQ2 J Boyer, ns (10012)
_2m
+ Co(ery)*™ v |HFullFs + £ (er;)*.
We work on the integral in the right-hand side of (10.0.12) as follows
o) - @, - L)
- u(y) — (w)eyer. —
(Cuerj)? Boyer, N0 Y er; w\Y)| Yy
Poincaré Ineq. 9 9
ST 1Dul) - LPdy + (L Cuery)
BCusrij
< (HLuHCuSTj)z + [ Ly — (Du)CusTj||2 +][ | Du(y) — (DU)Cuerj|2dy-
Bcue,,«j nQ
Using this computations, (10.0.12) turns into
_2m
Ce 1Du(y) = Lul*dy < (|[Lul|Cuerj)® + | Lu = (Du)cyer |I* + Colers) ™ [[Hr[u][1F

Berj neQ

1
+ K2 (erj)?™ + ][

2 ‘Du(y) - (Du)Cuserdy‘
Cu BCMST].OQ
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Rewriting the inequality above in terms of u; (changing variables, dividing by 5?, using the definition
of the u;’s, and item (a)) and inserting (10.0.7), we derive

_2m

2 | Lu|[Cuer; ? 200 52 o (emg)” 7
Cef. D)~ 1Pay < (PEEE1) gt cyppstui, S
Beng . J (10.0.13)
s Du) — (Do,
5] BCustj
where (; := (5;1(Lu — (Du),;). We now focus on bounding the limits of the terms appearing in
(10.0.13). It is well known that
items and (c item (e)
Cogte "L g, (1) M D) - LulPay
Berg N2 (10.0.14)
—f 1w - Py,
B.NQ;
As a consequence of (10.0.7), it holds
L,|[2C22r2 22 2 2«
J—r+oo 5]- 5j 6j

Combining (10.0.13), (10.0.14), and (10.0.15), we attain

C.C.e% < Oyr?e®™ 4+ lim sup][ |Duj(y) — (Duj)CMEIZdy
=00 JBey, N8
_ Oy2e 4 ][  IDuo(y) ~ (Dug)c e[y
BCus

Poincaré Ineq. (10.0.11)
< Cpr2e®® + 0352][ |D?ug(y)]Pdy < Cypr2e®™.
+

Cuye

Adjusting the constants in the last inequality, we finally find the desired contradiction, as well we
finish the proof of this proposition.

Proof of the claim (10.0.10): Without loss of generality we can assume that p(I') = B,, N
R™~!. Indeed, it is a standard procedure of straightening/flattening out the boundary, see [Eval0,
Subsection 3.2.3]. If the boundary is not flat, i.e., p(I') # B,, N R™"! we take a smooth function
® such that ®(0) = 0, D®(0) = 0, and ®(p(I')) = B,, NR™ 1. So, ug o ® satisfies (10.0.10), which
assures that ug satisfies a similar elliptic PDE. For more details on this standard argument, we refer
the reader to [Eval0, Subsection 3.2.3|.

Fix a flattened boundary p(T') = B,, NR™~!, denote B} := B, N {(z/,z,n) € R™ ! xR : z,, > 0}
for every s > 0, and ¢ € R the conjugate exponent of p, i.e., such that p~! + ¢! = 1. Let
¢ € CX(BT,R") a test vector field with ((2/,0) = 0 for every 2/ € R™!. Then we define the
sequence (j(z) := ((%) which for each j also satisfies j(z/,0) = 0 for every 2/ € R™~1.

Our aim now is to apply lemma 10.0.1. To this aim, we estimate the left-hand side of (10.0.3) in
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lemma 10.0.1 as follows

L (PTr O DG ez = 7 [ DTADUE, D (e

Tj
(10.0.16)

= - / DI#(Dulr;2), DC (2))d=.
Bl

Notice that the domain of integration does not change under the change of variables since ¢ has
compact support. Thus, by (10.0.16), we obtain that

[ ADTRHDU).DG Nz = [ (DIF(Du(r;2) = DIr(Du)). DE ()

Wt [ (DLA(Dw, +8,Dui(2) ~ DI(Du),) DG ()= (10017

10.0.9) . .
1029 5. 1/B+<Dzj(puj(z),pg (2))dz,
1

where we used the compactness of the support of ( and the divergence theorem for the first equality.
We now focus on the right-hand side of (10.0.3). Recalling the definition of A and that u is Lipschitz,
we have that HCjAl/q(Du)HLq(BmQ) < Col|Gjllra(B,nq), where we change variables to get that

16;AY (D) |ras,n0) < Corj @ I¢]lLaB,na)- (10.0.18)
We now use lemma 10.0.1, (10.0.17), and (10.0.18), to derive that
g7t | ADT(Duy(:)). D ()= = 8,77 [ (DTr(Du(z)), D)
1 1

< C'IGAY ! (Du) | ags,ne)

< Cyrj v |[¢lILas,na)-

(10.0.19)

Recalling (10.0.7) and the choice of ¢, we easily obtain that

wom+l 1= 5
r. . .
C/ J — /) S Cl J

oy "o Il @xmeny’

which in turn, together with (10.0.19), implies that

lim (DZ;j(Duj(z)), D¢ (2))dz = 0.

By the very same argument of [DRT22, Proposition 4.5], we conclude from the previous equation
that
D*Zz((Du)o)[Dug, D¢] = 0,

+
Bl

for all ¢ € C°(B;,R") with ¢(2/,0) = 0,Vz’ € B NR™ 1, as claimed in (10.0.10). O
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Boundary regularity

We now define the auxiliary excess for € > 0, which encompasses the mean curvature rather than
only the excess F, as follows

88min{a,17%}
6(.’I,‘, SaL) = E(.%', S, L) + g—mHH[u]”Pa

e(z,s) :==e(x, s, (Du),), and e(s) := €(0, s),Vs > 0.

By proposition 10.0.3, there exists C. = Ce(m,n, || F|c2, KF, |ul|Lip,I") > 0 with the following
property: setting v := min{c, 1 — m/p} and

S R 1
s<min{(12Ce)‘2la,Ce 9758 140 } (11.0.1)
u

then there exist 6 = d(g) > 0 such that (10.0.5) implies (10.0.6), i.e.,

{mm[u]nng(r)sa . BlerL) < G E(r). (11.0.2)

oc<§

We prove a decay for e in the next corollary, which is a consequence of the excess decay, proposi-
tion 10.0.3. We lastly choose

51/2 5 \7 1
= mi d inqd, —¢. 11.0.3
{22 () e fi) e

Corollary 11.0.1. Assume assumption 3, (11.0.1), and (11.0.3). Then we have

e(elr,L,) <2 %e(r)  for every j € N and r € (0,71).
Moreover, there exists n € (0,1) and c. = c.(r,€) > 0 such that

e(s, Ly) < ces®  for all s € (0,7).

Proof. Performing the same computations of lemma 10.0.2, the excess E(r) can be taken small
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enough, up to choose r; and o small enough. Hence, from (11.0.3), we can fix r > 0 such that
|| H[ul|l, + E(r) < 6. (11.0.4)
We wish to prove that
e(er, L) < 27 %e(r). (11.0.5)
To this end we consider two cases.

Case 1: if r7||H[u]||, < E(r), we can apply (11.0.2) to deduce that

(11.0.2) v
cler L) < CeB(r) + )

(*) 5
< ee(r) <27 %(r),

8(er)?

Em

IH[ulllp < (Cee ™)V E(r) +

[#lulllp

Em

1
which is precisely (11.0.5). Here (%) follows from the fact that ¢ < min{C, >*~7,272/7}, as assumed
in (11.0.1).

Case 2: if r7||H[u]||, > E(r), we proceed as follows:
e(er,Ly) < e ™E(r, Ly) 4+ 8™ Y[ Hu]|l, < (7Y 4+ 8™ | H[ull,

1 8r7 (%) 1 877
= —_ Y _ < — < -2
(5+7) Seiptall, < 350 tall, < 27200

which is exactly (11.0.5). In (¥%) we used that ¢ < 87'/7, as we have assumed in (11.0.1). We
conclude that (11.0.4) implies (11.0.5), i.e.,

T M|, + E(r) <8 = eler, L) < 27 %e(r). (11.0.6)

We observe that (11.0.4) holds also with €/r in place of r for every j € N. In fact, we have that

. . (10.0.6) .
E(er,Ly) < 2E(er, Ly) + 2||Ly — (Du),|* < 2Ce¥®E(r) + Co(o? + %),
which, thanks to the smallness of 7,0 and ¢ assumed in (11.0.1) and (11.0.3), ensures
()P H )l + E('r) < 6/2.

Then, applying (11.0.6), we obtain e(e’r, L,) < 2=%e(r) for any j € N. The latter surely implies
the moreover part of the lemma by standard techniques, see for instance [HL11, Theorem 3.1]. O

We finally have all the tools to state and prove our main theorem. We will rewrite all the assumptions
made up to now as part of the hypothesis of the theorem for the reader’s convenience.

Theorem 11.0.2 (Boundary regularity theorem). Let m,n > 2, F be an integrand of class C?
on the m-Grasmannian bundle Gr(B(z,4r9)) satisfying USAC, T' be an (m — 1)-submanifold of
class C1* in B(z,4ry) with reach k < (2r§)~% and such that x € T. Let Q be an open subset of
B(xz,4ro) N (R™ x {0}) and V = V]u| € V,,,(B(x,4rg)) be an m-varifold induced by the graph of
u € Lip(Q,R"™), and Ograph(u) = I'. Assume that the anisotropic first variation £V is a Radon
measure on B(z,4rp) \ ' and the anisotropic mean curvature Hr € LP(B(x,4r9)),p > m. Then
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there exists 6 = §(m,n,p, ||F|lc2, KrF,||u||Lip, ') > 0 satisfying the following property. If o € (0,0)
is such that

1
IVIEG@ ) < (540 )an™ for any r € 0,0),

then there exist two constants ro > 0 and n € (0, 1) depending only on m,n,p, || F| o2, Kr, ||ul/Lip, T,
such that u € C(B (x,12)).

Proof. Without loss of generality, we can assume x = 0. Denote v := min{a,1 — m/p}. The
hypothesis of this theorem matches exatcly with assumption 3. We can choose €, > 0 satisfying
(11.0.1) and (11.0.3). We now recall that the excess E(-,r) is continuous with respect to the variable
in R™*", Hence, as in the proof of (11.0.4), there exists ro > 0 such that

[ Hulllp + E(y, 1) <6, Vy € By, Vre(0,m1).
We apply corollary 11.0.1 to obtain the existence of n € (0,1) such that
e(y,r,Ly) < cer®, Yy €B,,, Yre(0,r),
In particular, since (Du), is optimal for E(p,r,-), it is easy to see that
E(y,r) < E(y,r, L) < e(y,r, L) < cer®, Yy € B,,, Vr € (0,71).

This shows that Du restricted to B,, belongs to a Campanato space, hence it is a Holder continuous
function for some 7 € (0,1) which concludes the proof of the theorem. O
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Part C

Lipschitz approximation for general
almost minimizing currents
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Chapter 12

Introduction

The regularity theory is a widely spread theme in mathematics. It splits into various branches,
for example, the regularity theory of PDEs, the regularity theory of minimal surfaces, etc. One of
the first and most famous problems is the existence and regularity of minimal surfaces, in other
words, the existence and regularity of objects that minimizes the area functional over some classes
of admissible competing surfaces. The classes of admissible objects where the area functional may be
defined can be genuinely different, giving rise to quite different approaches to geometric variational
problems. For example, the classical one considers the functional area defined in the class of smooth
submanifolds of a fixed ambient Riemannian manifold.

We quickly realize that in this smooth context, the minimization problem for the area functional
manifests a lack of compactness that naturally leads to considering and introducing objects that
play the role of generalized smooth surfaces in the same guise of what is done when weak solutions
are introduced to work around the weaknesses of the space of classical solutions of PDEs. Over
the years, many generalizations have been proposed, for instance, the theory of Caccioppoli sets,
varifolds, currents, flat chains, etc.

In this note, we will focus on the theory of currents that minimize (in a relaxed sense) the area
functional. According to the definition given by I. TAMANINI, [Tam84, Eq. 1.2|, we work with
the relaxed minimality condition, which we call the w-almost minimality condition (see Definition
13.0.4). This condition is natural since it arises from practical problems as F. MAGGI noticed in his
book [Magl2, Chapter III], where for the codimension 1 setting, he considers an almost minimality
condition that is a particular case of the w-almost minimality.

A natural question to ask is: do these generalized surfaces have good regularity properties provided
they minimize area?. Aiming at answering this question, in arbitrary dimension and codimension, in
the setting of integral currents, F. ALMGREN JR. has introduced his long and intricate, but still rich
and beautiful, program in [Alm00] to prove regularity results for interior points of area minimizing
currents. He stated that the singular set has Hausdorff dimension at most m — 2. His theory was
revisited by C. DE LELLIS AND E. SPADARO, in a series of works (see [DS14]) where they furnished
a different approach using new techniques of geometric analysis which give a much shorter proof and
they also strengthened the main result. More recently, in [Sko21], A. SKOROBOGATOVA improved
ALMGREN'’S estimate, she proves that the upper Minkowski dimension of the interior singular set
is at most m — 2.

In this article, we aim to perform the first part of the regularity program used in the aforementioned
works, which is (almost-) monotonicity results, the strong Lipschitz approximation, and the strong

93



54 INTRODUCTION 12.0

excess decay at interior points. We aim at proving these first part of the framework for w-almost
area minimizing currents. Moreover, in Proposition 13.0.5, we prove that the setting of [DLSS1§]
is a particular case of the general w-minimality. We also give a nice example (Example 13.0.6)
of a current that satisfies the w-almost minimality condition and it is not covered by any of the
definitions considered in the works mentioned before.



Chapter 13

Preliminaries

The goal of this section is to set standard notations on currents theory that will be used throughout
this paper.

We use B(p,r) C R™*™ for the open balls centered at p € R™™" and of radius r €]0, +o00][ of the
ambient space R™" and we fix mg := R™ x {0} € R™™. For any linear subspace 7 C R™*", 7wt
is its orthogonal complement in R”*" p, is the orthogonal projection onto 7, and p := p,-

We define the tilted disk B, (p,7) := B(p,7) N (p+ 7) and C(p,r,7) the tilted cylinder as the
set {(m—i—y) cx € By (p,m),y € 7TJ‘}. We also set C(p,r) := C(p,r,m9) and B, (p) := B, (p, m).
Moreover, C, := C(0,r) = C(0,r, m).

We also assume that each linear subspace 7 of R™*™ is oriented by a k-vector @ := vy A -+ A vg,
where (v;)ie(1,...k} i an orthonormal base of 7 and, with an abuse of notation, we write |y — 71|
standing for |7y — 71|, where | - | is the norm associated to the canonical inner product of k-vectors.

For any s € [0, +o0o[ we also set H® as the s-dimensional Hausdorff measure in R™*". We recall the
definition of density of a given T' € D,,,(U), where U C R™*™ is an open set and D,,(U) is the set
of m-dimensional current in U at a given point p € R™™". We say that ©™ (T, p) € [0, +o0] is the
m~dimensional density of T at p, if

i _|IT|B(p,r))
O (Top) = 1 S B, (0))

whenever the limit exists.

For standard notations and classical results on the theory of currents which will be used in this
note, we refer the reader to the classical treatise of [Fed69]. For the theory of multi-valued maps,
we refer the reader to [DS15].

Definition 13.0.1 (Excess and height). Given an integer rectifiable m-dimensional current 7' in
R™*" with finite mass and compact support, i.e., T' € I,,(R™*™) and m-planes 7, and 7/, we define
the excesses of T' in balls and cylinders as

1 =
BB m) = oo [ (T AT,
m p?T

N 2
T - d|T|,

E (T, C(p,r,m) ,7r’) = 1 /C( |
p,r,m™

2w, r™
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we will use the shorthand notation E (T, C(p,r,n)) for E(T,C(p,r,7),m). We define also the
height function in a set A C R™"™ with respect to the m-plane 7 as

h(T,A,7):=  sup  [pri(z) —prr(y)l-
z,yespt(T)NA

Definition 13.0.2 (Optimal planes for the excess). We say that an m-dimensional plane 7 opti-
mizes the excess of T in a ball B(p, ) if

E(T,B(p,7)) := n7171/nE (T,B(p,r),7") =E(T,B(p,r), 7). (13.0.1)

Observe that in general the plane optimizing the excess is not unique and h (7, B(p,r), ) might
depend on the optimizer .

Definition 13.0.3 (Optimal planes). A m-plane 7 is called an optimal plane, if it optimizes the
height function among the planes that are optimal for the excess, i.e.,

h (T,B(p,r),7) = min {h (T, B(p,r) ,7r’) . satisfies (13.0.1) } =: h (T, B(p,7)).
Henceforth, h (T, C(p,r, 7)) will stand for h (T, C(p,r, 7))

Lastly, we recall the definition of w-almost minimality where we also briefly discuss the high level
of generality that this condition represents.

Definition 13.0.4 (Almost minimality condition). Let 7' be an m-dimensional integer rectifiable
current in R™*" ie., T € I,,,(R™*"). We say that T is w-almost area minimizing, if there exist
s > 0 and an absolutely continuous function w : (0,s) — (0,400) such that w(s) = o(1) when
s — 07, and for every p € spt(T) \ spt(97T),

ITI(B(p,s)) < (1 +w(s) [T+ 0S[(B(p,s)), Vse(0,8), VS EInpi(B(p,s))-

In the special case that w(s) = As® for some A > 0 and a € (0, 1], we say that T'is (A, s, a)-almost
area minimizing if, for every p € spt(7T') \ spt(97), it holds that

IT](B(p; s)) < (14 As) T+ 0S[|(B(p,s)), Vs€(0,s), VS ELni(B(p,s)).
If w =0, we say that T is area minimizing.

It is easily seen that all the previous cases treated in the literature are a particular case of the
definition above, as follows.

Proposition 13.0.5. Let © >0 and T € L,,(R™*™), if T is a Q-minimal current as in [DLSS18,
Definition 1.1], i.e.,

M(T) < M(T + 8S) + QM(S), VS € L1 (R™), (13.0.2)

then T is (A, 00, 1)-almost area minimizing with A = c§2 for some positive constant ¢ = c¢(m,Q,T) >
0.

Proof. For any r > 0,p € R™™ and S € I,,11(B(p,r)), we have that

ITIIR™ ™\ B(p,r)) = [T + OS[|(R™*" \ B(p, 7)), (13.0.3)
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since the support of S and 955 is contained in the ball B(p, ). Using classical density estimates, c.f.
[Fed69, Section 4.1.28(5)], the latter equation leads to

(13.0.2),(13.0.3)
IT|(B(p, 7)) < 1T+ 05[|(B(p, 7)) + [ S|[(B(p, 7))

< ||IT + 0S||(B(p,r)) + Qecyr™H
< [T+ 05((B(p, 7)) + Qcar||T + 0S[|(B(p, r))
= (14 Qecor)||T + 0S||(B(p,1)).

We set A = 2 and a = 1 and, since the inequality holds for any p and » > 0, we obtain
s = +o0. O

Following I. TAMANINI’s ideas, |Tam84]|, we give two examples to justify the different definitions of
almost minimality that we mentioned. Notice that the w-almost minimality encompasses the other
definitions, then we will work in this generality.

Example 13.0.6. We let T to be the reduced boundary of the Caccioppoli set £ C R™+! which is
a minimizer of the following variational problem:

inf {P(F, B(p, s)) +/ H(q)dgq : F is a Caccioppoli set and FAE CC B(p, s)} , (13.0.4)
F

where H is a prescribed mean curvature function that belongs to LP(R™1) with the crucial condition
that p > m and P denotes the perimeter measure of Caccioppoli sets, see [Magl2|. Given any F as
n (13.0.4), thanks to p > m we must apply the Holder inequality to derive

P(E.B(p.s)) — P(F.B(p,5)) < /E _|H@) dr

_1
< H o (8. H™(B(p, 5)" 7

1—1
< wm P H || p,s)s™ 7

Again using the argument with the density estimates, we easily see that T is a

_1 m
<co(m)w1 P[|H || p@m+1y, 00,1 — > -almost minimizer in R™*,
p

We now provide an example of a w-almost minimizer which does not belong to the class of (A, s, a@)-
almost minimizer.

Example 13.0.7. We consider the function
f: (0,1)cR — (0,1)CR
t — fot (In(€) )

We have that f(0) = 0 and we set f(t)
given by E := epi(u) and Qy := (—t,t)?

:C
PE,Q)) —t = 2 (,/ 1) ds zt(ln(%))_Q,

f(=t),Vt € (—1,0). So, if we consider the Caccioppoli set
R? we have that
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So, we have that the 1-current induced by F is w-almost minimizer with w(t) = (In($))~2.



Chapter 14

The w-almost monotonicity formulas

Let us now state the w-almost monotonicity formula with an additive error term which is the
analogous of [DSS17a, Proposition 2.1] for our setting of w-almost minimizers. Henceforth, we will
denote by (z — p)* the projection of the vector z — p onto the orthogonal complement of the
approximate tangent to T at z.

Proposition 14.0.1 (w-almost monotonicity formula). Let T € L,, (R™*") be an w-almost mini-
mizer and p € spt(T)\ spt(0T). There are dimensional constants Cy,r9 > 0 such that

2 T
[ lG=p*F < ¢ (VLEBGD) VB | o)) sy
B( S

p\Bp,s) |2 —p" 2 W™ Wins™ p
for all 0 < s < r < rg <s. Moreover, the function r — ”TUU(;%T)) + f; @ dp is nondecreasing.
Furthermore, when w satisfies a Dini condition of the following type, Jpr)dp < 400 then the
function r — ”TUJ(;# + for # dp is nondecreasing.
Proof. We define the integral current

W :=px9d(TLB(p,r)),
and test the w-almost minimality for it to obtain
r
171 (B(p, 7)) = A+ wr)[WI (Bp, 7)) < 0T (B(p, 7)) + cx(m, T)w(r)r™, (14.0.2)

where we use classical density estimates in the second inequality. We now set the mass function
m(r) := [|T]| (B(p,r)) and observe that m is a nondecreasing function and thus it is a function
of bounded variation. We can decompose its distributional derivative Dm, which is a nonnegative
measure, as Dm = m'H! + u, and p; is the singular part of Dm. In (14.0.2), we multiply mr—""!

and add % to obtain

w(r)+pus 1
T s 2 97 (Bp, r)) < —
D it T (Bl ) < -

D
+ mcl(m,T)wY) + T:, Vr € (0,s).
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We integrate the latter inequality on the interval (s,t), where s > ¢ > s, thus we reach

/ dﬂs / I'll ’6T||( ( )) d?‘[l(P)S m(r) _m(rj) —|—mcl(m,T)/ p_lw(p)dp,

rm S

Ia

notice that we have used the following equality

d (m(p)\ _ mm(p) Dm
dp( >_ gt

In the proof of [DSS17a, Proposition 2.1|, it is shown that I := I* + I* bounds, up to a dimensional
constant, the left-hand side of (14.0.1) without the use of any minimality condition. So, it finishes
the proof of our result. O

We now state a second w-almost monotonicity formula for the w-almost minimality condition which
now comes with multiplicative error terms, these result is the analogous for interior points of [HM19,
Proposition 2.3| which is stated to boundary points and only for the special case w(r) = C(m,n)re.

Proposition 14.0.2 (w-almost monotonicity formula). Let T € L, (R™*™) be an w-almost mini-
mizer and p € spt(T") \ spt(0T), then there exists a dimensional constant 11 = ri(m,n,w) > 0, such
that

B(p,t)\B(p,s) |z — ’ S
forevery0 < s <t<ry <s.
Proof. We start defining
S:=TLB(p,r) and W :=0x09S.
By the w-almost minimizing property of T', we deduce for r < s that
1T (B(p,r)) < (1 +w(r)[WI(B(p,7))

= (1+() 2 [0S (Br. ). S

For a.e. p < ry <s, we conclude that

d (7] (B.p)\ _ —mlT| Bp,p) , TN
dp( )‘ i

pm pm—i—l

B(0,1))

M

(

p
—m||T| B, p)) | ITI"BO, 1))

p

perl m

m||T|| (B(p, p)) _ m|T| (B(p,p))
(I +w(p) pmtt (I+w(p) pmt! (14.0.5)

_ m|[T[[(B(p,p) I
- (1 +w(p) 1)
n IT]" (B(0,2))  m[T] (B(p,p))

pm (1 +w(p)) pmtt-
I
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We only use (14.0.4) to bound I; from below as follows
1

Ilme

(17l (B(p, p) — 10S]I(B(p, p)) - (14.0.6)
Therefore, by (14.0.5) and (14.0.6), we obtain that

d (ITIB@, )\ o mITIBP,r) 1 1 /
2 ) 2 MR (D = 1) + o (171 B p) - 10S1(B(p.0)

o
BB LD 4 (1T B (v, ) ~ 10S(Bo.p).

Since w is absolutely continuous, by the Lebesgue differentiation theorem, we have that w is dif-
ferentiable almost everywhere on (0,71), hence the latter equation provides, for a.e. p € (0,71),

di, (m””T”(fnﬁpp))) > e’””(")pfn (IT)'(B(p, p) — |05 (B(p, p)) - (14.0.7)

We denote by ()L the projection onto the approximate tangent plane to 7" at p. Thus, using classical

theory of slicing of currents, we have for a.e. 0 < s < t that

[=7]

t
/ 10S]|(B(p, p)) dp = / a7y
s B(p,t)\B(p,s) |7|

Integrating (14.0.7) on (s,t) C (0,r1) and applying [HM19, Lemma 2.2| (their proof works straight-
forwardly for f, as in their notation, absolutely continuous, we just need to recall that w is absolutely
continuous), we conclude

mw(|z—p|) —p)t
(t) HTH (]-j’n(pvt)) _ 6mw(s) HTH (]?:,Ep’ 5)) > / € (1 _ ‘(Z p) |> dHTH(Z)
! s Bp.0)\Blp.s |z —pl

)y lz—pl™

mw(lz— (’z_p)J—2
- [ ematte-a L2 =PV ] ),
B(p.t)\B(p.s) |2 = pl

O

A very useful result often implicitly used in our theory is the following. To enunciate and prove it,
we fix the notation of the flat distance between two m-dimensional integer rectifiable currents T’
and S, ie, T,S € 7,(U), U open and A € U as follows:

Fa(T,S) = inf{HRH(A) FITI(A) : T — 8 = R+ T with R € L,(U) and T € Im+1(U)} .

Lemma 14.0.3 (Sequences of wg-almost minimizers). For each k € N, let U C R™*™ be an open
set, we assume that

(a) Ty € I,(U) is wi-almost area minimizing currents in U,
(b) 9T =0 for each k € N,
(c) limsupy_, o || T%|[(U) < 400,

)
)
)
)

(d) r1p = r1(m,n,wg) from Proposition 14.0.2 satisfies ro := liminfg_, o 1 > 0,
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(€) w:=limsupy_, o wy satisfies the assumptions of Definition 13.0.4, i.e., its domain contains
(0,70), it is absolutely continuous and w = o(1).

Then we have that there exists T € 1,,(U) such that

(1 TkéT

(ii) T is w-almost minimizing in U,

)
)
(iil) |7} < liminfpqo0 || 70 || < limsupy, 4o [[Tk]] < (1 +supw) [T,
(iv) F(Tg,T) — 0 as k goes to +oo,

)

(v) spt(Ty) converges in the Hausdor(f distance sense to spt(T).

Proof. Thanks to ((b)) and ((c)), we can use standard compactness results (one can consult [Fed69,
Section 4.2]) to ensure the existence of T' € I,,,(U) such that T, — T, up to a subsequence, in the
sense of currents so ((i)) is proved. The equivalence between ((i)) and ((iv)) is given by [Sim14,
Theorem 7.2| again using ((b)) and ((c)). Now we want to prove ((ii)) and ((iii)). Let us write
Ty —T = Ry, + 9T} in B(p, R+ 2),p € U, R € (0,s) with

limsupy 4o <||RkH<B<p, R+ 1)) + | Tell (B, R + 1>>) 0.

Thus, since all the measures involved are Radon measures, for almost every s € (R, R+ 1), it follows
that
lim supy._ oo | Ri[|(B(0, 5)) = 0 (14.0.8)

and )
lim supy,_, , o M ((Tk, d, s>> = 0. (14.0.9)

Note that (14.0.9) follows directly from the formula of the slice and the fact that T} converges to T
in the sense of currents. We use again the slice formula to get

Ty B(p,5) = TLB(p,s) + By B(p,s) — (Tyd, 5) + (T, B(p,s)). (14.0.10)
The wg-almost minimality condition gives

1Tl (B(p, 5)) < (1+wr(s)) [Tk + OTil| (B(p, 5)) -

Putting into account the latter inequality, the triangle inequality and (14.0.10), we obtain that

ITIB(0. ) < (1 +en(o) (T BLp. o) + IRe|(Blp, ) + 14 (T 5)) + 2007 (Blp.)) ).

Note that, by construction, it follows that ||0T}||(B(p,s)) — 0 as k — 4oco. Finally, by the lower
semicontinuity of the mass, (14.0.8), (14.0.9) and the last equation passed through limsup,_,, .,
we conclude that
IT(|(B(p, s)) < liminf || Ti[|(B(p, s)) < limsup |7, (B(p, s))
k——+o0

k—+o0

(14.0.11)
< (1 —|—limsupwk(s)) IT(B(p,s)),

k—+o0
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for any p € U and a.e. s € (0, R), which ensures ((ii)) and ((iii)).

We proceed with the proof of ((v)) using a contradiction argument. We take K C R™*" a compact
subset and assume that there exists 79 > 0 and g, € K Nspt(Ty) with d(gk,spt(T)) > no > 0 for k
sufficiently large. Since K is compact, up to a subsequence, we denote by qp the limit of (qx)xen.
Clearly, we have that dg(qo,spt(T)) > no > 0. Hence, by convergence of Radon measures, i.e.,
(14.0.11) we have that

310 . "o
— - > -~
0= |7 (B (qo, 1 >> lim sup || 7% || (B(qo, )) . (14.0.12)

k—+o00 2

Provided k is sufficiently large, it is easy to see that B(qk, %0) C B(qo, %) which in turn, by the
wg-almost monotonicity formula, Proposition 14.0.2, implies that

1Tl (B <QO, %)> (14.20.3) em(wk(ﬂn/4)*wk(ﬂﬂ/2))2m||TkH (B (Qk, @)) (14.0.13)

8
2 C(m, k‘7 no)em(wk(%/‘l)—wk (Uu/g)),

where C'(m, k,n9) > C > 0 where C' > 0 is a positive constant independent of k because qx € spt(T})
and T}, is an integer current and so the density of T} in gy is always a positive integer number greater
or equal to 1. Notice that

_ C(m,k,no) _ C(m,k,no)

m(wg (M0/4)—wg (10/2)) ) y vy

C(m, k,mo)e™ " k > oo (70/2) > ey
C(m, k,mo) *)

- >0
emhmsupk_)_,_oO maxse[owlk](wk(s)) ’

(14.0.14)

recall that ry; from the wg-almost monotonicity formula depends on m,n and wg, which ensures
(%) thanks to ((d)) and ((e)). This finishes the proof of the theorem, since (14.0.12), (14.0.13) and
(14.0.14) are in contradiction. O
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Chapter 15

Almgren’s stratification for w-almost
area minimizing currents

The stratification process allows us to estimate the Hausdorff dimension of the set of points at
which the current becomes infinitesimally more flat. Although this seems to be a good measurement
of regularity, since it mimics the behavior of smooth manifolds, the fact that the density and
codimension are arbitrary makes the ’becoming flat’ property insufficient to derive regularity. The
famous Federer’s example {(z,w) € C?: 22 = w3} confirms it at the origin.

Let us define regular and singular interior points.

Definition 15.0.1. Let T be an w-almost area minimizing integral current in R™*" we define the
set of regular points as follows

Reg(T) := {p € spt(T) : spt(T) N B(p,r) is a C"* submanifold of R™™ for some a,r > 0},

as well the set of singular points is defined as Sing(T") := spt(T") \ (spt(9T") U Reg(T)).

Let us prove an important property for the density function and the existence of blowup limits. To
that end, fix the notation ¢, ,(z) := r~(z — p).

Lemma 15.0.2 (Minimal tangent cones and density’s upper semi-continuity). Let T be an w-almost
area minimizing integral current in R™T" 9T =0 and p € spt(T). Then ©™(T,p) > 1 and

(i) ©™(T, q) exists everywhere and is an upper semi-continuous functions of ¢ € R™t";

(ii) For each sequence T — 0, there is a subsequence {ri/} such that (vpr, )3T =: Tpr,—C,
where C is an integer area minimizing cone in R™™ with O™ (T, p) = 0™ (C,0).

Remark 15.0.3. The uniqueness of C' is a long-standing open problem in the literature, i.e., as
we change the sequence {r;}reny we may end up with different limits. At this point, the conical
property and the minimality are the takeaways. O

Proof. The existence everywhere of the density is a direct consequence of the w-almost monotonicity

formula (Proposition 14.0.2), as well the upper semi-continuity of the density with respect to the
point.
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It remains to prove the existence of a limit of the blowup sequence {7}, }wen and the conical
property of this limit.

The existence of C follows from Lemma 14.0.3 which also gives the minimality of C'. Indeed, since
wy (1) = w(ryr) is the minimality error of 7T}, ,, we have that limy w,,, = 0 hence C' is an integer
area minimizing current.

We prove the conical property as follows. Since we are dealing with Radon measures, for almost
every p > 0, we have
[Ty 1(B0, p)) = [ICI[(B(0, p)) =
B Ty, |[(B(O0, T|I(B /
L CUBE.p) T BO.p) L TI(B (. rep)

Wi p™ k' —o0 W p™ k' —o0 W P

=0"(T,p).

The last inequality stated that the mass ration of C' is equal to a fixed constant, namely ©™ (T, p),
for almost every p. Such fact implies that the left-hand side of the w-almost monotonicity formula
(Proposition 14.0.2) vanishes. Combined with [Sim14, Lemma 2.40|, we obtain that C is a cone. [

The blowup limits above (C’s of Lemma 15.0.2) are called tangent cones to 7' at p. Whenever it
occurs that spt(C) is a m-dimensional subspace of R™*" (' will be named a tangent plane to T
at p.

Even though, Almgren’s stratification theorem gives an estimate, it is not an estimate for the

singular set, since existence of flat tangent planes does not imply regularity in the arbitrary density
and codimension setting.

Theorem 15.0.4 (Almgren’s stratification theorem for w-almost area minimizing currents). Let T
be an w-almost area minimizing integral current in R™™ and OT = 0. Then, for any n > 0, there
exists a tangent plane to T at p for H™ 2T"-a.e. p € spt(T).

Proof. As remarked, the proof is an adaptation of [Sim14, Theorem 3.3, Chapter 7|. Recalling that
[Sim14, Theorem 3.3, Chapter 7| is just an application of [Sim14, Theorem A.4], we will as well
make a list of definitions to be able to apply [Sim14, Theorem A.4] (since [Sim14, Theorem A.4]
does not require any minimality condition).

We now define the set .# C L,,(R™*") as follows

9’::{5:5:'

liin (tay0;)#T {i}ien is a converging sequence, and \; — O} .
1—>+00

By compactness, i.e., using Lemma 14.0.3, we have that any S € .% is an integer area minimizing
m-current. It is also straightforward to verify that

(Lq)\)#f =%, VYqe Rm+n’ A> 0.

We define, for any A € QRm+n, L an m-dimensional subspace of R™*" X\ > 0, and ¢ € R™"", the
height function as follows:

h(AaL7)‘aQ) = sup |pLJ-(y_q)|
yeANB(q,\)
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For any S € % and 8 > 0, we set
T3(9) := {q € spt(9) : h(spt(S), L, A, q) < BA for some A > 0 and an m-plane L C R™*"}.
It is straightforward to see that
(tg )4 T5(S) = Ta((tg2)4S), Vg eR™™T, A >0.
Using the w-almost monotonicity formula (Proposition 14.0.2), we readily check that

SitienC I,5,—~S e F
{{ jjen J = p; €spt(S)).

{pj}jen Cspt(S)),p; = p € F3(S)

Denoting N = <m: n> and, for each S € .7, define ¢%(q) := ©™(9, ¢) and @& (q) := ©™(S, ¢)NE(q)
for k € {1,..., N} where N¥ is the k-th component of the orientation S(q). We also set
F {es:S €T} and singpg :=spt O™ (S, )\ Tz(9).

By [Sim14, Theorem A.4 ()| (the notations and definitions above matches the same notations
and definition prior to Theorem A.4), we obtain the existence of d € N N [0,m — 1] such that
dimg (sing@g) < d for each S € #. In another words, we obtain for any n > 0

0 = H(singps) = HT*(spt(S) \ F5(S)), VB> 0.
Taking a sequence 8; — 0, we obtain from the last equality
0 = 0 (spt(S) \ Ujen 75, (S)).
Furthermore, it is easy to see, by the definition of A, that it holds
q € UjenTp,(S) < T has a tangent plane at g.

Finally, by the last two displayed equations, it remains to prove that d < m — 2. We argue by
contradiction, assume that d > m — 2 which implies, since d is an integer, d = m — 1. Also from
[Sim14, Theorem A.4 (1f)], we also get the existence of S € .7 and an d-dimensional plane L such
that sing@g = L. Since S is a minimizing cone without boundary, it is well known (see for instance
[Sim14, Lemma 3.5, Chapter 7|) that it splits into [Rmfl]] x Sp where Sy is an 1-dimensional
minimizing cone. Since Sy has no boundary, it has to be a line, i.e., Sy = k [¢]. Such a fact, surely
implies that S = [Rm_l]] xSy = [[]Rm_l]] x k [¢] is flat, hence sing@g = () which is a contradiction.
Then d < m — 2 and we are done. O
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Chapter 16

Strong Lipschitz approximation

The goal of this section is to prove our main theorem regarding the Lipschitz approximation, i.e.,
Theorem 16.4.1, in which we provide superlinear estimates.

We now define the excess which is one of the most important concepts in the regularity theory of
currents, since it measures the deviation of the current with respect to an m-plane.

Definition 16.0.1 (Excess measure). Let T' € I,,(R™") satisfying Assumption 4. We define the
excess measure as

er(A) ;= ||T[(AxR") = QH™(A), VACB,(p(p)),

and the cylindrical excess as
E(T7 C(p, 8)) =
where from now on we denote w,, := H"(B1 (0)).

In what follows, we will work under two assumptions which are the constancy assumption (CA) and
the no boundary assumption (NB) described below.

Assumption 4. There exist a point p € spt(T") \spt(97), a radius r > 0 and an integer @ € N\ {0}
such that

(p4T)LC(p,4r) = ©"(p4T’ p) [Bar (p(p))] := Q [Bar (p(r))], (CA)
oTLC(p,4r) = 0. (NB)

The assumption above is not restrictive when the strong Lusin type Lipschitz approximation is
applied in the regularity theory, because of the following lemma which is the analogous of [DS16a,
Lemma 1.6].

Lemma 16.0.2. Whenever T is an w-almost area minimizing current in R™" p € spt(T) \
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spt(9T), there exists a geometric constant n = n(m,n,Q) > 0, such that, if

e™(T,p) =Q (16.0.1)

IT]|(B(p, 4r))
Qe (16.0.2)
max{w(s), E(T,B(p,4r)) := E(T,B(p,4r) ,m)} < n, (16.0.3)

then we have that (pr,)#T L B(p,4r) = Q [Bar (P(p))].

Proof. Assume by contradiction that we have a sequence T} of wg-almost area minimizing currents
with wy converging uniformly to f = 0 as £ — oo, and a sequence of real numbers 1 — 0 as k goes
to +oo both satisfying (16.0.2) and (16.0.3) such that

(pﬂo)#TkLB(p7 4T) 7é Q IIB47’ (p(p))]] ’Vk e N.

Since [|Ty[|(B(p, 41)) + || 0Tk || (B(p, 4r)) is uniformly bounded w.r.t. k, we can then apply the Com-
pactness Theorem for integral currents which gives the existence of an integral current T,, €
I,(B(p,4r)) such that T, — T, in the sense of currents. By the w-almost monotonicity formula,
Proposition 14.0.1, we have that the convergence in the sense of currents implies the convergence
of the measures and the Hausdorff convergence of the supports, Lemma 14.0.3. Hence, by (16.0.3),

we directly obtain that
E(Te,B(p,4r),m) =0,

which leads to spt(7To,) C B(p, 4r)Nmy and then T, = Qo [Bar (P(p))] for some integer Q. Using
the convergence of ||Tk|| — ||7], (16.0.2) and (16.0.1), we obtain that Qs = Q. Now, since T}
has no boundary in B(p,r), i.e., 0T B(p,r) = 0, for k large enough, we obtain by the Constancy
Lemma (|Fed69, 4.1.17]) that

(pﬁo)#TkLB(p7 4r) = Qi [Bar (P(P))] -

Since we have the convergence of T, to T, in the sense of currents, we obtain that Qr = @, for k
large enough, which gives the contradiction. O

16.1 Weak Lipschitz approximation

The weak Lipschitz approximation does not need any minimality condition to be proven, then we
refer the reader directly to [DS14, Proposition 2.2].

Proposition 16.1.1 (Weak Lusin type Lipschitz approximation). There exist two positive geometric
constants ey = €wi(m,n, Q) >0 and Cyy = Cyy(m,n, Q) > 0 such that, if

(a) T satisfies Assumption 4,
(b) E(Ta C(p7 4T)) < Ewl;,

(c) B € (0,55,
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hold, we have that exist a set K C B% (p(p)) and a Lipschitz function f : B'%r (p(p)) = Ag(R™)
which satisfies

Lip(f) < CoiE(T, C(p, 4r))?, (16.1.1)
GfL(K x R”) TL (K x RY), (16.1.2)
IT — Gy (Bw p(p ) Cotr™E(T, C(p, 41))125,

3 <B% (p(p)) \K> < Corr™E(T, C(p, 4r))1 =25,

Let us now enunciate the analogous of [DLSS18, Lemma 2.2| with our more general almost mini-
mality condition.

Lemma 16.1.2 (Homotopy Lemma). Let T be w-almost area minimizing which satisfies Assumption
4 and 3r < s. There are positive geometric constants €, = ep,(m,n,Q) > 0 and Cp, = C(m,n,Q) >
0 such that, whenever E(T, C(p,4r)) < e, < €y, it holds

IT(C(p, 3r)) < | RII(C(p, 3r)) + Chew(r)r™E(T, C(p, 4r))?,

for every R € 1,,(C(p,3r)) with OR = 0 (T'L C(p, 3r)).

Proof. In the proof of [DLSS18, Lemma 2.2|, the authors do not use any minimality property to
show the existence of an (m + 1)-current S” € I,,,+1(C(p, 3r)) (notice that S” is the same notation
that the authors use for such current) such that

98" = (T — R)LC(p,3r), (16.1.3)
1S”1(C(p, 3r)) < Cor™'E(T, C(p,3r))>. (16.1.4)

Then, applying our w-minimality condition on 7T'; we obtain that

ITI(C(p.3r) < (1 +w(r) |T — 85"|[(C(p,3r))
Y RIC.30) +w() T - 85" (Clp.3r)

§ | R|[(C(p,3r)) + Clwr(:)rm“

/\
x

(*) w(r
2 1RO, 3) + 57 (O, 30)

O614 1
| RI|(C(p,3r)) + Caw(r)r™E(T, C(p, 3r))2,

where in (%) we use standard density estimates, see for instance [Fed69, Section 4.1.28]. O

Definition 16.1.3 (Barycenter of a Q-tuple). We define n(P) = é ZZQzl P; for every P = ZZQ:l 7] €
Ag(R™).

Proposition 16.1.4 (Approximation by minimizers of the Dirichlet energy). Given two positive real
numbers n > 0 and § € (0, ﬁ), there exists a positive geometric constant epq = epg(m,n, Q,n, ) >
0 such that, if

(a) T is w-almost area minimizing and satisfies Assumption 4,
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(b) E(T,C(p, 47‘)) < Eha < Eh,

() w(r) < enE(T, Clp, 4r))2,

hold, then there exists w : Bz (p(p)) — AqQ(R™) which minimizes the Dirichlet energy and satisfies
2

/ D> dH™ < ner(Bar (p())),
Ba,(p(p))

1
[ arers [ (Dfl - |Dul) " < ner(Bu (b)),
Bz (p(p)) Bz, (p(p))

/ D(n0 f) - D(now)> 4™ < ner(Bar (p(p))).
Bz, (p(p))

where f is the weak Lusin type Lipschtiz approximation given by Proposition 16.1.1.

Proof. Note that condition ((a)) and ((b)) put us in position to apply the Homotopy Lemma (Lemma
16.1.2) and then the proof of [DS14, Theorem 3.1| follows straightforwardly. O

Remark 16.1.5. Note that the approximation above at interior points is weaker than the one
we can get at boundary points. Indeed, for m-currents that minimize the area in R™"™ and take
the boundary with arbitrary boundary multiplicity, in [NR22, Theorem 4.12], we proved that w is
indeed multi-copies of a classical harmonic function. However, at interior points, we can prove that
w is a minimizer of the Dirichlet energy but not necessarily @) copies of an harmonic function. [

Lemma 16.1.6 (Weak excess decay). For every n > 0, there exist a positive geometric constants
Ewe = Ewe(Mm,n,Q,n) > 0 and a positive constant Cye = Crye(m,n,Q,n) > 0, if

(a) T is w-almost area minimizing under Assumption 4,
(b) E(Tv C(p, 4T)) < Ewe < Eha;
(¢) AC B, (p(p)) Borel set with H™(A) < eyewmr™,
hold, then we have that
er(A) < ner(Byy (p(p)))r™ + Crew(r)*r™. (16.1.5)
Proof. We first assume that w(s) > ¢,,E(T, C(p, 47“))% which leads to
er(A) = E(T, C(p, 4r) Jwm (4r)™ < CoE(T, C(p, 4r)) < ej,,w(s),

which gives (16.1.5). On the other hand, if we have w(s) < shaE(T,C(p,élr))% which is ((c)) of
Proposition 16.1.4, then we can apply it and the proof goes as in [DLSS18, Proposition 3.2]. 0

We fix the notation for the density of the excess measure as follows

dr(q) := limsup M. (16.1.6)

5—0 W S™
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16.2 Higher integrability of the excess measure’s density

One crucial point in the theory which will allow us to improve our weak excess decay, Lemma 16.1.6,
is the higher integrability of the function dr, it means that dp € LP(Bs, (p(p))) for some p > 1. By
the Taylor expansion, we can easily compare |D f| (from the harmonic approximation, Proposition
16.1.4) and dr, hence we can reduce the problem of studying the higher integrability of minimizers
of the Dirichlet energy to study it for dp. It will be used to prove the strong excess decay, Theorem
16.3.1. For a more detailed discussion about this topic we refer the reader to [Spal2|, [DS14, Section
6] and [Spal0].

Proposition 16.2.1 (Higher integrability of the density of the excess measure). There exist positive
geometric constants a = a(m,n,Q) > 1,64 = g4(m,n,Q) > 0 and C, = Cy(m,n,Q) > 0 such that,

if
(a) T is w-almost area minimizing under Assumption 4,

(b) E(T,C(p,4r)) < €4 < Ewe,
hold, then

/ - dH™ < C, [E(T, C(p, 4r))* + w(r)?B(T, C(p, 4r))* '] #™.  (16.2.1)
{dr<1}NBa-(p(p))

Proof. The inequality is trivial if we consider that E(T, C(p,4r)) = 0, we then assume w.l.o.g. that
E :=E(T,C(p,4r)) > 0. We claim that

e There exist constants v = y(m,eype) > 2™ and 0 = O(m,n,epe) > 0 such that, for every
cE [1, ,%E} and s € [27“, 4r(1 — c_%)], we have

dp dH™ <~ 0™ / dp dH™
{< <dT<1}mB

/[c'yE<dT<1}ﬁBs(p(p)) (p(p) (16.2.2)

1
+rc- m

+ Cpec (r)2rm,

We now show how to obtain the statement of the theorem, i.e., equation (16.2.1). We want to apply
the claim for ¢ = 4?*, to that end, we need

1 1
2k -
<—==k< - (log, E .
s g ks g (g, BT 1)
Henceforth we denote by kg the biggest number in N that satisfies the latter inequality, and we
2k

define sy := 2r and s = sp_1 +ry” m,Vk < ko. Recall that s; is increasing, thus, we may apply
the claim for ¢ = 4?* and s = sy,

(16.2.2)
dpdH™ < ~7° dp dH™

/{:VQk_1E<dT<1}mBSk+1(p(p))
+ Cuwey Hw(r)®r™, Vke{l,... ko}.

/{,yzk+1E<dT <1}NBs, (p(p))
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So, if we iterate the last equation, it is then immediate to see that

(16.2.2)

dpdH™ <y Bmhom dr dH™

/{v%“ESdTﬁ}an(pw» /{VQkO‘lESdTﬁl}ﬂBsko ()

s (16.2.3)
+ Cupew(r)?r™ Y 2B ke {1, ko).
=0

We thus fix any number a = a(m,n,Q) € (1,1 + ¢/2), if necessary, we reduce 6 in order to have
0 < 2/m and define the sets Ag := {dr < YE} N By, (p(p)), Ax := {¥*7'E < dr < 4¥*FE} n
Bar (p(p)),Vk € {1,...,ko}, and Ag, 11 := {y?*HE < dr < 1} N By, (p(p)). Therefore, we obtain
that

ko+1 ko+1
%der < Z / d% dH™ < Z 7(2k+1)(a—1)Ea—1/ dT dH™
k=0 Ak

k=0 A
ko+1
(16.2.3) 0
< Z

/{dTgl}mBzr(p(p))

k—2
,yk(2(a—1)—9)7,mEa + CQEaflw(r)Zrm Z ,yk(Q(al)jl)i(jla)]

k=0 1=0
ko+1
< C3rE® + C3Ea_1w(7’)27“m Z 7k(2(a—1)—9)7
k=0

which concludes the proof of the theorem.

Let us prove the initial claim (16.2.2). Let us fix the constant = 272" and the corresponding

dimensional constant M = M (m,n) > 0 which is the constant given by the Besicovich’s covering
theorem, c.f. [EC92, Section 1.5.2], the natural number N € N such that M < 2¥~! and

v = (M, £pe) = max {2, ;] (16.2.4)

we

So, as in the claim, take arbitrary numbers ¢ € [1, '%E} and s € [27“, 4r(1 — c_%)] We obtain the

following inequality by classical rescaling of the excess
E(T,C(q,1)) < (?)mE(T, C(q,47)) < cE, Vt>drc . (16.2.5)
Note that, by (16.2.5), we can define
4r(q) := min {t € [0,47“0_%} :E(T,C(q,t)) < cE} ,

it remains to show that 7(¢) > 0 and it follows for almost every ¢ € {cyE < dr < 1}NC(g, s), since

1. (16.2.4)
lim B(T, C(¢,5)) "2 dr(q) > 9B > 2"cB,
S—r

By the definition of 7(g) and the fact that it is a positive constant, we obviously have the inequalities

E(T,C(q,4r(q))) < cE, (16.2.6)
E(T,C(q,t)) > cE, Vt < (0,4r(q)). (16.2.7)
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Now, we aim to apply the weak excess decay, Lemma 16.1.6, to the current 7'l C(q,47(q)) and the
set A = {cyE <dr}NBy,q) (P(g)). It is clear that we are under hypothesis ((a)) of Lemma 16.1.6,

let us check ((b)):
(16.2.6) E (16.2.4)
E(T,C(g,4r(q))) < EB< —=7""" < ey,
vE
and ((c)) follows from:

Fatou’s Lemma ]

1
m < m < : m
H™(A) < F /AdT dH™(q) < o~ lll’% ; E(T,C(q,s))dH™(q)

(16:2 H™(Bur(g) (p(q)))
= ol

(16.2.4)
< ewewm (4r(q))™.

Now, recalling that n = 272N we are able to apply the weak excess decay, Lemma 16.1.6, and
Lebesgue’s differentiation theorem to derive

/A drdH™ < ep(d) < 2N ep (B (p(0)r(@)™ + Coeto(r(@))r()"
=2"NE(T, C(q,47(q))) + Cuwew(r(q))*r(g)™

(16.26) )
< 27VCE + Cyew(r(9))*r(9)™

(16.2.7)
< 27NE(T,C(q,7(q))) + Cuew(r(q))?r(g)™

=2"Yer(B,(y) (P(0)r(0)™ + Cuew(r(a))*r(a)™.

From the latter chain of inequalities (16.2.8) and the fact that {dr > 1} N B, (p(¢)) C A, we
obtain

(16.2.8)

dp dH™ < / dp dH™ < 2 Ver (B, ((0))r (@)™ + Cuew(r(0))*r(@)™

/{dT>1}ﬂBr(q) (p(9)) A
(16.2.9)

It is easy to see that

.. cE o627
/ drdH™ < Conr@™ < v ler(Byy (0(0))). (16.2.10)
{dr<}NB, () (p(q)) g

Putting the Lebesgue differentiation theorem, (16.2.9) and (16.2.10) into account, we infer that

er(B(p(g), 7(q))) = dr dH™ + / dy dH™

/{VdT<Cf}mBr(q)(p(Q)) {%SdTgl}mBr(q) (p(q))
+ / dr dH™
{dr>1}NB,(g) (P(a))

(16.2.9),(16.2.10)
< 2 Vr(@)™ + ) er(Bry (P(q)) + Cuew(r(q))*r(g)™

+ / dT de7
{L<dr<1}NB, () (P(a))
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which surely implies

[1—27" =y "] er(B(p(q),7(9)) < dr dH™ + Cuew(r(a))*r(a)™.

/{c:lngg}mBT(q)(p(q))

(16.2.11)
Since {¢7yE < dr < 1} N B,y (P(q)) C A, it is guaranteed that
/ dpdH™ < / dp dH™
{C’YESdTgl}mBr(q) (p(q)) A
(1628) . o m
< 27 7er(By(g) (P(9))r (@)™ 4 Cuew(r(q))"r(q)
(16.2.11) 9—N
1-27% -7 {<E <dr<1}NB,(y) (P(a))
+ Cuew(r(q))*r(@)™,
(16.2.12)
using that v > 2™, we can bound W by 27V*1. Recalling that M is given by the Besicovich’s

covering theorem, [EG92, Section 1.5.2], we choose M families { Ay, ..., Ay} of closed disjoint balls
B, (g (P(g)) with center in B (p(p)) such that their union covers {nyE <dr <1} NBs(p(p)), then
by (16.2.12) we have that

drdH™ < Z

i=1 qeA;

dr dH™

/{chédrél}ﬂBs(p(p)) /{C“/E<dT<1}ﬂBr(q>(p(q))

(16.2.12)

Sy y

i=1 geA;

H%MvQWM@ﬂmmm

[ / dp A
{L<dr<1InB,(4)(P(9)

()
S 2_N+1Mc_lrm/ dT de
{@nggl}ﬁB 7%(13(1)))
M
+ Cuec™ ™YY
i=1 q€A;
< 2_N+1Mc_1rm/ dr dH™
{%ngg}mBHM% (p(p))

+ Cwec_lw(r)Qrm,

where in (%) we use that r(g) < rem, ¢t < 1and M < 2¥—1. Now, we choose

M
ezwmmxm%=—b%<WFJ’

with this number settled and recalling that ¢! < 1, we finish the proof of the claim. O
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16.3 Strong excess decay

We now enunciate the strong excess decay which is a straightened version of the weak statement,
Lemma 16.1.6, in which we cut off assumption ((c)) and improve (16.1.5) to (16.3.1). This stronger
decay will allow us to improve all our previous approximation to then give the proof of the main
theorem, Theorem 16.4.1.

Theorem 16.3.1 (Strong excess decay). There exist positive geometric constants €ge = se(m,n, Q) >
0, Cse = Cse(m,n, Q) > 0, and vse = Vse(m,n,Q) > 0 such that, if

(a) T is w-almost area minimizing under Assumption 4,

(b) E(T,C(p,4r)) < €se < €q,
hold, thus, for every Borel set A C B% (p(p)), we have that
er(4) < Cup (B(T, C(p, 4r))" +H™ (A=) (B(T, C(p, 4r)) + w(r)?) r™. (16:3.1)

Proof. The proof of this result is similar to the one given in [DS14, Theorem 7.1] where the authors
consider area minimizing currents with support contained in an ambient manifold. We set E :=
E(T,C(p,4r)). Given 5 € (0, ﬁ), as it is done in [DS14, Proposition 7.3|, using a regularization
by convolution technique, we can build up a set B C [r,2r] with H'(B) > 7/2 such that, for every
z € B, there exists a Lipschitz function g : B, (p(p)) = Aq(R") satisfying

Lip(g) < C1E”,
9loB. (o)) = floB. (o))
/ |Dg[? dH™ < / IDfI?dH™ 4+ CLE™ (E + w(r)?) r'™, (16.3.2)
B:(p(p)) B.(p(p))NK

where f and K are given by the weak approximation from Proposition 16.1.1, and vy = vo(m,n, Q) >

0 and Cy = C1(m,n, Q) > 0 are positive geometric constants. There is a radius z € B and a current
P e 1,,(R™™") with

OP =0(TLC(p,z) — GsLC(p,2)) (16.3.3)

IPI[(C(p, 2)) < CoBEH71p™, (16.3.4)

We now take v to be min{vp,~1}. Thanks to (16.3.3) and Lemma 16.1.2, we are apt to apply
[DLSS18, Equation 2.2 in our context which, together with (16.3.4), provides us the following

ITIC:2) < 1€ I(Clp.2) + G5 4 ) B 4 iy TP (1635)
B.(p(p

We proceed with a simple algebraic argument, notice that for any nonzero real numbers a and b,
we have that 0 < (ba)? — 2ab 4 1 which leads to 2a < ba® + 1/b. Therefore, taking a = w(r)?r™E*/*
and b = w(r)~2r~™ET"/  we have that

QW(T)QTmE% < w(7”)27“mE7 + w(T)ZTmE%JY < w(r)2rmE'y + w(r)2rmE1+7,
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where in the last inequality we used that v < 1/4. By the latter inequality and (16.3.5), we get that
ITI(C(p, 2)) < IGgll(C(p, 2)) + C3E” (w(r)? + E) r™ +C3/B o G(g, f)dn™.  (16.3.6)
=(p(p

Now, we apply the Taylor expansion, [DS15, Corollary 3.3|, for G4 together with (16.3.2) to get
that

2
1G4 [I(C(p, 2)) < QH™(B. (p(p))) +/ |Df]

+ C1EY (E +w(r)?) r™, (16.3.7)
B.(p(p)nK 2

and for Gy to obtain that

IG m IDIP g 2 m
I(C.2) N K) = QU (B. (o) N ) + | O (B e (1639
p(p))N

So, in order to estimate the excess measure of the bad set, we put the past inequalities into account
as follows:

er(B: (p(p)) \ K) = [[T(C(p, 2) \ K) — QH™ (B (p(p)) \ K)
= [IT[I(C(p, 2)) = ITI(C(p, 2) N K) = QH™ (B (p(p)) \ K)

(16.3.6),(16.3.7)

< QH™(B. (p(p))) — QH™(B. (p(p)) \ K)

2
+/ ‘D'ﬂ + CEY (E +w(r)?) 7™
(p(p)N 2

LA / f)dH™ — | T|[(C(p, 2) N K)

(1< )615]'3'y (E—i—w( ) ) +C3A/ » (g,f)d%m
(p(p))

+IGI(Clp, 2) N K) = IT(C(p, 2) N K)

= C;E” (E + w(r)2) r™ 4+ C3A G(g, f)dH™,
B:(p(p))

where in the last inequality we use that in the good set K the current Gy induced by the weak
approximation f of the current 7' coincides with the current T, i.e. (16.1.2). Now we notice that

/ Glg, /) AH™ < CE (B + w(r)?) ™,
Bz (p(p))

the proof of this fact is given in the proof of [DS14, Theorem 4.1|, the argument given by the authors
works line by line in our setting. The latter inequality together with the long chain of inequalities
above furnish

er(B. (p(p)) \ K) < C7E” (E + w(r)?) r™. (16.3.9)

Let us now handle the term er(A). To that end, we recall that |Df|? is a L' function, so, almost
every point of K is a Lebesgue point of | D f|? which together with the Taylor expansion ensure that
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e B NK
|Df*(x) = lim m/ |IDfI*?dH™ < Cglim G t(l;i )
t—0 Wyt B:(z)NK t—0 wmt (]_6 3 10)
1. B K B o
t—0 Wt t—0 Wt

We now are in position to apply Proposition 16.2.1 and we also recall thatdy < CoE'Y < 1in K.
Therefore, given a Borel set A C B, (p(p)), we proceed as follows:

Taylor Dfl?
eT(A N K) < / ﬂ dH™ + ClOElJ’_’y
Ak 2

1
Holder ineq. e D 2a a
< HMANK)T </ D]l de> + CroE
Ank 2

Q=

(16.3.10) e a
< Qme(A) o ( / d“Tde) + C1oEM
a ANK

a

< CyH™ ()T / L AW | 4+ ChE
{dr<1}nB:(p(»))

(16.2.1)
<

(16.3.11)

Q=

a—1
a

1
[Earm + w(r)QrmE“_l] « 4 CoE Y
[E + w(r)z] r™ ClOEH”,

CsCoH™(A)

a—1
a

< CsCLH™(A)

where in the last inequality we used (c) to obtain that E [1 +w(r)2E_1}1/a is close to E and
consequently smaller than E + w(r)2. Finally, recalling that z > r and A C B, (p(p)), possibly
choosing 7 smaller depending on a, we put (16.3.11), the triangle inequality and (16.3.9) together
to easily conclude the proof of the theorem. Lastly, we remark that z € B and H'(B) > 3, then we
surely can take z € [%r, 27“] . O

16.4 Superlinear Lipschitz approximation

We now state our main strong approximation theorem which is the analogous of [DLSS18, Theorem
1.4] to our general almost minimality condition, and we also provide some improvements.

Theorem 16.4.1 (Strong Lusin type Lipschitz approximation). There exist positive geometric con-
stants €1 = €1g(m,n, Q) >0, C = C(m,n,Q) > 0, and vy, = Yia(m,n,Q) € (0,1/(2m)) such that,
of

(a) T is w-almost area minimizing under Assumption 4,

(b) E(Tv C(p, 4T)) < Ela;,
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hold, then there exist a Lipschitz map f : B, (p(p)) = Ag(R"™) and K C B, (p(p)) such that

Lip(f) < CE(T,C(p,4r))7, (16.4.1)
G;L(K xR") =TL(K xR"), (16.4.2)
H™ (B, (p(p)) \ K) < CE(T,C(p,4r))" [E(T, C(p,4r)) + w*(r)] r™, (16.4.3)
er(A\ K) < CE(T,C(p,4r))" [E(T,C(p, 4r)) + w*(r)] 7™, (16.4.4)
J " awm < OB(T, Cp, 4n) [B(T, Clp, 4r)) + ()] ™, (16.45)
A\K

2

er(A) — /A ‘D2f’ d?—[m’ < CE(T,C(p,4r))" [E(T, C(p,4r)) + w*(r)] r™, (16.4.6)

where the last inequality holds for every Borel set A C B, (p(p)).
We will usually refer to the set K as the good set and B, (p(p)) \ K as the bad set.

Proof of Theorem 16.4.1. Fix g, =: € and 7y, =: 7. We begin noticing that ¢ is supposed to be
smaller than e, in particular, it is smaller than ep, and thus condition ((b)) is satisfied with €5,. We
start taking v < 1/2m and thus we take K and f to be the weak approximation given by Proposition
16.1.1. So, it is clear that (16.4.1) and (16.4.2) follows respectively from (16.1.1) and (16.1.2). In
order to prove (16.4.3), we define

A= {meT > 27mE(T, C(p, 47’))27} N B9T/8 (p(p)) )

notice that [DS14, Proposition 3.2 gives that H™(A) < C1E(T, C(p, 4r))!=27. Therefore, possibly
taking v < vse, we use the strong excess decay to obtain

H™ (B, (p(p)) \ K) < CoE(T, C(p,4r))~*er(A)
(16.3.1)
< GoB(T, C(p, 4r))» < 210H7) (E(T, C(p, 4r) + w(r)?) ™,
which, possibly choosing v < ﬁ, furnishes (16.4.3). We fix E(T, C(p,4r)) = E. Now, we firstly
prove (16.4.6) for A = B, (p(p)) as follows:

2
er(®.o0)) - [ B an| =
r(P

(B (p(p))) + eq,; (B (p(p)))

—eq, (B, — —dH
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Using that G is equal to T' on the good set, we obtain that

D 2
er(B, (p(p))) — /B ( ())' I g
r (PP

<er(Br (p(p) \ K) +eqa,;(Br (p(p) \ K)

DI
B, — dH
o, (B o)~ [

(16.3.1),(16.4.3)
< CE" [E + w(r)Q] r’m

+

DI
B. — dH
e, B pe) - [ 5

+

Taylor 9
< C3EY [E+4w(r)?]r™.

For every Borel set A C B, (p(p)), notice that (16.4.1) and (16.4.3) give

(16.4.3)
< COzE [E + w(r)z} rm,

, (16.4.1) )
[ e e, o))\ K)
F\K
hence we achieve (16.4.5). The Taylor expansion of the area functional, [DS15, Corollary 3.3] gives

er(A) — % /A |Df|2 < C5E7 [E +w(r)2] rm,

Therefore, we obtain for every Borel set A C B, (p(p)) that
er(A\ K) =er(A) —eg,(ANK)

triangle ineq. 1
er(4) -5 [ 1DsF
A

1 . :
+'2/AmKDf\ er(AﬂK)‘+A\KDf\

(16.4.6),(16.4.5)

1
< CsE" [E+w(r)2]rm+‘2/A K|Df|2—er(AﬂK)‘
n

Taylor 9
< C7EY [E+w(r)?] ™,

which is (16.4.4). With the aim at proving (16.4.6), which we have proved above for the special case
A =B, (p(p)), we proceed as follows:

<
- 2

er(4) =5 [ IDIP| < lertanm) =5 [ i

(16.4.6),(16.4.4),(16.4.5)
<

Fer(A\K) + 1 / DfP?
A\K

CsE” [E + w('r)z] r’m.
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Chapter 17

Introduction

17.1 Historical overview

The regularity of area-minimizing currents has been extensively investigated by numerous eminent
mathematicians, leading to the emergence of significant findings pertaining to both interior and
boundary regularity. Using the framework of integral currents to study the problem of minimizing
the area functional is very adequate thanks to the foundational existence theory developed by
Federer and Fleming in their celebrated paper [FF60].

17.1.1 Regularity results in codimension 1

Consider T to be an m-dimensional integral current that minimizes area in R™*!. The regularity
theory within this context is well-established. In fact, due to the effort of several mathematicians,
namely De Giorgi, Simons, Federer, Almgren, and Fleming, it has been proven that the interior
singular set of T" has Hausdorff dimension at most m —7. Moreover, this dimensional bound is proven
to be sharp, it can be verified with the so-called Simons’ cone (introduced by Simons in [Sim68§]
where its stationarity and stability are established, while the proof of its minimality property were
proven in the celebrated [BGGG69| by Bombieri, De Giorgi, and Giusti) which is a 7-dimensional
area minimizing current in R® such that the interior singular set is a singleton.

The boundary regularity in codimension 1 is as well completely developed. In fact, if T has a
contour I' € CY® o € (0,1), then we have full regularity for 7' at the boundary, namely, the
boundary singular set is empty. This result is proven by Hardt and Simon in [HS79] for multiplicity
1 boundaries. In codimension 1, it is not a very difficult problem to extend it for higher multiplicity
boundaries though. Indeed, White in [? | provided an elegant and insightful decomposition argument
that enables us to consistently reduce the problem to the case of multiplicity 1. Consequently,
regardless of its boundary multiplicity, T' does not have boundary singularities in codimension 1.
The generalization of [HS79] to integral currents minimizing area in a Riemannian submanifold of
some Euclidean space, is due to Steinbruechel in [Ste22].

17.1.2 Interior regularity in high codimension

The results above rely on several powerful features that are exclusive to the case of codimension 1.
A comprehensive elucidation of these properties can be found in [? |.

85
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We now consider 7' to be an m-dimensional integral current that minimizes area in ¥ C R™™"
with n > 1 and ¥ is a (m + [)-dimensional submanifold of R™*". In this setting, more involved
objects can emerge, for instance, the famous Federer’s examples of complex varieties, [Fed69, Section
5.4.19]. This example consists of an 2-dimensional area minimizing current in R* with a single
interior singular point. Notably, the dimensional bound proven in codimension 1 dramatically fails.
Nevertheless, Almgren’s masterpiece [Alm00] proves that, if ¥ is C%, the Hausdorff dimension of the
interior singular set of T' cannot exceed m — 2 which, in view of Federer’s example, is an optimal
result.

While Almgren’s program offers profound insights and powerful tools, it is extremely long and
intricate. Aiming at simplifying the proofs, De Lellis and Spadaro, in a series of papers [DS11,
DS15, DS14, DS16a, DS16b]|, gave a shorter and significantly simpler proof for Almgren’s result.
Furthermore, they extended to encompass cases where ¥ € C3.

Before walking through the results for the boundary regularity in high codimension, we set the
notation and basic definitions that will be used throughout this manuscript.

17.2 Definitions and notation

For basic definitions and standard notations, we refer the reader to the textbooks [Fed69| and
[Sim14]. Let us set up some notation that will be used in this work.

We denote by Z!2¢(U) the space of m-dimensional integer rectifiable currents in U ¢ R™+" 1,,,(U)
the space of m-dimensional integral currents in U C R™*", We define the m-density of a current T
at p € R™™ as follows:
T||(B
(7. p) i 1y I TIBE.1))

r—0 Wy, ™ ’

where wy, is the m-dimensional Hausdorff measure of a m-dimensional ball with radius 1 and || - ||
denotes the mass of the current 7'

We also fix the notation of the flat distance between two m-dimensional integer rectifiable currents
T and S, ie., T,S € #'¢(U), U open and A € U as follows:

du (T, 8) = inf{HRH(A) +ITI(A) : T — 8 = R+ T with R € L,(U) and T € Im+1(U)} .

Given a m-rectifiable set M C R™*" it naturally induces an m-current which we always denote by
[M]. We say that the boundary of an m-current T is taken with multiplicity Q* if ' = @* [I'] for
some (m — 1)-rectifiable set I'.

Definition 17.2.1. Given three real numbers Cy > 0,79, g > 0, we say that an m-dimensional
integer rectifiable current T’ (i.e. T € Z9¢(R™+")) with 9T = Q* [I'],Q* € N\ {0}, is (Co, ro, ap)-
almost area minimizing at z € spt(7'), if we have

IT)| (B(z, 7)) < (1+ Cor®) |IT + 01| (B(z, 7)), (17.2.1)

for all 0 < r < 7o and all integral (m + 1)-dimensional currents 7' supported in B(z,r), i.e., for
all T € T 1(B(z,7)). The current is called (Cy, 7o, ag)-almost area minimizing in R™*", if
the current T is (Cp, 1o, g)-almost area minimizing at each x € spt(7') with the same constants
Co,ro, a9 > 0 independently of the point z. If T is (0, rp, ap)-almost area minimizing, we say that
T is area minimizing.
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We now define the right notions of regular boundary points in the arbitrary boundary multiplicity
setting.

Definition 17.2.2 (Regular and singular one-sided boundary points, Definition 0.1 of [DLNS21]).
Let T be a 2-dimensional integer rectifiable current (i.e. T € Z5°¢(R?™")) with T = Q* [I'], Q* €
N\ {0},p € T and ©%(T,p) = %* Then p is called a regular one-sided boundary point if T
consists, in a neighborhood U of p, of the union of finitely many surfaces with boundary I', counted
with multiplicities, which meet at I' transversally. More precisely, if there are:

(i): a finite number 3, ..., Y of oriented embedded surfaces in U,
(ii): and a finite number of positive integers kq, ..., ky such that:

(a) 0X;NU =TNU =T;NU (in the sense of differential topology) for every j,
(b) ¥, NYE;=T'NU for every j #1,

(c) for all j # [ and at each ¢ € I" the tangent cones to A; and A; are distinct,
(d) TLU = 2, k; [E;] and 3, k; = Q*.

The set Reg; (T') of regular boundary one-sided points is a relatively open subset of T

22
23

Figure 17.1: Here J = 3 and the current is given by T = 22:1 ki 1251,
then p is a regular one-sided boundary point of T'. Note that, each surface ¥;
is taken with an integer multiplicity k; and the boundary 0T has multiplicity
Q* = k1 + ko + ks.

Definition 17.2.3 (Regular and singular two-sided boundary points, Definition 1.1 of [DDHM18§]).
Let T be a m-dimensional integer rectifiable current (i.e. T' € Z°¢(R?*t")) with 9T = Q* [I'], Q* €
N\ {0},p € T and ©*(T,p) > %

(i): We say that p is a regular boundary two-sided point for T if there exist a neighborhood
U > p and a surface ¥ C U N ¥ such that spt(7) NU C X. The set of such points will be
denoted by Reg?(T),

(ii): We also denote Reg,(T) := Regi (T)UReg?(T), Sing,(T) :=T'\ (Regi (T)UReg?(T))

(iii): We will say that p € Sing, (7') is of crossing type if there is a neighborhood U of p and two
currents 11 and T5 in U with the properties that:
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(a) Ty +To =T and 9171 = 0,
(b) p € Regy, (T»).

(iv): If p € Sing,(T") is not of crossing type, we will then say that p is a genuine boundary
singularity point of T

Dy

Figure 17.2: Let T = [D1]] +[D2] and p € 0Dy Nint(Dy). It is easy to see
that p is a crossing type singularity to the 2d current T'.

17.3 Boundary regularity in high codimension

17.3.1 Boundary with multiplcity 1

In [A1l75], Allard proved that every boundary point of an m-dimensional area minimizing current 7T
in R™*" taking the boundary with multiplicity 1, i.e., 9T = [['], T € C!!, is regular, however, he
needed to impose a crucial condition on spt (9T") which is that spt(97") is contained in the boundary
of a uniformly convex set, we call such condition convex barrier. Indeed, what Allard proved is that
boundary points with density close to 1/2 are regular, afterwards he showed that every boundary
point with the convex barrier assumption has density close to 1/2 and hence is regular.

Since Allard’s result which concerns one-sided points, no one successfully attacked the problem of
removing the convex barrier condition (i.e., considering two-sided points) until the recent work of
De Lellis, De Philippis, Hirsch, and Massaccesi, [DDHM18]|. In this article, the authors prove the
following result:

Theorem I (|[DDHMI18]). Let T be an m-dimensional area minimizing current in ¥ C R™™ with
OT =[], ¥ is a C3>“-submanifold, and T C 3 of class C>%, then Regy(T) is an open dense set in
T.

We cannot hope to prove a Hausdorff dimension bound for Sing,(7"), due to the fact that there
is a 2-dimensional area minimizing current in R* with 9T = [I'], T smooth, and the boundary
singular set has Hausdorff dimension equal to 1, see [DDHMI8, Theorem 1.8]. There are some
further conjectures on dimensional bounds for crossing type and genuine singularities of T', we refer
the reader to [DDHM18|.

To achieve the regularity result above, the authors in [DDHMI18] have tailored the framework
introduced by Almgren, and sharpened by De Lellis and Spadaro, to the boundary case which is



17.4 OUTLINE OF THE PROOF OF THEOREM 77?7 89

even more involved and needs the introduction of a lot of highly nontrivial new ideas. Moreover,
the authors also rely on Allard’s result to be able to use that one-sided points are regular.

17.3.2 Boundary with multiplicity (* and arbitrary codimension

In codimension bigger than 1, White’s decomposition argument (|? |) does not work. It is then a more
difficult task to pass from boundaries with multiplicity one to boundaries with higher multiplicity. In
fact, very recently, De Lellis, Nardulli, and Steinbruechel, in [DLNS23| proved the following result:

Theorem J ([DLNS23]). Let T be a 2-dimensional area minimizing current in R2t" with 0T =
Q*[I], T is a C*>“ arc. Then every point p € T with ©*(T,p) < % is a regular point for T.

In this result, the authors also modified the framework introduced by Almgren, and sharpened by
De Lellis and Spadaro, to deal with one-sided points. It considerably differs from the techniques
used in [DDHM18]| suited for two-sided points.

It is important to mention that the restriction for 2-dimensional currents is due to the fact that 2d
tangent cones with arbitrary boundary multiplicity and codimension are classified in [DLNS21], very
little is known about tangent cones with arbitrary boundary multiplicity, dimension and codimension
though.

Our main theorem will be proved under the following assumptions.

Assumption 5. Let a € (0,1] and an integer Q* > 1. Consider I' C R?*" a O3 oriented curve

without boundary. Let T be an integral 2-dimensional area minimizing current in B(0,2) C R?*"
with boundary 0T'_B(0,2) = Q* [I' N B(0,2)].

We can now state the main theorem which gives the density of the regular set Regy(7') in I, where
the regular set allows the existence of both one-sided and two-sided points.

Theorem 17.3.1. Let T and I' be as in Assumptions 5. Then Regy(T') is an open dense set in I.

Remark 17.3.2. Any obstruction shall not appear to prove the same result for 7' minimizing area
in ¥ € C3* as well to prove the main result in [DLNS23].

The main theorem of the present work fills one of the gaps in the theory providing a boundary
regularity theorem to 2d area minimizing currents with arbitrary boundary multiplicity, arbitrary
codimension, and without any convex barrier assumption. To prove it, we rely on the regularity
result for one-sided points (|[DLNS23]) in the same fashion that the authors in [DDHM18| relied on
[A1I75] for the regularity of one-sided points.

A crucial tool for this manuscript is the characterization of 2d tangent cones given in [DLNS23]
which allows us to proceed in various steps below. In fact, this characterization is strongly used
to perform a stratification argument that is part of the proof of the density of Reg,(7"). This is
thoroughly discussed and carefully proved in Section 18.

17.4 Outline of the proof of Theorem 17.3.1

Our primary concern is the existence of two kinds of points that behave completely differently.
These points are defined as one-sided points and two-sided points. It means that the current can be
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decomposed into pieces which are contained in half spaces of the ambient space in the one-sided case
(see [DLNS23, Thm 4.3 and 4.4]) and, in the case of two-sided points, the current is not contained
in any half-space of the ambient space.

In [DDHM18]|, the authors consider Q* = 1 and thus @ — % is the density of the two-sided regular
points in the boundary. They also allow for the existence of both one-sided and two-sided points.
However, their concept of regularity aligns with the definition provided by Allard (in the case
where Q = 1) for one-sided points. Allard’s notion involves what is termed a convex barrier. This
equivalence in definitions critically relies on the fact that the boundary multiplicity is 1. If Q* > 1,
as we have defined, the notions of regularity for one-sided and two-sided points given in Definitions
17.2.2 and 17.2.3 do not coincide. This discrepancy arises specifically due to the presence of higher
multiplicity settings at one-sided points, where we encounter regular currents with multiple sheets
which are regular. Such currents are regular and Definition 17.2.3 (when @@ = Q*) does not cover
them. Similarly to how the authors in [DDHMI18| rely on Allard’s regularity result to reduce the
analysis to two-sided points, we employ [DLNS21] to focus our analysis on two-sided points. In
[DLNS21], the authors have proved the analogous of Allard’s theorem for higher multiplicity and
currents of dimension 2, i.e., assuming that I' belongs to a convex barrier, 2d area minimizing currents
with 7" = Q* [I'] are completely regular at the boundary. This reduction is allowed by Theorem
18.3.6 where we state, for 2-dimensional (Cj, 1o, ap)-almost area minimizing currents, that, if every
two-sided collapsed point (Definition 18.3.4) is regular, then Regy(7) is dense. It is essential to
emphasize that Regy,(T') encompasses both one-sided and two-sided points.

The principal objective now becomes establishing the regularity of two-sided collapsed points, The-
orem 18.3.8. To accomplish this, we follow the framework presented in [DDHM18]. Furthermore,
this proof is done for area minimizing currents with arbitrary dimension m, codimension n and ar-
bitrary multiplicity Q*. Initially, we construct a linear theory for the pair (f*, f~) where we define
theses pairs as (Q — %)—Valued functions (Definition 19.1.1). We investigate the regularity that can
be inferred under the assumption that this pair minimizes the Dirichlet energy. Given 2 C R™ an
open set and 7 a (m — 1)-submanifold, called interface, which splits 2 into QT and Q~, we define
Q- %)—Valued functions as a Q-valued function f* defined in Q" and a (Q — Q*)-valued function
f~ defined in Q in the sense of Almgren. When these functions glue at v we say that (f*, f7)
collapses at the interface as in Definition 19.1.1. If we assume that (f*,f7) is a (Q — %*)—Dir
minimizer which collapses at the interface, then it is given by @ copies of x in Q7 and (Q — Q*)

copies of k in Q7 where k is a classical harmonic function, Theorem 19.1.4.

The subsequent step involves approximating the current 7" using Lipschitz maps. This approxima-
tion can be performed without presuming any minimizing property of the current, Theorem 19.2.3.
Furthermore, when we add the condition that 7' is area minimizing, the approximation becomes
minimizers of the Dirichlet energy and thus, by Theorem 19.1.4, we obtain an harmonic approxi-
mation of the current T', Theorem 19.2.4. This harmonic approximation serves as a pivotal element
for establishing a milder decay of excess for the area-minimizing current 7', as indicated in Lemma
20.1.1. Subsequently, we employ a straightforward argument to achieve a superlinear decay in the
excess of T, an achievement outlined in Theorem 20.1.2. The superlinear decay is an important
tool to prove the uniqueness of tangent cones at two-sided collapsed points of 7' (Theorem 20.2.1).
Additionally, it enhances our Lipschitz approximation by providing better estimates, i.e. superlin-
ear estimates, on the errors of the approximation, Theorem 20.3.1. These constructions provide the
foundation for the construction of the center manifolds.

Aiming at the construction of the center manifold, we first construct the Whitney decomposition
with suitable stopping conditions paving the way for the establishment of the so-called C3* center
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manifolds M™ and M™, see Theorem 21.5.1. Afterwards, in Theorem 21.6.5, we introduce the
M-normal approximation. This approximation consists of multivalued Lipschitz maps N and N~
defined on the center manifold M™ and M ™, respectively, taking values in the normal bundle of
M which approximate the m-current 7" in the desired manner.

Subsequently, we present a blowup argument in Subsection 22.2, which serves to establish that
N+ =0. As a consequence, the m-dimensional area minimizing current 7 has to coincide with M
in the right portion and with M~ in the left portion. This outcome establishes that any two-sided
collapsed point is in fact a two-sided regular point, which is formalized as Theorem 18.3.8. This
conclusion finishes the proof of our main theorem as aforementioned, i.e., Theorem 17.3.1.

17.5 Fundamental results

We firstly define the blowups.

Definition 17.5.1. We define for z € R™*" and 7 > 0 the function ¢, ,(y) := *=*. For any current
T € D, (R™") let us define the rescaled current 7' at x at scale r as tapy I = Typ and
T =: LOMT. We call a current T}, a blowup of T at z, if there exists a sequence of radii r; — 0
such that Tw,r]- — T, in the weak topology.

We now set the assumptions with the almost minimality condition for which we can prove the
stratification theorems in Section 18.

Assumption 6. Let « €]0,1] and integers m > 2, Q* > 1. Consider I' C R™*" a C3 oriented
(m —1)-submanifold without boundary. Let T be an integral m-dimensional (Cy, ¢, ag)-almost area
minimizing current in B(0,2) with boundary 07LB(0,2) = @* [T N B(0,2)].

Let us enunciate the almost monotonicity formula which will often used in what follows. The proof of
this formula can be found in [HM 19, Lemma 2.1|. Although, it is done for boundary multiplicity one
currents, the proof can be readily adapted to the higher multiplicity case as it is done in [DLNS23].

Proposition 17.5.2 (Almost monotonicity formula for boundary points, Proposition 3.3 of [DLNS23]).
Let T and T be as in Assumption 6, and x € spt T NT. Set aq := min{ag, a}, 0 < r1 < min{rg,r'}.
Then there is a constant C1 = Cy(m,n,Co, 70,7, 00, . 0, ||T'||1,0) > 0, such that

112
e TN BE.1) e [T (Bl 5)) e [ =)

v smo /B(m,r)\B(:Jc,s) 2z — g I I(), (A751)

forevery 0 < s <r <ry.

The upper semicontinuity of the density function is well known when restricted to either the interior
or the boundary of an area minimizing current, we give a short proof of the validity of this fact at the
boundary of almost area minimizing currents. We would like to remark that the upper semicontinuity
holds for the restriction of the density function to boundary or interior points, however, it does not
hold when it is considered defined on the whole spt(T), therefore, to get around that we state (iii)
as B. White does in the context of area minimizing currents, c.f. [Whi97].

Proposition 17.5.3 (Upper semicontinuity of the density function). Let I' and T be as in Assump-
tion 6. Then
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(i) The function x — ©™(T, x) is upper semicontinuous in spt(T) N T,
(ii) The function x — O™ (T, x) is upper semicontinuous in spt(T) \ T,

o™ (T,x), xz=¢T
(iii) The function x — 207 (T, 2) r 1S upper Semicontinuous.
,x), T€E

Proof. We define f(x,r) = e +=™||T||(B(z,r)) and take 2; — z,z; € spt(T) N T, and assume
B(z;,r) € B(z,7+¢),Vi € N;e > 0. Applying the almost monotonocity formula (Proposition
17.5.2), we already know that f(x;,-) is monotone nondecreasing and so we obtain

I

Flait) < flair) < e T B +e)) = flar+e) [0 (1427,

forany 0 <t <r,i>1i. and € > 0. First let t — 0 we get that for every fixed positive € > 0 it holds

I

f(z;,07) = 0™(T, ;) < f(z,r +¢) [efclsal (1 + ;)m} Vi > .

In the last inequality, taking in first the limit with respect to ¢, in second with respect to € and
finally with respect to r leads to

limsup ©™ (T, x;) < lim limsup f(x,r) = @™ (T, x).

i—+00 r—=0 5400

We mention that to prove (ii), the upper semicontinuity at the interior, one may use this very same
argument but now using the almost monotonicity formula given in [DSS17a, Proposition 2.1|. Let
us turn to the proof of (iii), it is enough to prove that

20(T, z) > lim SupiﬁJroo@(T» 7;),

where {z;}iey C R™T™\ T converges to x € I'. Fix y; € T to be the nearest point to z; and then

define T/ = |£:Zi| and z, = éz:gi' Up to subsequences, we can set 2’ := lima} and 7" := lim 77,

notice that 7" exists thanks to classical compactness theorems for integral currents, e.g. [Fed69,

Theorem 4.2.17|. By the almost monotonocity formula (Proposition 17.5.2), for every r € (0,71),

Crren |7 (B(ys,r))
=

the quantity e is monotone nondecreasing. Thus, for any p € R,

v ITUBE ) @ o ITUBOTY oy (TN s~ i)
. B s e g 2 ISP o
_ IT/1(B(0,p)) _ IT"]I(B(0, p))
= limsup;_,, o — o 2 o :

According to [All75, Reflection Principle, 3.2], we can reflect 7" w.r.t. T, I" to obtain a stationary
varifold V" in R™*", We let » — 0 and fix p > 0 in the latter equation, thus we obtain
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! . " " / ((i1))
@m(zj) > ||T H(B(Ovp)) deftoV }HV ”(B(Ovp)) _ 1”‘/ H(B(:C 7[))) > lgm(vll’x/)
pm 9 pm 2 pm 2
" (i)
CE oM, 2') > limsup, ., O™ (T],2}) = limsup, . O™ (T, x;),
where in the last equality we do a standard rescaling argument. O

Let us state the existence of area minimizing tangent cones at boundary points of an almost area
minimizing current. Although this particular result may be considered standard, we prove it here
for the sake of completeness.

Proposition 17.5.4 (Existence of area minimizing tangent cones). Let T' and I' be as in Assump-
tions 6. If T is (Cop,ro, ap)-almost area minimizing in a neighbourhood U of x € T, then, for any
sequence ry, — 0, there exists a blowup limy_ 4 oo T, = Tp € Iﬁ,of(Rer”) such that:

(1) | 7% |l = IT0|| as & = 400, in the sense of measures,
(ii) Tp is area minimizing,
(iii) ||Zo||(B(0,r)) = O™(T, z)wpy,r™,Vr > 0,

)

(iv) Ty is a tangent cone to T at x.

Remark 17.5.5. We only need to assume that 0T = Q* [I'] and I' is an (m — 1)-submanifold of
class C1® a € (0,1), in order to deduce that 0Ty = Q* [T.T].

Proof. Assume that z = 0. By the almost monotonicity formula at the boundary and at the interior
(i.e., Proposition 17.5.2 and [DSS17a, Proposition 2.1]), we have that

lim Supk*}‘FOOHTTkH(B(y’ 1)) < 400,
for every y € U. Thus
limsupk_>+oo|’TrkH(K) < +0o0,

for all compact set K C R™"". Since the boundary of T}, is Q*[I'/ry] and T is the graph of
u € CH u(0) = 0, Du(0) = 0, we have

1 *
T, () = lrres(@° IODIE) = = 1Q* ITT k) =~ 1= () 1T
k k
< gil / 1+ [Du(z)|?dz < %Hmfl(proj(rklf))\/l + Cp(diam(K)ry)2e
T proj(ry K) Ty

< Q*wpy—1 diam(K)™1\/1 4 Cr diam(K)2® =: C(I, K, a, m, Q%),

and thus we can bound uniformly the mass of the boundary of 7, in K. Therefore, we can use
standard compactness results (one could consult [Fed69, Section 4.2]) to ensure the existence of
Ty € Iﬁ?f(Rer”) such that T}, — Tp, up to a subsequence, in the flat norm.

Proof of ((i)): Let us write Ty, — Ty = Ry, + 9T}, in B(0, R + 2) with

lim supy_y . (HRrkH(B(O, R+1)) + [T | (B(O. R + 1))) _o.
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Thus, since all the measures involved are Radon measures, for almost every s € (R, R+ 1), it follows
that
lim supy, , 4 oo || 2, [[(B(0, 5)) = 0 (17.5.2)

and 3
lim supy_, oM ((Trk,d, s>> =0. (17.5.3)
Note that (17.5.3) follows directly from the formula of the slice and the fact that 7, converges to
Ty in the flat norm. We may use again the slice formula to get
T, L B(0,5) = Ty B(0, s) + Ry, L B(0,8) — (T}, d, s) + O(Ty, L B(0, 5)). (17.5.4)
The almost minimality condition gives

I3, 1(B(0, ) < (1 + Co(rs)™) | Ty, + 0T, || (B0, 5)).

Putting into account the latter inequality, the triangle inequality and (17.5.4), we obtain that
T3 I(B(0,9) < (14 Calrs)®) (1T (BO.9) 4R [(B(0.9) 414 (T, .5)) 4210, | (B(0,5)) ).

Note that, by our construction, it follows that ||0T}, ||(B(0,s)) — 0 as k — 4oco. Finally, by the
lower semicontinuity of the mass, (17.5.2), (17.5.3) and the last equation passed through limy_, 1 o,
we conclude the proof of ((i)).

Proof of ((ii)): Fix R € (0, +00), by the lower semicontinuity of the mass, for all T' € I,,,41(B(0, R))
we have that
ITol[(B(0, R)) < Tim infy 1 oo T, [ (B(0, 1))
< liminfy_s ;o0 (14 Co(riR)*) || Ty, + 0T (B(0, R))

D1y + 07| (B(0, R))

for all R > 0.

Proof of ((iii)): From ((i)) and the almost monotonicity formula, we know that ©™(T',0) exists
and, Vr > 0, we have that

To(BO.r) = lim [T, [(BO.r) = tim ITIBODD) gy, enrITIBIO0,727)

k—4o00 k— 400 i k—+o00 Wiy (Tgr)™
= O0"(T,0)wp,r™.
Proof of ((iv)): By following closely the argument given in [Sim14, Theorem 3.1, Chapter 7| using

((iil)), we prove that Ty is in fact a cone. Indeed, by [DLNS21, Theorem 3.2| applied for T which
is an area minimizing cone, we know that

Q" / (x — p) - fi(x)dH™ () = 0,
ToT'NB(0,p)

since 7@ L TyI'. Using ((ii)), we obtain that Hyp is zero a.e., so, by ((iii)), we obtain the constancy of
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the mass ratio and, then using again [DLNS21, Theorem 3.2], we get that

il

d|T|(z) = 0.
/Bmm)\B(o,s) |2
Then, if we fix a cone C such that C' = 0Tp, notice that since 90Ty = Q* [TpI'] we may choose
for instance C' as a half subspace, we can apply [Sim14, Lemma 2.33, Chapter 6| for 7o — C and

conclude that it is a cone and thus Ty =Ty — C + C'is a cone. O
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Chapter 18

Stratification for (C, rg, ag)-almost area
minimizing currents

18.1 Almgren-De Lellis-White’s stratification

Definition 18.1.1 (Conelike functions). An upper semicontinuous function g : R™t" — R, is
called conelike provided:

(i) g(Az) = g(x) for all A > 0 and for all z € R™",

(i) If g(x) = g(0), then g(x + \v) = g(x + v) for all A > 0 and v € R™*™.

If g is conelike we also define the spine of g as the set
spine(g) := {z € R™" : g(z) = g(0)}.

By (i) in the last definition and upper semicontinuity, we have that g(z) < ¢(0) for all z. Note that,
by [Whi97, Theorem 3.1], spine(g) is a vector subspace and

spine(g) = {z € R™™™ : g(z + v) = g(v), Yo € R™T"},
Fix T and T" as in Assumption 6, and set the class of functions

4 (p) = {gp1, : To is a tangent cone to T" at p},
where

@m(TO7:U)7 T ¢ TPF

Je™(T, ), z¢T
Jr(e) = 20" (Ty,x) +1, ze€T,I'’

d =
20™(T,2) +1, 2l 9970 (%) {

then f and each g, 7;, are upper semicontinuous from Proprosition 17.5.3.

Definition 18.1.2 (Spine of a cone). Let p € T, Ty be an oriented tangent cone with 9Ty =
Q* [T,I'], we define the spine of Tj, and denote it by spine(Tp), to be the set of vectors v € T,I’
such that (7,)4To = To where 7,(w) = w + v. Clearly the spine(7Tp) is always a subspace of T)I.

97
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We now provide an equivalence for the definition of spine of an oriented tangent cone which follows
the ideas furnished by Almgren in his stratification process, [Alm00, Theorem 2.26], and used in
[Whi97], [Sim83], [DDHM18].

Lemma 18.1.3 (Spine as constant density set). Let T' and T" be as in Assumption 6 and Ty be an
oriented tangent cone to T at p € I'. Then spine(Tp) = {x € T,I' : @™ (Tp,z) = ©™(1p,0)}.

Proof. Take x € spine(Ty), by the definition of spine, we have the third equality below

O"(Ty, 2) = tim LLRINB@ ) o )Tl BO.r) _ oy IHIBO.) _ g, o)

r—0 W™ r—0 Wi T r—0 W™
On the other hand, consider z € T,I" such that ©™(Ty, x) = 0™ (1y, 0), we claim that x € spine(Tp).
To prove this claim, we apply the monotonicity formula [DDHM18, Thm 3.2| (which works mutatis
mutandis for the higher multiplicity case) to the cone T, which is area minimizing and 9Ty =
Q* [T,I'], to obtain, for 0 < s <,

(z =)
|z — x| +2

[Tol|(B(z, 7)) _ 1Toll(B(z,5)) _

rm Sm

- / |7 (2)
B(z,r)\B(z,s)

P L. z z
[ (/BW)(z—:c) Hry ()| | (2
+Q*/ (z —x) - fig, (z)d?—[m_l(z)) dp.
TpFﬁB(JJ,/))

Note that, since Tj is a cone and area miniminzing, we get Hrp, vanishes ||Tp[-a.e. and (z — p) -
fir,(x) = 0 for all € T,I' N B(p, p). Hence, by the last displayed equation, we obtain

[Tol|(B(z, 7))  ||Tol|(B(z,s)) :/ |(z — )
B(z,r)\B(z,s

rm B sm ) |z — xz|mt2

d|1To|l(2). (18.1.1)

Notice that the following holds true: r{*r=™(|T||(B(xz,r}, 'r)) = | T||(B(rgz,7))/r™ implies

—— (B(=%)) _irie.r+0)
i =0 ()"~

Tk

= 0"(T,0),

for any > 0. The last inequality and again using that r — ||T'||(B(z,7))/(wmr™) is nondecreasing,
which follows from (18.1.1), ensure that

O™(T,x) < [T B, r)) < lim sup " <B (337;1,,2)) <O"™(T,0)=0"(T,z),
W M rE—0 (ﬁ)

for every r > 0.

Hence, the mass ratio does not depend on r. Therefore, we have that || (7)o ||(B(0,7)) = || To[|(B(z, 7)) =
| To]|(B(0,r)) thus, by measure theory, we get that ||To]| = ||(72)sT0|| as measures, which in turn
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ensures that Ty = £(7;)47o. We know that 07y = Q* [T,I'] and (7, )To = (72)30T0 = Q* [T,I],
then we conclude that Ty = (7,)4Tp which shows that = € spine(7p). O

We would like to show that we are in position to apply [Whi97, Theorem 3.2|. To that end, we prove
the following lemma.

Lemma 18.1.4. For each p € I' and each oriented tangent cone Ty to T' at p, gp 1, is conelike.

Proof. Property (i) in Definition 18.1.1 is a direct consequence of the scaling invariance of Tp. To
what concerns property (ii), if g, 1,(2) = gp,1,(0), and « € T,I', we have that = € spine(Tp) and
thus

0" (Ty, x 4+ v) = O™ ((12)4T0,v) = O (Tp,v) = O™ (T, Av) = O™ ((12)4T0, Av)
= 0" (T, z + \v),

for any A > 0 and v € R™*",

If 9p1,(z) = 9p1,(0) and ¢ T,,T", then, by definition of g, 7;,, we have ©™(Tj, x) = 20™(Tp,0) + 1.
Since Ty is a cone we have that @™ (Ty,x) = O™ (Ty, Ax), for every X > 0. Then ©™(Ty, \x) =
20™(Tp,0) + 1, for every A > 0. Taking the limsup and recalling Proposition 17.5.3 (iii) we get
lim supy_,o+ O™ (1p, A\x) = 20™(Tp,0) + 1 < 20™ (T, 0), which is a contradiction. O

Remark 18.1.5. Note that, a simple consequence of the Lemma 18.1.3 and the proof of Lemma
18.1.4 is that spine(gy, 1,) = spine(Tp).

Definition 18.1.6 (Stratum). Let p € I' and T be a m-current with 07 = Q* [I'], we define the
j-stratum of I' with respect to T as the set

P;(T,T) ={p € I' : dim(spine(Tp)) < j, for all tangent cone Ty to T" at p}.

Now, we shall directly apply Proposition 17.5.4 to check the conditions (1) and (2) of [Whi97,
Theorem 3.2] which in turn furnishes

Theorem 18.1.7 (Stratification Theorem, Theorem 3.2 of [Whi97]). For T andT as in Assumption
0, let
Y :={z: fr(z) > 0 and sup{dim(spine(g)) : g € ¥(x)} < i},

then the Hausdorff dimension of ¥; is at most i and Xq is at most countable. In particular, we have
the same statements for the stratum Z;(T,T), i.e., the Hausdorff dimension of 2;(T,T') is at most
i, P(T,T) is at most countable, and

<@()(T, F) C yl(T,F) c---C ymfl(T,F) =T.

18.2 Open books, flat cones, one-sided and two-sided points

The characterization of tangent cones is an important tool in the subsequent theory, in fact, when
dealing with two dimensional area minimizing cones we have general structure results, see for in-
stance [HM19, Lemma 3.1] or [DLNS23, Proposition 4.1]. If we consider arbitrary dimensions, there
is no general structure theorem for area minimizing tangent cones, however, assuming that the
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density of the cone is constant along the boundary of the cone which is equivalent to assume that
the spine has maximal dimension, as showed in Lemma 18.1.3, we can characterize tangent cones
as in [Bro77, Theorem 5.1], or [DDHM18, Lemma 3.17]. We enunciate and prove in Lemma 18.2.5
rigorous statement of the assertions just mentioned. To go further in our treatment we need the
following definitions.

Definition 18.2.1 (Open books). Let Ty € I}9° (R™*") be an oriented cone and V is an oriented
(m — 1)-dimensional linear subspace of R™*", We say that T is an open book with boundary
[V] and multiplicity Q*, if 9Ty = @* [V] and there exist N € N\ {0}, Q1,...,Qn € N\ {0} and
1, ..., N distinct m-dimensional half-planes such that

(i) d[m] =[V],Vie{1,...,N},
(il) To = 2N, Qi [m] with Q* = 3N, Q.

If there exist ¢ # j such that m; # 7, we say that Tj is a genuine open book with boundary
[V] and multiplicity Q*.

Definition 18.2.2 (Flat cones). Let Tp € I9¢ (R™*") be an oriented cone and V is an oriented
(m — 1)-dimensional linear subspace of R™*". We say that Ty is a flat cone with boundary [V]
and multiplicity Q*, if 9Ty = Q* [V] and there exist a m-dimensional closed plane 7, Q™™ € N
and Q,Q* € N\ {0},Q > @Q*, such that

(i) sptTp = 7 is an m-dimensional subspace,
(ii) o[*] =—0[="] =[VI,
(iii) To = Q™ [7] + Q7] + (-1)*(Q — Q") [77], k € {0, 1}.

If either

(a) Q™ =0 and Q = Q*, or
(b) Q™ =0and k=1,

we call Ty an one-sided boundary flat cone with multiplicity Q*. If £k = 0 and T} is not an one-
sided boundary flat cone, we say that T is a two-sided boundary flat cone with multiplicity

Q.
Note that: if Ty is an open book which is not genuine, then Tj is an one-sided boundary flat cone.

Definition 18.2.3. Let Ty € I'9° (R™*") be an oriented cone and V is an oriented (m — 1)-
dimensional linear subspace of R™*" such that 0Ty = Q* [V]. If p € spt(9Tp), we say that

(i) p is a boundary flat point provided Ty is a flat cone,
(ii) p is a one-sided boundary flat point provided Ty is an open book which is non genuine,

(iii) p is a two-sided boundary flat point provided Tj is a two-sided boundary flat cone.
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Lemma 18.2.4 (The set of one-sided points is open). Let T\T' and p € I as in Assumption 6. If
O™(T,p) < Q2+17 then there exists a neighbourhood U of p such that ©™(T,q) < Q2+1 for every
qeUnT.

Proof. It follows directly from the upper semicontinuity of the density function, see Proposition
17.5.3. O

Note that, if m = 2 and the tangent cone T}, is a two-sided boundary flat cone, Theorem 18.3.2

ensures that the least possible density on p is % + 1. The following lemma is a generalization of
[DDHM18, Lemma 3.17] to the case of higher multiplicity with essentially the same proof.

Lemma 18.2.5. Let T,T" and p € T as in Assumption 6 with Cy = 0. If Ty is an oriented tangent
cone to T at p with dim(spine(Ty)) = m — 1, then

(i) If ©™(T),0) = %, To is an open book,

(i) If @™(Tp,0) > %, Ty 1s a two-sided boundary flat cone.

Remark 18.2.6. We also mention that the assumption that the spine has maximal dimension in
I' was assumed in a similar fashion (see Lemma 18.1.1) in [Bro77, Theorem 5.1].

Proof. By the assumption, we have that spine(7y) = T),I'. By [Alm00, Theorem 2.2 (3)], there exists
an one-dimensional area minimizing current Tp; in (7,I")* such that Ty = [T,I'] x Tp;. This fact that
Almgren proved is an application of [Fed69, Theorem 5.4.8] and [Fed69, Section 4.3.15], using that
T is an oriented cylinder with direction v for any v € T),I' = spine(Tp). Thus, since 0Ty = Q* [T,1],
we obtain that 9Ty, = (—1)™"1Q* [0], the fact that Ty, is invariant under homotheties allows us
to write, for some @ € N\ {0},

Q-Q* Q-Q*
(—1)™ Ty = Z[[ﬁ]w Z 161 HTmII—ZII [ 1+ Z 1T 71,

where £, ¢; are all oriented half-lines such that 9 [er] = [0] and O [[ZJ_H = —[0]. In particular,

we have

spt(Tp) C <U T,T + ﬁ) U <QL_JQ* T,T + @) : (18.2.1)

=1

Note that, if @ > Q*, 9( [[5;"]] + [[Kj_}]) =0 and [[Ej']] + [[Ej_ﬂ is area minimizing for any choice of
1 and j which ensures that the support of [[Eﬂ] + [[Zj_ﬂ is a straight line ¢;;. Since the choice of 4

and j is arbitrary, then we have spt( [[Eﬂ] + Hﬁj_ﬂ) C ¢, where ¢ is a straight line which, by (18.2.1),

concludes the proof of (ii). If Q@ = @Q*, we have that Tp; is a sum of lines which might be distinct,
and this concludes the proof of (i). O

18.3 Two dimensional case

In Lemma 18.2.5, Ty has dimension m and we assume that the dimension of the spine is maximal.
Nevertheless, if m = 2, we can drop the hypothesis on the spine since we have a full characterization
of tangent cones with boundary being a subspace as stated in the proposition below.
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Proposition 18.3.1 (Proposition 4.1, [DLNS23]). Let Ty be a 2-dimensional area minimizing cone
in R2t" with 0Ty = Q* [¢] for some positive integer Q* and a straight line £ containing the origin.
Then we can decompose Ty = To™ + T, 0’ into two area minimizing cones with supports intersecting
only at the origin which satisfy

i) 0Ty™ = 0 and thus Tp™ = ]\; i [mi] where Qq, ..., QN are positive integers and w1, ..., TN
=1
are distinct oriented 2-dimensional planes such that m; Nw; = {0} for all i # j,

(ii) Ty is either a two-sided boundary flat cone or an open book.

Let us also recall two pivotal results in the theory which will be used in this work. We also denote
dy for the Hausdorff distance between closed sets and we denote by e(p,r) the spherical excess
of a current T, namely

_ ITIB®,r) _ o

w2

e(p,r) : (T, p),

we also define the Holder seminorm used to measure the regularity of I', for any open set U,

I -1,T
[o,a,u := sup M.
q#pel'nU Ip — q|

We have the following decay properties.

Theorem 18.3.2 (Uniqueness of tangent cones and speed of convergence, Theorem 2.1, [DLNS23|).
Let T and T be as in Assumption 6 with m = 2. Then there are positive constants €y, C' and 8 with
the following property. If p € T and e(p,r) < 3 for some r < dist (p, 0B(0, 1)), then there exists a
unique tangent cone T, to T' at p which, for every p € (0,7], satisfies:

28

elp. )| < Cleto, 1| (£)" +0 (3 + TR ) (2)”
0

1 B P\ B
dpo.1) (T Ty) < Cle(p,IF (2)7 4 (Cot Mosmpn) (£)
. 1 B B
distyy (spt (T,,) N B(0,1),spt(Ty) N B(0,1)) < Cle(p. )| (£) " +C (Co + Lo smm) (£) -
We also state the Holder continuity of the map that to each point p € I' assigns its unique tangent

cone Tj,.

Lemma 18.3.3 (Holder continuity). Let T, p,r be as in Theorem 18.3.2 and ¢ € T N B(p,r). Then
the functions q — Ty is Holder continuous, i.e., it holds

Proof. For the proof we refer the reader directly to [DLNS21, Equation 4.7] which can be readily
adjusted to the almost area minimizing setting. O

Definition 18.3.4 (Two-sided collapsed points). Let 7" and I' be as in Assumption 6. A point p € T’
will be called two-sided collapsed point of T if

(i) there exists a tangent cone Ty to T" at p which is a two-sided boundary flat cone,
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(ii) there exists a neighbourhood U of p such that ©(T, q) > O(T,p) for every g e I'NU.

Figure 18.1: Condition ((ii)) essentially excludes points of tangential inter-
section of connected parts of sptT, i.e., it forbid the existence of one-sided
points arbitrarily close to two-sided points. For instance as in the picture p
does not verify ((ii)), let T = [D1] + [D2] with D1 and D2 being tangential
circles at p then ©(T,p) =1 > % = O(T,q) for all ¢ # p which belongs to
the outer circumference.

Lemma 18.3.5 (The set of two-sided collapsed points is open). Let T and p as in Theorem 18.5.2.
Assume that p € T is a two-sided collapsed point, then there is p > 0 such that ©2(T, q) = ©2(T,p)
for all ¢ € B(p, p) NT. In particular, every such q is two-sided collapsed.

Proof. Fix Q € N,Q > Q* such that ©%(T,p) = Q — %* and the unique tangent cone to 1" at p is
T, =Q[r" ]+ (Q — Q%) [x]. If we choose r > 0 small enough we can assume that

ITII(B(p, ) Q.1
oz S0ty

Now, we choose s € (0,7), in order to hold

ITIB G =) < 718 < m2(@ - G+ 1) < ntr—s2 (@=L 4 2,

for every ¢ € B(p,s)NT. For every o € (0,7 — s), by the almost monotonocity formula, Proposition
17.5.2, we have that

ITI®B4,0) _ cui-s oo ITIBg, T —5))
o - m(r—s)?

o Q
s <Q_2+16>

for every ¢ € B(p,s) NT'. Then take ¢ € B(p,s) NT" where this ball is chosen to be a subset of the
neighbourhood U given by the definition of two-sided collapsed points. Hence, by Proposition 18.3.1
and Lemma 18.2.5, the tangent cone to T at ¢ has to be of the form T, = @’ [mﬂ] +(Q'—Q*) [ﬂﬂ],
for some integer Q' > Q*, thus, letting » — 0 in (18.3.2) we obtain

(18.3.2)

* * (18.3.2) *
0-Y-ewp<errg-¢-L <o L2
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O

The following theorem allows us to reduce the proof of Theorem 17.3.1 to the proof that any two-
sided collapsed point is regular.

Theorem 18.3.6. Let T and p as in Theorem 18.3.2 and assume that Cy = 0. If Regb( ) is not
dense in T, then there exists a two-sided collapsed singular point p € T' with ©2(T, p) >

Remark 18.3.7. When we consider the setting of [DLNS21], i.e., when I" belongs to a 03’0‘ convex
barrier, a € (0,1), we have that two-sided points do not exists, in particular, Regg(T) = ) and,
by [DLNS21, Theorem 0.2], we know that Reg}(7) = T. In other words, the authors in [DLNS21]
proved the full regularity of the current at the boundary.

Proof. Assume that Sing,(7") has no empty interior, then we can define

C; = {p el :0%T,p) >i— ;} N int(Sing, (7).

By Proposition 17.5.3, the density restricted to the boundary is upper semicontinuous, then C; is
relatively closed in int(Singy (7). Let D; be the topological interior of C; and E; be the relatively
open set D; \ Ci11 in int(Sing,(7")). We fix p € I' and the natural number 4 such that

1 1
i—5 < O*(T,p) <i+ 3 (18.3.3)

Assume that p ¢ U;>1 E;, by the latter inequalities, we have p € C; \ D; which leads to

int(Singb(T)) \ U; E; C U;C; \ D;.

Observe that C;\ D; is relatively closed in int(Sing;(7")) and then int(Singy (7)) \ U; E; is the union of
countably many closed subsets of int(Sing;,(7")) which guarantees, by the Baire Category Theorem,
that U; E; cannot be empty. So, there is E; # () relatively open in I', hence, in view of [DLNS21,
> Q*;l and, from

Theorem 0.2], since E; contains only singular points, any p € E; satisfies ©2(T, p) >
Proposition 18.3.1 and Lemma 18.2.5, p is two-sided boundary flat point. Fix p € E;, we know that
there exists Q € N, Q > Q* such that ©%(T,p) = Q — %, thus

e if ©%(T,p) € N, we get ©%(T,p) = i. Now, assume by contradiction that there is ¢ € E such
that ©2(T, q) < ©2(T,p), then, by (18.3.3), we necessarily have i—5 L <0%(T,q) < H— which
ensures, by the classification of tangent cones, ©%(T,q) = Q — Q" +1 . Since ©%(T, q) = Q’ — —*
for some Q' € N, we obtain Q' = Q — 5 Wthh is a contradlctlon We then conclude that p 1s
a singular point which is also tW0—51ded collapsed.

o if ©%(T,p) ¢ N, then ©%(T,p) = i — % and, since F; is relatively open, there is a relatively
open, in I, neighborhood U C E; of p. By definition of E;, for every ¢ € U, ©*(T,q) > i— 3 =
©2(T, p) which ensures that p is two-sided collapsed.

We have now reduced our situation to prove the following theorem.
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Theorem 18.3.8 (Two-sided collapsed points are regular). Let T and I be as in Assumption 6
with Cy = 0. Then any two-sided collapsed point of T is a two-sided reqular point of T .

The rest of the paper is devoted to prove Theorem 18.3.8, we also mention that we prove this to
the general setting of m-dimensional area minimizing currents with boundary multiplicity Q* > 1.

However, our main result (Theorem 17.3.1) is stated for 2d area minimizing currents with boundary
multiplicity @Q* > 1 because we need to apply Theorem 18.3.6 which we proved only in this setting.
We recall that Theorem 18.3.6 is restricted to the 2d case due to the fact that the classification of
tangent cones (Proposition 18.3.1) is only known for 2d cones.
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Chapter 19

Approximations of currents by
multi-valued collapsed Dirichlet
minimizers

19.1 Definitions and regularity of collapsed Dirichlet minimizers

We refer the reader to [DS14] and [DS15] for standard definitions and notations about the theory of
multiple valued functions. Throughout all this section we will consider an open set {2 C R™ together
with a (m — 1)-submanifold v of class C*® dividing  in two disjoint open sets QF and Q.

Definition 19.1.1. Let ¢ € W%’Q('y, Ag~(R™)), Q,Q* e N, @ > Q* > 1. A (Q — %*)-Valued
function with interface (v, ¢), consists of a pair (f*, f~) satisfying the following properties

() F+eWh2(QF, Ag(R")), [~ € WH3(Q7, Ag_q-(R"),
() /5 =F| +e
’f\/ ’fy

We define the Dirichlet energy of (f*, f~) as Dir(f*, f~,Q) := Dir(f, Q")+Dir(f~,Q7). Such a
pair will be called Dir-minimizing in €, if for all (Q — %)-Valued function (g1, g7) with interface

(v, ) which agrees with (f*, f~) outside of a compact set K CC  satisfies Dir(f*, f~,Q) <
Dir(¢™, g7, ).

Remark 19.1.2. Note that when Q* is an even number, we have () — %* =: k € N which shows that
unfortunately we have an overlapping between the nomenclatures of Definition 19.1.1 and Almgren’s
definition of k-valued functions. However, since it will not cause any confusion in what follows, we
will use this abuse of notation.

The interesting case to be treated here is when Q > Q* > 1. When Q = Q* = 1, the pair (f*, f7)
consists of a single-valued function f* and its Dir-minimality is equivalent to the harmonicity of
1. The case Q > Q* = 1 is studied in [DDHM18, Section 4]. The one-sided case, i.e. Q = Q*, has
to be treated differently and it is done in dimension 2 in [DLNS21].

107



APPROXIMATIONS OF CURRENTS BY MULTI-VALUED COLLAPSED DIRICHLET MINIMIZHRSI

108
Definition 19.1.3. Let (f*,f7) be a (Q — %)—Valued function with interface (v, ) and ¢ =
-

Q* [¢] for a single valued function ¢. We say that (f*, f7) collapses at the interface, if f +‘

Q l¢l-

Notice that, (f*, f~) satisfy the properties of the preceding definition, if and only if, f_| =
¥

(@ — Q) [2].

I

il

fi
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¥
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(b) Assume Q@ C R and n = 1,Q = 3,Q" =
' 2,/ (@) = S0, [fif (@)] and f(2) = [fi (@)],
(@ n=1Q=5Q =3, (z)=3", Ifif (@)] so that the (Q — %*)—valued function (f,f7) col-
and fT () = E?Zl [[fi_ (1‘)]]) so that the (Q — %*)- lapses at the interface (v, ) where v = {x = 0} and
valued function (fT, f7) has interface (v, p) where @ 1s represented by the green curve.
v = {x =0} and (z, $(x)) is constantly equal to the
%*)—Valued

green point.

With these definitions settled, we aim to prove the harmonic regularity of collapsed (Q —
maps along the same lines for Q* = 1 as it is done in [DDHM18, Theorem 4.5]. As we mentioned

above, this part of the linear theory in our setting is true only when we consider () > Q* since we
will construct some competitors in the arguments which need the existence of multi-valued functions

defined in both sides of ~.
Theorem 19.1.4 (Regularity of collapsing (Q — %)-Dir minimizers). Let ¢ : v — Ag~(R"), where
© = Q*[¢] for some p € CL¥(y,R"™), v be a (m — 1)-submanifold of class C3 in R™, Q > Q* > 1,
< - %) -valued Dir-minimizer with interface (v, ). If (fT, f) collapses at the
interface, then there is a single-valued harmonic function h : Q — R™ such that f+ = Q[hlg+] and

and (f*,f7) bea(Q

f7=(@Q - Q") [hla-].

If we do not assume that the pair (f*, f7) is collapsed and impose that + is real analytic, we can
obtain that the singular set of the pair is discrete when Q* = 1, see [LZ19, Theorem 1.6]. Let us
turn to the proof of Theorem 19.1.4, firstly we define the tangent function and then we characterize

these tangent function.
Definition 19.1.5 (Tangent function). Let (fT, f7) be a (Q - %*)—valued function with interface
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(v,Q* [0]). Fix p € v and define a blowup of f at p at scale r as follows

fE(p+ra)
V¥ mDir(f+, £, B, (p))
where we assume that (f*, f7) is not identically (Q [0], (Q — Q*) [0]) in every ball B, (0). For any

sequence 7, — 0, if the limit exists, we say that ¢& = limj_, flfrk is a tangent function at p
to f.

for() =

,Vr >0,

Lemma 19.1.6. Let Q > Q*, (f7,f7) be a (Q — Q—) Dir-minimizer which collapses at the in-
terface (v, @* [0]), where 7 is a C3 (m — 1)-submanifold in R™, and fix p € . Consider a tangent

function (hg,ha) (f*.f7) atp and {e1, -+ ,em—1} a base of Tyy. For each i € {1,--- ,m — 1},
we define (b}, h;) to be a tangent to (|, h;_y) at e;. Then (hT,h™) == (R} |, h. ) is given by

(QL],(Q —Q*)[L]) where L is a nonzero linear function which vanishes on Tpy.

Proof. Assume Ty = {x : ,, = 0} . The consequences of [DDHM18, Lemma 4.29, Remark 4.31|
readily holds in our higher multiplicity case, so we have the following properties:

(A) (ht,h7)isa (Q - Q—) Dir-minimizer which collapses at the interface (T, @* [0]),

(B) (h™,h™) depends only on z,, namely there exist @Q-valued function at : Ry — Ag(R™) and
a (Q — @*)-valued function o™ : R_ — Ag_qo«(R") such that h*(z) = o (z,,),

(C) (h*,h™) is an I-homogeneous function for some I > 0, namely there is a Q-point P and a
(Q — Q*)-point P’ such that at (z,,) = 21 P and a™ (z) = (—am)’ P/,

(D) Dir (h*, By (0)) + Dir (h~, By (0)) = 1.

Since (h*, h™) is a Dir-minimizer and both A+ and h~ are C?, both h* and h~ are classical harmonic
functions, therefore, since they depend only upon one variable, we necessarily have that I = 1. So

there are coeflicients ﬂf, ey Bzg and S ,... vﬁé—Q* such that
Q Q-Q*
ht Z [[B+a:m]] if £, >0, and h~ Z [[B xm]] if z,,, <O.
=1

If @ > Q* > 1, then we can assume that B;-g # B;,- Now, we will construct a competitor of (h*t,h7)
with less Dir-energy which is the desired contradiction. Note that, in order to construct a competitor,
we have to assure that it has the same interface of (h™,h7), i.e. it takes [0] at least Q* times at
Tpyy = {zm = 0}. For x = (2/, z,,), define

iL+( ) . :me + C(’;U/’) —+ Z?:Lj7éj0 [[Bj.xm:” s if €T € @,
R W) if € BY (0) \ BY (0).
, B+ cla/)] + 259, [Brem] . it e e B (0),

h(z), if 2 € By (0) \ B (0).
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9:@"'”/ B(u.%)xﬁl

] 12 102

P | T +
y=pfz+c WE‘C*;.‘E) y =0 BioXm

Big¥om

(b) With m = 2 competitor (h*,h™) represented
by the green hypersurface is not linear inside the
. _ +(r) —

(a)Jr yc E{Q and n = 1 Q =2,Q" =1Lh"(z) = cylinder, but it also satisfies what we need, i.e. it
[[51 m]] + [[52;76]} fmd h™~ [[’81 x] we deﬁne the has the same interface of (h™,h™) and it has less
competitor (h*,h™) as the red function which has Dir-energy.

the same interface of (h™,h™) and less Dir-energy.

where = 'BJOH? c(|2|) = By/1/4 = [2/]2 and 3 = 6
By direct computation, we have
" ST R g2
Dlr(h B1/2 (0)) = |B1/2 (0) | Z |Bj0 + 187 | + 17,2(11‘ dxpm,
i=1,j#5o Bm—1(0,1/2) JO 4 ’33 |

the integral on the right hand side can be bounded by | BWBDQ (0) | since 3 # 0 and the integrating
function is radial. By the very same computation, we finally have that

Q Q-Q*
Dir(i i Buya 0) < B, 01| D 17 P+ 3 167+ 2068 + 203
J=1,74jo i=1,i¢i0
= Dir(h+7 h_7 B1/2 (0))

By construction they have the same Dir-energy outside By 5 (0), thus every B;-r has to coincide with
B; and we finish the proof of the lemma. O

Definition 19.1.7. Let us denote n(P) = %ZzQ:l P; the center of the Q-point P = ZzQ:I [P].

As a simple corollary of the above lemma we have:

Corollary 19.1.8. Let Q > Q* and assume (f,f7) is a (Q — %) Dir-minimizer which collapses
at (v, Q* [0]), where 7y is a C3 (m — 1)-submanifold in R™. If no f~ =no f+ =0, then f+ = Q[0]
and f~ = (Q — Q) [0].

Proof. 1f (f*, f7) is identically (Q [0] , (Q —Q*) [0]) in a neighborhood U of a point p € +, then, by
the interior regularity theory of Dir-minimizer (precisely, [DS11, Proposition 3.22]), (f*, f7) is iden-
tically (Q [0], (Q — Q*) [0]) in the connected component of the domain of (f*, f~) which contains
p. Thus, if the corollary were false, then there would be a point p € v such that Dir (f*, B (p)) +
Dir (f~,B, (p)) > 0 for every r > 0 such that B, (p) C Q. If we consider (h*,h7) as in Lemma
19.1.6, we conclude that § o h™ = m o h™ = 0, since such property is inherited by each tangent
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map. But then the nonzero linear function L of the conclusion of Lemma 19.1.6 should be equal
tonoht on {z, >0} and noh™ on {z,, <0}. Hence L should vanish identically, contradicting
Lemma 19.1.6. O

Before the proof of Theorem 19.1.4, we introduce the following notation which will be used through-
out the paper.

fEBCZZZ[[meC]],

where f is a (Q-valued function with a measurable selection of single-valued functions f; and ( is a
single-valued functions both defined on the same domain.

Proof of Theorem 19.1.4. The case ¢ = 0: Firstly, using the regularity theory for harmonic func-
tions, we obtain that the functions 1 o f* are differentiable up to the boundary 7, i.e., belong to
C' (2 U~). Let v be the unit normal to 7. We claim that

d(moftyw)=08,(nof )(p) forallpeynQ. (19.1.1)

In fact, assume by contradiction that, at some point p € yNQ, we have 9, (no f1) (p) # 0, (no f7) (p)
and consider a tangent function (b, h™) to (fT, f~) at p which is the limit of some rescaled sequence

(f;pk, I:ﬂk)’ where we denote

x (x):= [* 0 + pu) .
VP DR B )

Observe that, since at least one among 9, (no f) (p) and 9, (o f~) (p) differs from 0, we neces-
sarily have

cipp > Dir (no fr,mo f7,B,, (p)) > copll

for some constants ¢; = c1(no fr,mo f7)>0,c0 =co(no fT,mo f~) > 0. Thus, by rescaling, we
obtain

o Pi’ . Dir(no f*,mo f7, By (p))
Dir (er’fi’BPk (p) — Dir (f+,f*,Bp,c (p))
_ Dir(no fif, .m0 fy, B1(0)
— Dir (filpes fouos B1 (0)) (19.1.2)
= Dir (77 o f;pw n0 fy 0Bl (0))
Pk
= DI (£ S By ()

Therefore, we have the following two alternatives:

(I) If limsupy, (pg) " Dir (fF, f7,B,, (p)) = +oo, by (19.1.2), denoting by (hd,hy) the tan-
gent function to (fF, f7) at p, passing to the limit in (19.1.2), we have that Dir(n o hf,n o
hy ,B1(0)) = 0 and then no hat = 0. By Corollary 19.1.8, (kg , by ) should be trivial. But this
is not possible, because the energy of a tangent function satisfies Dir (hg vho , B1 (O)) =1, see
Lemma 19.1.6.
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(II) Iflimsupy, (px) ™" Dir (f+, 7, By, (p)) < +oc, by (19.1.2), we have Dir(noh{ , nohy , B1 (0)) >
0 and thus no har and nohy are distinct functions and at least one among them is a nontrivial
function. Indeed, they are distinct follows from the fact that the blowup of a differentiable func-
tion coincides with its differential and we are assuming that 9, (o f*) (p) # 0, (no f7) (p).
Since case (I) never occurs, we can apply this argument iteratively until we reach the pair
(h*,h™) of Lemma 19.1.6 and then conclude that 1 o h*t and n o h™ are two distinct linear
functions with one of them being non trivial and this contradicts Lemma 19.1.6.

We have verified the validity of (19.1.1) and it is enough to conclude the proof, indeed, it implies

that the function N N
o on 7,
¢ = { ZO ; o (19.1.3)

is an harmonic function defined on the entire 2. Using the notation above, we set

Fre=rt o (=0 and f~ = £ 0 (=0). (19.1.4)

By [DS11, Lemma 3.23], it is easy to see that <f+, f‘) is a (Q — %) Dir-minimizer which collapses

at the interface (v, [0]) and that no ft = no f~ = 0. Thus we apply Corollary 19.1.8 and conclude

that f+ =Q[0] and f~ = (Q — Q*) [0] , which complete the proof,

The general case: We fix v as an unit normal to . As in the particular case ¢ = 0, we claim
that 9, (no f*) = 0, (no f~). With this claim, proceeding as in the former case, we can define ¢
as in (19.1.3) and conclude that it is a harmonic function. We then define (f*, f*) as in (19.1.4).

To this pair, we can apply the former case and conclude the proof of the theorem. To prove the
claim, assume by contradiction that, for some p € v, we have that d,(no f(p)) # 0, (no f7) (p).
Without loss of generality we can assume that p = 0,$(0) = 0 and D$(0) = 0. Since at least one
between d,(n o f¥)(0) does not vanish, we must have

Dir (f*, /~.B, (0)) = Dir (no f*,no B, (0)) > cop™, (19.1.5)

for some positive constant cg. It also means that there exist a constant 17 > 0 and a sequence pj | 0
such that

Dir (f+a 7. Bpy (0)) > (Dir (f+’f_’B2Pk (O))) )

otherwise we would contradict the lower bound (19.1.5). We see that f(fpk have finite energy on

Bs (0) and thus there is strong convergence of a subsequence to a (Q - %) Dir-minimizer (h*,h™)

with interface (Tpy, @* [0]) . The latter must then have Dirichlet energy 1 on B (0). We then have
two possibilities:

(I) limsupy, (pg)” " Dir (f, f~,B,, (0)) = +oco. Arguing as in (I) of the former case, this gives
that noh™ = noh™ = 0 and thus we conclude that (hg sho ) is trivial, which is a contradiction,

(II) limsupy, (pr) " Dir (f*, f,B,, (0)) < +o0. Assuming in this case that Tpy = {x,,, = 0}, we
conclude that (h{,hy) is a (Q — %) Dir-minimizer with flat interface (Tpy, @* [0]), but
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also that nohZ (x) = C40, (n o f*) (0)z,, for some positive constant Cy that in general is not
necessarily equal to one, because we use a normalization constant to have Dir(hg , by, B1 (0)) =
1. By the particular case ¢ = 0, we thus conclude that 9, (o f)(0) =9, (no f~)(0).

19.2 Harmonic approximations

In this chapter we aim to approximate the area minimizing current 1" by ) copies of an harmonic
function in the right side and Q@ — Q* copies of the same harmonic function in the left side. To this
end, we will first approximate the current T by (Q — %)—Lipschitz functions which, if we do not
assume the minimality of 7', will not be necessarily minimizers for the Dirichlet energy. Once we
consider the minimality condition on 7" we will be able to upgrade our approximations using the
regularity theorem, see Theorem 19.1.4, to furnish the desired harmonic approximations.

For any 7, mp belonging to Gy, m4n, where Gi; denotes the set of k-dimensional subspaces of R,
we introduce, for any p € R™*" the notation B, (p, ) for the disks B(p,r) N (p+ ), if 7 is omitted,
then we assume 7 = mp = R™ x {0}, and C(p,r,7) for the cylinders B,(p,7) + 7, we also fix
C(z,r) := C(p,r,m).

Definition 19.2.1. Let « €]0, 1] and integers m > 2, Q* > 1, and take I" any (m — 1)-rectifiable
set. Let T be an m-dimensional integral current with boundary 07 = Q* [I'] and assume that p € T".
Then

(i) We call the cylindrical excess relative to the plane 7 the quantity

[(z) — 7|2
B Cp). = oo [ O,

W™
and the cylindrical excess the quantity

E(T,C(p,7)) := min{E(T,C(p,r),7) : 7 C R™*"}.

(ii) We call the spherical excess relative to the plane 7 the quantity

W™

1 |T(x) — 7
E(T,B(p,r),n) := / 5 d||T|(x),
B(p.r)
and the spherical excess the quantity
E(T,B(p,r)) := min{E(T,B(p,r),n) : 7 C R™"}.
(iii)) We say that the boundary spherical excess is the quantity
E’(T,B(p,r)) := min {E(T,B(p,r),n): T, 7 CR™"}.
(iv) The height of T in a set G C R™'" with respect to a plane 7 is defined as

h(T,G,7) := diam(p= (spt(T) N G)) = sup{

Pr (g —p)‘ :q,p € spt(T) N G} :
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where p denotes the orthogonal projection onto 7.

(v) If spt(T)) € C(p,r,m), we define the excess measure with respect to C(p,r,7) as the
measure which to each F' C B, (p, 7) gives

1

er(F) =5 [ [T=#PdT].
—+7

In this subsection we assume that my = R™ x {0} and we use the notation p and p* for the
orthogonal projections onto my and ﬂé‘ respectively, whereas p, and p; will denote, respectively,
the orthogonal projections onto the plane 7 and its orthogonal complement 7. For the remaining
part of this work, we will call dimensional constants those which depends only on m,n, Q* and

Q.

Assumption 7. Let o € (0,1] and integers m > 2, @Q* > 1. Consider I' a C%® oriented (m — 1)-
submanifold without boundary. Let T be an m-dimensional integral current in B(0, 2) with boundary
OTLB(0,2) = Q*[L' NB(0,2)] and assume that p € T. We also assume T,I' = R™"! x {0} C
mo, %1 R = Ry 1y C R™ x {0} — R™, by« R™™1 = R ahy(z) = (¢1(2), ¢(2, 91 (2)))
with Gryy = and I = Gry; satisfying the bounds || Dizl|o B, (0) < co and A := || Apl|g g0 < co,
where Ar denotes the second fundamental form of I and cq is a positive small geometric constant.
We assume that

(i) p € T is a two-sided collpased point with @ — % = O™(T,p), for some integers @ > Q* > 1,
il = p(T") divides By, (p) C 7o in two disjoint open sets QT and Q~,
gl
(i) py7T = Q']+ (@ — @) [27].

Observe that thanks to ((iii)) we have the identities

7 (T (C.40) - (@127 + Q=@ ]).

er(F) = |[T]| (F x R") — (Q |0 N F| + (@ - @) |2~ N F]).

E (T,C(p,4r)) = (19.2.1)

Definition 19.2.2. Given a current 7" in a cylinder C(p,4r,7), we introduce the noncentered
maximal function of er as

er (Bs(z,m
mer(y) := sup %m))
yEBs(2,m)CByr (p,m) Wm$

The following theorem allows us to approximate the current by a (Q — %*)—Lipschitz map which
coincides with the current in a closed set K which is called the good set. Moreover, we prove that
the bad set, i.e. B3, (0) \ K, has small measure. The tricky part of this theorem is to show that we
can take such approximation collapsing at the interface. Notice that, no minimality condition are
being assumed to prove this result.

Theorem 19.2.3 (Lusin type weak Lipschitz approximation). There are positive geometric con-
stants C = C(m,n,Q,Q*) and ¢y = co(m,n,Q*, Q) with the following properties. Assume T sat-
isfies Assumption 7 and E(T,C(p,4r)) < co. Then, for any 0. € (0,1), there are a closed set
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K C Bs, (p(p)) and a (Q — %) valued function (ut,u~) on Bs, (p(p)) which collapses at the
interface (v, Q* [¢]) satisfying the following properties:

Lip (ut) < C <5i/2 n r%A%) , (19.2.2)

osc (u*) < Ch(T,C(p,4r),m) + CrE (T, C(p, N2 oA, (19.2.3)

K C Bs, (p(p)) N {mer < 4.}, (19.2.4)

G +L[(KNQF) xR"] =TL [(KNQF) xR"], (19.2.5)

1Bs (p(p)) \K| < ZeT ({mer > d,} N Bsiryr (P())), Ys<(B—r1)r, (19.2.6)

=G =Gl < O, 0p,ar)). (19.2.7)

where 1 = co V/ 7E(T’(5Xp’4r)).

Proof. The proof of this theorem is a straightforward adaptation of the corresponding statement
considering multiplicity @* = 1, c.f. [DDHM18, Theorem 5.5|, we reiterate that it is not used any
minimality condition to prove this weak approximation. O

1
From now on the approximation of Theorem 19.2.3 is called the 67 -approximation of T in
1

C(p,3r). If E := E(T,C(p,4r)), actually in the sequel we will choose 62 to be E? for a small
suitable constant . In the following theorem, we will add the minimality condition on T' to prove
that, if E is taken sufficiently small, then (u™, u ™) is close to a minimizer of the Dirichlet energy, i.e.,

a(Q— %)—Dir—minimizer, which collapses at its interface and thus, by Theorem 19.1.4, consists

of a single harmonic sheet.

Theorem 19.2.4 (Harmonic approximation). For every n, > 0 and every B € (O, ﬁ) there exist

constants € = e(m,n, Q*,Q,nx,5) > 0 and C = C(m,n,Q*,Q,nx«, 5) > 0 with the following prop-
erty. Let T and I" be as in Assumption 6 with Cy = 0 and under the conditions of Theorem 19.2.3,
E < ¢, let (ut,u™) be the EP-approzimation of T in Bs, (p(p)) and let K be the good set satisfying

all the properties (19.2.2)-(19.2.7). If E < e and rA < cE?, then

er (Bsy/2 (P(p)) \K) < 1.E, (19.2.8)

and

Dir (u™,u™, 2N By, (p(p)) \K) < Cn.E. (19.2.9)

Moreover, set QT := Q and Q™ := Q — Q*, there exists an harmonic function h : Ba, (p(p)) — R"
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such that h|{mm:0} = 0 and satisfies the following inequalities:

7“_2/ G (v, Q" [n])” +/ (\Duﬂ - \/Q+|Dh\>2 <nEr™,  (19.2.10)
B (p(p)) N2 B (p(p))NQF
2
r—Q/ G(u,Q [[h]])2+/ (\Du—} —\/Q*|Dh\> <nEr™,  (19.2.11)
Bar(p(p))NQ2™ Bar(p(p))NQ2™

/B ()N D (now*) = Dh|" < mBr™.  (19.2.12)
2r (PP

Proof. Without loss of generality we assume that p =0, r = 1, and ¥(0) = 0.

Proof of (19.2.8) and (19.2.9). Firstly we want to note that (19.2.9) is a consequence of (19.2.8).
Indeed, since, d, = E?7, use first (19.2.4), (19.2.6) and (19.2.8) to estimate

1By (0)\K| < Cn, E125.

Since Lip (ut) < CE?#, (19.2.9) follows easily. We will argue by contradiction to prove (19.2.8).
Assuming that the statement is false, there exist f € (0,1/4m),n. > 0 and a sequence of area

minimizing currents T} and submanifolds I'y, as in Assumption 7 satisfying the following properties
for all k € N:

(i) The cylindrical excesses Ey := E (T}, C(0,4),m) satisfy Ej < %,

(ii) T is the graph of the entire function g, : R™~t — R"*! satisfying the bound

C 12
v2ill o By o)) < CAR < EE,J : (19.2.13)
(iii) The estimate (19.2.8) fails, i.e., for some positive ca > 0,
er, (Bs/2 (0)\Ky) > n.Ej, = 3c2E}. (19.2.14)

The pair ( f,j I ) are (Q — %)—V&lued maps defined on B3 (0) which collapses at its interface

(Y, @ [¥]) denotes the EE -Lipschitz approximations of the current T; and K} the corresponding
good set. We denote by B,;tr the domains of the functions f,;t intersected with the ball B, (0) C 7.
From the Taylor expansiorf of the area functional, arguing as in [DS14, Remark 5.5], since Ej | 0,
we conclude the following inequalities for every s € [5/2,3] :

D +12 D 2 Taylor
/ DSy | +/ [DA [ < <1+CE,§5> er, (K; NB;(0))
Kkmkas 2 KyNBy 2

(19.2.14)
<

(19.2.15)
1+ CE}’) (er, (B, (0)) = 3c )

S eTk (BS (O)) — QCgEk.

The last inequality holds when Fj is sufficiently small, i.e., k large enough. The rest of the proof is
devoted to show that (19.2.15) contradicts the minimizing property of Tj. We have
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Dir (f;f, fi, Brs) < Dir (fi7, fo s Bes N Ki) + Dir (£, £, Brs \ Kk)
(19.2.15)
< er, (B3(0)) — 2c2Ey + Dir (f,, f,, Br.s \ Ki) (19.2.16)

C -
<er, (B3(0)) — 2c2E) + 5}3}1 26428,

where in the last inequality we use the fact that Lip (f) < CES and |B3 (0) \Kj| < CE;_M. Now
_1 _1
we define (glj, gk_) as g,f =FE_? f,;t which also collapses at the interface (fyk, E, Q" [[wk]]) Then

if we take v to be the plane {z,, = 0} C mp, by (19.2.13), we obtain the following convergences

1 1
e oy 0. (19.2.17)

We now want to do an argument based on the interpolation of the sequence g,f using the Interpola-
tion Lemma, c.f. [DDHM18, Lemma 4.9] (we mention that this theorems works line by line in higher
multiplicity), but unfortunately they do not have the same interface. To overcome this difficulty, we
do the following construction. For each k, we let ®; be a diffeomorphism which maps B3 (0) onto
itself and v N B3 (0) onto v N B3 (0). By the C! convergences above for k large enough, it is not
difficult to see that we can construct without loss of generality

@), — Tdj o1 — 0, Bk (8B, (0)) =8B, (0), Vr € [2,3].

Furthermore, we have that Hq/Jk o @;1“01(7) — 0. Now counsider, for every x = (2, z,,) € R™, then
we define rj, € C''(Bs (0)) as follows rg(z) = (10 ®; )(2/,0)+ 2, then we have that ky, := 90 ®; !
on 7y and [|k[|c1(p,(g)) — 0- We fix a measurable selection fE@) =3 [(fF), ()], and we set

7
gr = (gp o ") @ (—kn),

thus (g,j, g,;) are (Q — %*)—Valued maps which collapses at the same interface (v, Q* [0]) and by
straightforward computations

Dir (5, @1 (4) N BiEy) = (1+0(1)) (Dir (g, AN BE,) + Dir (g5, AN By ) ) +o(1), (19.2.15)

for all measurable A C B3 (0) and o(1) is independent of the set A. From the very definition of gki
and (19.2.16), we conclude that the Dirichlet energy of (g,j, g,;) is uniformly bounded. From this
bound and (19.2.17) we may apply the compactness theorem, see [DDHM18, Theorem 4.8], we can

find a not relabeled subsequence and a (Q — %)-valued map (g7, g~) with interface (v, @*[0])
such that ||g (gki,gi) HL2(B§(0)) — 0 and

Dir (g%,97) < liminf Dir (577,95 ) =" tim inf Dir (g g3,

Moreover, up to extracting a subsequence, we can assume that !Dg,ﬂ — G* weakly in L? (B3 (0)).
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Once can then easily check, see for instance the proof of [DS14, Proposition 4.3|, that

|Dg™| < GF, a.e. in B3 (0).

In particular, since Ej, — 0 and it bounds the size of the bad set, we have |Bs (0) \Kj| — 0, hence
for every s € (2,3):

Dir (g%, Bf (0)) < liminf (G*)? < liminf Dir (55, BF (0) N ®4(Ky))
k—o0 B}(O)ﬂ@k(Kk) k=00 (19 2 19)
(19.2.18) o

.. . 4+ p+ P . + npt
< hkrgloréfDlr (9%,B5 (0)NKy) = hkrggéfDlr (9¢,B5 (0) N Ky).

Let € > 0 be a small parameter to be chosen later, we apply [DDHM18, Lemma 5.8] to (g7, g_)|B3(0)
with such an € to produce a (Q — %*)—Lipschitz multivalued function (g, gZ) satisfying:

/! g(@ﬁgif*j/i ODQH-MM?D2+1/i 1D (nog*) =D (nogh)|" <e, (19.2.20)
B3 (0) B3 (0) BE(0)

3

|t [ (D]~ |pe]) <
9B (0) 9B (0)

Additionally, we would like to interpolate without increasing too much Dirichlet energy in the
transition region. To solve this problem, let us define the Radon measures

At )2 .
uk(A)=/ |Dgf| +/ | D,
ANBF(0) ANB3 (0)

It is easy to check using (19.2.16) that pi(A) < C where C is independent of k£ and A. So, up to a
subsequence, we can assume that j, — p for some Radon measure . We now choose r € (5/2,3)
and a subsequence, not relabeled, such that

>, AcCB;(0).

(A) 1 (9B, (0)) =0,
(B) M <<Tk — (Gij —|—Gf};> ,\p],r>> < C’E,i_w, where the map |p| is given by m x 75

(z,y) = |z|.

Indeed, by standard measure theory arguments, (A) is true for all but countably many radii while
(B) can be obtained from the estimate (19.2.7) through the slicing theory for currents. In particular,
by (A) and the properties of weak convergence of measures, we have

lim sup lim sup {/ \Dg,j\? —i—/ }Dﬁk_ 2
s=r k—oo LJBF(0)\BF(0) ANB; (0)\B5 (0)

< limsup « (B, (0)\B (0)) = 0.

S—T

Hence, given r € (5/2, 3) satisfying (A) and (B) above, we can now choose s € (5/2,3) such that
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limsup/ }Dg,j\%/ |D <2 (19.2.21)
k—oo JB(0)\BF(0) (0\Bs ( 3

Finally, as aforementioned, we interpolate the pairs (g;j, g,;) and (gF, g-) which we can do now
because all of them have the same interface (7, @* [0]) and we have control on their Dirichlet energy.
We finally apply, for each k, the interpolation lemma to connect the functions (g,j, g,;) and (g7, 92)

on the annulus B, (0) \B; (0) . This gives sets B (0) C V)ﬁa C nya C B, (0) and a (Q - —) valued

interpolation map (C,j - G 6) with

2 C
Dt gm/ (Dgi +|Dg: ) / A
N L ey A (R R A ot
C 2 2
<C’)\/ Dgi +|Dg* ) / (g 95 95) +6G (6. o )
vy, (PATDER) LT[ (90 40 (0% 0)
Hence )
lim sup lim sup lim sup / (kig =0
A0 =0 k—oo J(WY )i\V)ﬁE ’
Thus we can find A, e > 0 sufficiently small such that
2
limsup/ peE| <2 (19.2.22)
k—oo (W;f’g)i\\/)ﬁa ’ 3

Moreover, up to further reduce €, by (19.2.20) we can also assume that

/B 0)* ]Dg;—Lf = /B 0)* |Dgi‘2 + %2 (19:2.23)

Now that we have interpolated the functions without adding too much energy, we define the (Q— %)-
Lipschitz function on B, (0) with interface (v, @* [0]) by

+
e on B\ (W),
S ) +
hk‘,)\,{—: = C;:,E on (W)]\C,E) \V){C,E )

+
gei on (V/\k,g)

Let us then consider (Q — %)—Valued map (h;)\ o P E) defined on B,fg with interface (g, @* [¢«])
given by

hik,a = (B;ct,)\,a ° ‘I)k> ® (ko Pp),

which satisfies
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liminf Dir (1, b oo Bir ) = liminf Dir (A, hip, 2B, (0))

k—oo —00
< Dir (g7, 07 B, (0)) + limsup Dir (G, o (WE.) VL)
—00

+ lim sup Dir (g,j, g5 » B (0) \Bg (0))

k—00
(19.2.21),(19.2.22),(19.2.23) B
< Dir (g7, 97, B, (0)) + 2
(19.2.19)
< likm inf (Dir (g,j, g5 ,Br (0)N Kk)) + 2¢5.
—00

(19.2.24)

Let us consider the function wi", _(v) := E,i/ th yo(x). Observe that, by the constructions of 0t

w;f)\5|8BT(0) = f;f|aBr(0) and Lip (w,f/\ 8) < C’E,f. We are now ready to construct a sequence of
competitors one for each T} which for large k£ will contradict the almost minimality of the sequence
Ty. First of all, by the isoperimetric inequality, [Fed69, Section 4.4.2|, there is a current Sy such
that

08k, = (Ti— (Gpe+ G ) Iplr)  and  M(Sp,) <C (Eﬁﬁ)% B<2) (B,

(19.2.25)
Let Zy, := Gw}{ L C(0,r) +ka— L C(0,7)+ Sk, Since wf:A :loB,(0) = f;;t|aBr(0), we can see that the
boundary of Z; matches that of T C(0,r), thus it is an admissible competitor and will furnishes

the desired contradiction. To that end, first we compare the Dirichlet energies of w,:r \ and f,j . To
begin with this comparison, we note that, up to a subsequence not relabeled, it holds

. + — _ . + —
Dlr(wk,A,s» W X e Bpy) = Eler(hk,)\,e’ P ae Bi,r)

(19.2.24)
< EyDir(g), g, ,Br (0) N K}) + 2B (19.2.26)

= Dll"(f’:_, fk_v Bkn” n Kk‘) + QCQEIW

for k large enough. In addition, the latter inequality combined with the second inequality in (19.2.15)
implies for k large enough that

Dir(w] ., Wiy o» Brr) < e, (B (0)) — c2 B, + o(Ey). (19.2.27)

Finally, we estimate

M(Zg) = M(Ty) < M(G,, L C(0,7)) + M(G,, L C(0,7)) + M(S)) = M(T)

Taylor _ ) .
<" QIBY, |+ (Q - QY)IBy, | + Dir(w)y . wjp o Brr) + o(Ey) — M(T)

< QIBy | +(Q — Q")|By,| + Dir(wf, ., wy o, Brr) + o(Ex)

—QIByl,1 —(Q - Q")|By | — er, (B, (0))

(19.2.27)
< —co b + O(Ek),

(19.2.28)
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the expression is negative when k is large enough. In particular Z; is a competitor with less mass
than T} and this completes the proof of (19.2.8), we recall that (19.2.9) follows from (19.2.8) as
mentioned at the beggining of the proof.

Proof of (19.2.10), (19.2.11) and (19.2.12). As in the first part, we argue by contradiction assuming
((1)), ((ii)), and ((iii)) becomes

(iii)” The E,f—Lipschitz approximations (f,j, [i ) fail to satisfy one among the estimates (19.2.10),
(19.2.11) and (19.2.12) for any choice of the function h.

We use the same notations of the previous step for vy, g,f, Py, ki, g,f and g*. Therefore, we now
claim that

(A) The convergence of g,j[ to g is strong in Wl’z(B5/2 (0)), namely
kli)rgo Dlr(gz_?gg? B5/2 (0)) = DiI‘(ng, g, B5/2 (O)) :

(B) (97,97 ) isa(Q — %)—minimizer in Bj /5 (0).

Recall that, by Theorem 19.2.3 and the construction, (g%, g~ ) collapses at the interface (v, @* [0]),
thus provided we assume that (A) and (B) are proved, from Theorem 19.1.4 we would then infer
the existence of a classical harmonic function i on Bs/, (0) which vanishes identically on {z,, = 0}

such that g7 = Q Hﬁﬂ and ¢~ = (Q — Q%) [[ﬁﬂ If we set hy, = E;/Qﬁ, the following hold

[ atramar [ (1ps1- vau) = o).

k,5/2 Bk,5/2

[ aur@-@) b+ [ (D81 - Vi@ @)IDm) = ol

By 52 B sy

/i |D(no fy)— th’2 = o(Ey).

k,5/2

But these estimates are incompatible with (iii)’ above. Hence, at least one between (A) and (B) needs
to fail. As in the previous section we will use this to contradict the minimality of T}. Note that in
both cases there exists a (Q — %)—Valued function (g*, g~) with interface (v, Q* [0]), v = {zm = 0},
and a positive constant c3 > 0, such that

Dir(g", g, Bs (0)) < lim inf Dir(g", g, Bs (0)) — 2c3 (19.2.29)

—00
for all s € (5/2,3). Indeed this is true with (g7,57) = (gF,¢7) if (A) fails, while if (B) fails we
choose (g7,g7) to be a (Q — %)—minimizer with boundary data g on 0Bs5/5 (0) extended to be
equal to g* on Bs (0) \Bs/2 (0). We can now follow the exactly the same argument as in the previous

step to find a radius r € (5/2,3) and functions fzf such that

M((T; = (G +G,o), [plr) < OB
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and, arguing as we have done for (19.2.24),

likm inf Dir(h ™, h™, Bg,) < Dir(g", g, B, (0)) + c3
—00

o . (19.2.30)
< liminf Dir(g", g™, By.r) — c3.

k—oo

Defining w,f as above, we again observe that w,f\ 9BE(0) = f,;t] OB (0)" We then construct the same

competitor currents to test the minimality of T},. First we consider a current Sj supported in R
such that

S = (Tx — (Gg+ + Gyo), [pl,r) and M(Sy) < C(E,)a=1 = o(Ey), (19.2.31)

where we again used 8 < ﬁ. Then we define, as before, Z, := Gw: L C(0,r) + Gw; L C(0,r) + Sk,
for which the minimality condition guarantees

M(Zy,) = M(T;;.C(0,7)).
Since we proved the first part of the theorem, we use it to show that

er, (B, (0)) = Dir(f;, BY (0)) + Dir(f; , B, (0)) + O(m.Ey) -

Observe that now we can choose n — 0 as k — co. Arguing as in (19.2.26) and relying on (19.2.30)
we also have

Dir(w;, w , B, (0)) < Dir(f, f . Br (0)) — c3Ex, + o(Ey) .

Accordingly, the latter inequality combined with (19.2.15) implies

Dir(w;, w;,, By,) < er, (B, (0)) — c3Ej.
As before, see (19.2.28), we complete the proof. O



Chapter 20

Superlinear decays and Lusin type
strong Lipschitz approximations

The approximation furnished in the last subsection, Theorem 19.2.3, have sublinear exponents
bounding the size of the bad set among other important quantities. In the construction of the
center manifold, in order to derive good properties of it we will need superlinear decays in some of
the estimates of Theorem 19.2.3. To that end, we need to improve our approximation. In fact, we
need an accurate height bound and harmonic approximations to achieve a satisfactory excess decay
and therefore provide stronger Lipschitz approximations that will appear in Theorem 20.3.1, c.f.
[DDHM18, Chapter 6|, with the subtle exponents estimating the error of such approximations. So,
as a first step we state the height bound of the current T'.

Lemma 20.0.1 (Height bound, Lemma 10.4, [DLNS21]). Let T, C(p,4r), I' and mp := R™ x {0}
be as in Assumption 7 with Co = 0. Then, there exist positive constants e, = e(Q,Q*,m,n) and
Ch = Ch(Q,Q*,m,n) such that, if E(T,C(p,4r)) + A < g, then

rz.

[NIE
Nl

h(T, C(p,2r),m) < Cp(r 'E(T, C(p, 47)) + A)

20.1 Improved excess estimate

We will follow a very well known process that using the height bound provided by Lemma 20.0.1
allows to obtain our proof of the improved excess decay. To achieve this result we will firstly prove
a milder decay in Lemma 20.1.1 and then iterate it to reach the needed superlinear excess estimate.
To prove this milder statement which will be stated for the modified excess function introduced in
Definition 19.2.1, we will reduce this milder decay of the current 7" in some steps until we can rely
on a similar decay for harmonic functions, this reduction will be possible thanks to Theorem 19.2.4.

Lemma 20.1.1 (Milder excess decay). Let T and T be as in Assumptions 6 with Co =0, p e T'NU
s a two-sided collapsed point where U is the neighborhood in Definition 18.3.4. Then, for every
q € UNT and € > 0, there is an g9 = £o(e,Q, Q*,m,n) > 0 (assume that e, < €3) and a My =
My(e,Q,Q*,m,n) > 0 with the following property. We set 8(c) := max{E"(T,B(q,0)), MgA%5?},

and assume

A%02 + E = ||Ap||?0? + E’(T, B(q, 40)) < «o, (20.1.1)

123
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IT(B(g, 40)) < (@mm p)+ i) (4™ (201.2)
Then we have
() < max{2~0(40),272T2%0(20)} . (20.1.3)

This milder statement is not enough for our purposes, since the excess are considered in balls with
the same center q. However, it facilitates a lot the proof of the improved excess decay which we
enunciate below.

Theorem 20.1.2 (Improved excess decay and height bound). Let T and T" be as in Assumption
6 with Co = 0. If p € T NU is a two-sided collapsed point with density O(T,p) = Q — %, U
is a neighborhood of Definition 18.3.4, then there exists v > 0 such that B(p,r) C U, for all
q € B(p,r) N U there exists a m-dimensional plane w(q) which T,I' C 7(q), and for all € > 0 there
is a constant C = C'(m,n,Q*,Q,e) > 0 with

E’(T,B(¢,p)) < E'(T,B(g.p) ,7(q)) < C (3)“5 E'(T,B(p,2r)) + Cp* 1A% (20.1.4)

r

for all p € (0,7). Moreover, if we take p € (0, QL\/?)’ then

NI

h(T,B(q, p) . 7(q)) < C(r 'E (T, B(p,2r)) + A)2p2, Yg € TN B(p,r). (20.1.5)

Remark 20.1.3. We announce that, in Theorem 20.2.1, we prove that 7(g) is in fact the support
of the unique tangent cone to T at q.

We begin with the proof of the Lemma 20.1.1 which will be used to prove the Theorem 20.1.2.
Proof of Lemma 20.1.1. Without loss of generality by scaling, translating and rotating, we can

assume o0 = 1, ¢ = 0, E*(T,B(0,2)) = E(T,B(0,2),7), where 19 = R™ x {0}, and ToI' =
R™~1 x {0}. We begin assuming

E’(T,B(0,2)) > 2 ™MyA? and E’(T,B(0,2)) > 2-*""E" (T, B(0,4)). (20.1.6)

Indeed, note that

0(1) = max{MyAZ% E’(T,B(0,1))} < max{MyA2 2™E’(T,B(0,2))}.

So, if the first inequality in (20.1.6) fails, by the latter inequality, we have

0(1) < MgA% = 272(22MpA?) < 2720(2),

whereas, if the second inequality in (20.1.6) fails, then
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(1) < max{MyAZ2 27*E’ (T, B(0,4))} < 2749(4).

Hence in both cases the conclusion should hold. Reiterating, under assumption (20.1.6), we need to
show the decay estimate:

E’(T,B(0,1)) < 2% 2E’(T, B(0,2)) . (20.1.7)

Let us now fix a positive < 1, to be chosen sufficiently small later, and consider the cylinder
Uy = B4—y(0,m) + B (0, 75 ), which by abuse of notation we denote by By_, x Bl Ifeg>0is
sufficiently small, we claim that

spt(T) N OU, C 0B4_y x By (20.1.8)
B(0,4 — 1) Nspt(T) C Uy, (20.1.9)

Otherwise, arguing by contradiction, we would have a sequence of currents T, satisfying the assump-
tions of the theorem with g9 = £, but violating either (20.1.8) or (20.1.9). Then T would converge,
in the sense of currents, to a current T, that is area minimizing whose excess w.r.t. m is identically
zero so its support is contained in the plane mg, 0T = Q* [T,I']. Thus we are in position to apply
the Constancy Lemma, [Fed69, 4.1.17], to asserts

To :=Q [Bf] +(Q - Q") [B,] .

where Bf = B4(0,m0)N{#x,, > 0} and Q' > Q* is a positive integer. Since T}, = Q* [R™=1 x {0}],
VEk € N, we can use the area-minimizing property to obtain an uniform bound on ||Tj||(B4) and thus
be in place to apply [Sim14, Theorem 7.2, Chapter 6] which says that, since T} converge to T, in
the sense of currents, the supports of T}, converge to either By in case Q' > Q* or EZ otherwise,
Le. if @ = @Q*, in the Hausdorff sense in every compact subset of B(0,4). This is a contradiction
because the following both inequalities hold

disty7 (B(0,4 — 1) \ Uy, B(0,4)) > 0 and disty (0Uy \ (0Ba—y X B5),B(0,4)) > 0.

We have therefore proved (20.1.8) and (20.1.9).

We now let T be a tangent cone of T at 0 and p;, — 0 a sequence such that Tp ,, — Tp. By a
standard argument using the Constancy Lemma, we know that

ProyTo = Q' [mo] + (Q" — Q) [mo] , (20.1.10)

for some natural number @Q'. By the lower semicontinuity of the total variation and (20.1.2), we
further notice that we necessarily have ||px,,To[|(B(0,4)) < (@ — 2Q4_1)wm4m. Hence, by the
monotonicity formula

Q-1

2
Gm(pﬂoﬁj—bao) S Q - 4

On the other hand, the upper semicontinuity of the density w.r.t. the convergence of area-minimizing
currents [Sim14, Chapter 7, Section 3, Eq. (12)] and the fact that p is a two-sided collapsed point

(20.1.11)



126 SUPERLINEAR DECAYS AND LUSIN TYPE STRONG LIPSCHITZ APPROXIMATIONS 20.1

allow us to conclude

*
O™ (Proy10,0) > limsup O™ (Pr; 0,04, 0) = Q@ — % (20.1.12)
By equations (20.1.11), (20.1.12), and (20.1.10), we have
2Q" -1 Q Q*
Q_ A ng(pwouTOaO) :Ql_? ZQ_77

since @’ is an integer it turns out that @' = @. By (20.1.9), we can straightforwardly check that
dist g (spt(T), spt(Tp))) <,

which, provided n and ey are small enough, leads to

I7I1(B(0, ) = | Tol|(BO, ) + O™ ), vre (1,4~ 1),

Thus, we can state the following property:
(A) the mass of T" in the ball B(0,r) is (Q - %) Wi ™ 4+ O(n™ 1), for any radius 1 <r <4 — 1.
Next, let us define S, := T'LU,,. Observe that (20.1.8) and (20.1.9) imply:

(B) 05,L.C(0,4 —n) =Q*[I'NC(0,4—n)];
(C) TLB(0,4—1n) = S, B(0,4 —1).

Choose a plane 7™ which minimizes the boundary excess, i.e., which contains TpI" and E(7',B(0,4) ,7) =
E’(T,B(0,4)). Let us observe that, since 7y is the optimal plane for E*(T, B(0,2)), we have

i — mol?| T (B(0,2)) = /B( 7 — mol d|IT|

)

<2 /H 7~ ml a7 +2 [ T pa) (201.13)

72 07

< 2-2"w, B (T, B(0,2)) + 2 - 4™w,, E’ (T, B(0, 4))
< CE’(T,B(0,4)).

Moreover,

E(S,, C(0,4 — 1)) < E(T,B(0,4 — 1/2) ,m)
e 2 (BIBO.) + 7 m2ITIBO.4 7)) (20,114
= wn(4—np)m e ) (20.1.14)

(A) (20.1.13)
< 2B’ (T,B(0,4)) + C7 — mo*|T(B(0,2) <  CE(T,B(0,4)),

Moreover, recalling that p : R™™ — m; is the orthogonal projection, by the Constancy Lemma
(|[Fed69, 4.1.17]), we have
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(D) pySy = Qp [QT] + (Qp — Q) [Q7], where Qp is a positive integer and QOF are the regions in
which B4(0,m) is divided by p(T'); in particular

oQt]LC(0,4—n)=-0[Q]LC(0,4—n) =p;s[T]LC(0,4—7).
Since S, = T'LU, and U, C B(0,4 — 7/2), clearly
195[1(C(0,4 — 1)) < [TN(B(0, 4 —n/2)). (20.1.15)
Since projections do not increase mass, we obtain

157[I(C(0,4 = n)) > [[pgSyll(C(0, 4 — n)). (20.1.16)

Assuming that the constant €9 in the assumption of the theorem is sufficiently small, we conclude
that py [[JL C(0,4 — n) is close to TpI' = R™~1 x {0} In particular, |Q%| is close to [BF , (0) [ and
thus Qp|QT |+ (Qp — Q*)|Q| is close to (Qp — )wm(4 n)™ too. Therefore, if ¢ is smaller than
a geometric constant, we infer from (20.1.16) that

20" + 1 .
194 1(C(0,4 = n)) = (@p — ——)wm(4 —n)™
In addition, by (A), a sufficiently small gy imply
20" +1 _(20.1.16) (20.1.15)
(@ ——Jwmld =)™ < [[5I(C(0,4=n)) = |TB0,4-n/2)
(4) 2Q0* — 1
<@~ oIy,

2

we achieve that Qp < @ provided 7 is chosen smaller than a geometric constant. On the other hand,

19, 1(C(0,4 =) < QplQT| + (Qp — Q)| + E(Sy, C(0,4 - n)).

Using (20.1.14) and the argument above, if gg is sufficiently small we get ||S,[|(C(0,4 —n)) <
(Qp — 22 =)w,,, (4 — 7)™, Recall that (C) ensures that | T]|(B(0,4 — 1)) < [|S,[[(C(0,4 — 7)), and,
using (A), we also have ||T[|(B(0,4—17)) > (Q — 262:17+I)<4 — n)™. Thus necessarily Qp > @,
consequently, we have

Qp = Q
Next, since TLB(0,2) = 5, B(0,2), then

p (20.16) Lgab d—n\" 4
A2 < 2"MIE (T, B(0,2)) < 2™ <2> M;YE(S,, C(0,4 — 1))

(20.1.14)
< " CMy'E (T,B(0,4)).

By the last inequality and Qp = @, we finally proved that we are in position to apply Theorem 19.2.4
with g = —m and a sufficiently small parameter n, to be chosen later, provided gq is sufficiently
small and My is sufficiently large.
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Reduction to excess decay for graphs

From now on we let (u™,u™) and h be as in Theorem 19.2.4. In particular, recall that (u*,u™)
is the Ef-approximation of Theorem 19.2.3 and h is a single-valued harmonic function. Moreover,
denote by E the cylindrical excess E(S,, C(0,4 — 7)) and record the estimates:

A< CyMy'E and E < CoE’(T,B(0,2)), (20.1.17)

where C is a geometric constant and the second inequality follows by combining (20.1.14) and
(20.1.6). Next, define 7 to be the plane given by the graph of the linear function = +— (Dh(0)z,0).
Since, by the Schwarz reflection principle and the unique continuation for harmonic functions, we
obtain that h is odd, and h(2’,0) = 0, so, we have that

™D Tl =R™ ! x {0}.
Moreover, by elliptic estimates,

1 Thm. 19.2.4
2 <

N

[ < C|DA(0)] < (CDix(h, By 4 (0))) CE:. (20.1.18)

Fix 77 to be chosen later. The following inequality is a consequence of the reduction argument given
in [DDHM18, Theorem 6.8] where the authors reduce the whole discussion to the analysis of a decay
for classical harmonic functions using Theorem 19.2.4

E(G,+ + G,—,C(0,1),7) < (2—7) ®9E(G,+ + G,-,C(0,2 7)) + CTE . (20.1.19)

Now, we claim that this inequality allows us to conclude (20.1.7). First of all, by the Taylor expansion
of the mass of a Lipschitz graph, [DS15, Corollary 3.3], and the bound on Dirichlet energy of u* on
the bad set, we conclude

E(Gy+ + Gy, C(0,2 = 7)) < E(S,, C(0,2 — 7)) + C/ |Dut? +C |[Du”[?
QK Q7K (20.1.20)
(19.2.9)

< E(S,,C(0,2— 7)) + Cn.E.

In second place, we have

E(T,B(0,1),7) < E(S,,C(0,1) , )
<E(G,+ + G,~,C(0,1),7) + 2er(B; (0) \ K) + 2|7*By (0) \ K]

(19.2.8) ) (20.1.21)
< E(Gur + G-, C(0,1),m) + Onu B+ 2|7|*[B1 (0) \ K|

(20.1.18),(20.1.19),(20.1.20) 5
< (2 =7)""E(S,,C(0,2 - 7)) + Cn.E + CTE.

Using the height bound in Theorem 20.0.1, for € < gq sufficiently small, we have

E(T, C(0,4 — 27)) +A>5(2_ 3

h(T',C(0,2 = 1), m) < Cp ( 7 )>
—3
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and thus
spt(T) N C(0,2 —7) C B(0,2) . (20.1.22)

Since S, LB(0,2) = TLB(0,2), we obtain that

E’(7,B(0,1)) < E(T,B(0,1) )
(20.1.21),(20.1.22)

N =

=(2-7)""° <2En> E’(T,B(0,2)) + Cn.E +7E

2 m
5 ) E(T,B(0,2),7) + Cn.E +TE
]

2-m 0 (52) " +cl.+n|PEBOY).

(20.1.17)
<
N [ 2-7m

Hence, since the constant C in the last inequality is independent of the parameters 7,7, choosing
the latter sufficiently small, we conclude (20.1.7). O

Proof of Theorem 20.1.2. Firstly, we want to prove that the assumptions (20.1.1) and (20.1.2) of
Lemma 20.1.1 are satisfied for every boundary point ¢ in a neighbourhood of p (see (A) and (B)
below). To this end, we notice that, since p is a two-sided collapsed point, by Definition 18.3.4, for
every 0 > 0, there exists p = p(d) small such that

(i) E’(T,B(p,20)) + 4Ac? < § for every o < p;
(ii) O©(T,q) > O(T,p) = Q — % for all ¢ € T N B(p, 2p).

Next, since O(T,p) = Q — %, if the radius p is chosen small enough, we can assure that

IT1(B(p, 49)) < wm <Q _& 8) (45"

By a simple comparison, for n sufficiently small, if ¢ € B(p,n) NT and p’ = p — 7, then

IT(B(a.47)) < ITIB(p.49) < (@ = G + 5 ) (9" < (@ G 4 55 ) (49"

Next, by the latter inequality and by the monotonicity formula, it follows that

o~ "IT|(B(g,0)) < A7) (4p)) 7|1 T|(B (g, 47'))

< A4 o) Q* AAD _ @
s € wm(Q B) +16> wm(Q 9 +16

for all o < 4p'. In particular, if p is chosen sufficiently small, by the last inequality we then conclude

IT)(B(gq,0)) < wn (Q _ & + 4) o™, Vg € B(p,n) NT and Vo < 47’ (20.1.23)
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So, the density of T at ¢ is bounded above by (20.1.23) and below by (ii). Set now r := min{n, p'}.
For all points ¢ in B(p,7) NT" we claim that

(i)
E’(T,B(q,7)) < 2™E’(T,B(p, 2r)) + CA*r? < C6. (20.1.24)

Indeed let 7 be a plane for which E*(T,B(p,2r)) = E(T,B(p,2r),n). By the regularity of ', we
find a plane 7, such that |7 — 74| < CrA and T,I" C m,;. Then we can estimate

E’(T,B(q,7)) < E(T,B(q,r),7m,) < CE(T,B(p,2r),m,)

Triangular

) (20.1.25)
< CE(T,B(p,2r)) + Cr?A? < C6.

We will show that the conclusions of the theorem hold for this particular radius r which, without
loss of generality, we assume to be r = 1 and we also assume p = 0. So, we have proved that we
are under the assumptions of Lemma 20.1.1, in fact, (20.1.25) and (20.1.23) ensure the following
properties for every ¢ € B(0,1)NT

(A) E’(T,B(q,1)) + A2 < CE’(T,B(0,2)) + CA2 < C§,

(B) ITII(B(g.5)) < (Q — 2L Ywpns™ for every s < 1.

We now fix any point ¢ € T N B(0,1) and define m(s) := E*(T, B(q, 5)). We claim that

1
m(s) < Cs* *max{m(3),m(3)} + Cs*A?, Vs € (0, 3)- (20.1.26)
In order to prove (20.1.26), we firstly prove for s = 27%~1 and for all k¥ € N that

1 1

m(27F 1) < cmax{2<26*2>km(1), 2(26’2)’“*2111(5)} +C27 %A (20.1.27)
is valid and then we will show how to derive (20.1.26) from (20.1.27). The proof of (20.1.27) will be
done by induction. Notice that inequality (20.1.27) is trivially true for k = 0, indeed,

m(3) < 2m(3) < max{m(}), 2m(})}.

If the inequality is true for kg > 0, we want to show it for k = kg + 1. We set o = 27%=2 and notice
that, by inductive assumption, we conclude that

m(27%1) <m4o) = m(2 k1) < max{2<2€*2>k0m(1), 2<2€*2>k0+2m(3)}
4 2 (20.1.28)

(A)
< max{m(}),m(})} <m(1) < C3.

Hence, provided we choose § = §(m,n,@*,Q) > 0 small in (A) and consequently r is sufficiently
small too, we are in position to apply Lemma 20.1.1 which assures that
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(20.1.3)
m(2~FD"Y —m(o) < max{272%0(20), 27490 (40)} < C271H49(40)
= C27 " max{m(40), MyA®(40)?}
(20.1.28) 1 1
S Cmax{2(2672)(k0+1)m(1), 2(2572)(’€0+1)+2m(§)} + MOA2O'2,
where we recall that C' and My are both constants that depends on m, n, Q*, @ and e, which finishes
our induction steps and proves (20.1.27). To prove (20.1.26), we take s € (0, %) and ks € N such
that s € (27572 27%s=1) hence, by (20.1.27),

1 1
m(s) <m(2 51 < Cmax{2(25_2)ksm(z), 2(26_2)k5+2m(§)} + 022k mAA2
taking into account in the last inequality that s?2¢ > 42-2¢.2(2¢=2)ks e finish the proof of
(20.1.26). We then conclude, for p € (0, %), that the following equation holds

. (20.1.26) 1 1
E(T,B(q,p) <E(T,B(q,p)) < Cp* Fmax{m(3),m(7)} + Cp*A”

< Cp* E’(T,B(q,1)) + Cp*A? (20.1.29)
(A)
< Cp* *E’(T,B(0,2)) + Cp* *A”.

Furthermore, by (A), the estimate is trivial for % < p <1l For 0 <t < s <1, define 7(q,s)
and 7(q,t) to be the optimal planes for Eb(T, B(q,t)) and E*(T,B(q, 5)), respectively. So, (20.1.29)
implies

7TS—7Tt2:; 7(q,t) — w(q, s)]*d||T
0:9) =700 = ) o, T0 0 @ IPAT
(20.1.23)
< OB(T,B(g,5),7(4, ) + OB(T,B(g,1)),7(0,1))
(20.1.29)

< Cs"FE(T,B(0,2)) + Cs* A%
Letting ¢ goes to 0 in the last equations and thanks to the compactness of G,,(R™"), we obtain
the existence of a limit 7(¢) such that
m(q) — (g, p)|* < Cp* *E’(T,B(0,2)) + Cp* *A% Vp<1. (20.1.30)

Hence, for all p € (0,1), we conclude that

E’(T,B(q,p)) < E'(T.B(¢p) ,7(q))
Triangular

< CE(T,B(q,p),7(q,p)) + Cln(q,p) — m(q)|?

= CE’(T,B(q,p)) + Cln(q, p) — 7(q)[?

(20.1.29),(20.1.30)
< Cs* *E’(T,B(0,2)) + Cs* A%,

(20.1.31)

which concludes the proof of (20.1.4).
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We now turn to (20.1.5), let

Sp =T (Byla. vla)) x By(a,m(a)"))

Hence, we immediately have T'LB(q, p) = S,LB(q, p). Moreover, arguing as in (B), (C) and (D)
in the proof of Lemma 20.1.1, we are under Assumption 7, thus we can apply the Height bound
(Lemma 20.0.1) to obtain

_ 1 3 1
h(S,,C(q,p),7(q)) < Ch (p~"E(S,,C(q,2p) ,7(q)) + A)? p2, VYpe (0, 3): (20.1.32)
As in (20.1.14), we obtain that
1
E(S,, Cla p),(q)) < CE'(T,B(q,v2p) ,(a)), Vp € (0, %) (20.1.33)
We are ready to conclude (20.1.5) as follows, for every p € (0, 2—\1/5),
(20.1.32) . 1,
h(T,B(q,p),7(q)) = (S, B(q,p),7(q)) <  Ch(p 'E(T,C(q.2p),7(q)) + A)? pZ
(20.1.33) 1y (20.1.34)
< Gy (p‘lE(T,C(q,Z\@p) ,7(q)) + A) Pz,
it is sufficient to apply the improved excess decay, (20.1.4), to conclude the proof. O

20.2 Uniqueness of tangent cones at two-sided collapsed points

In the spirit of Theorem 18.3.2 and Lemma 18.3.3 which state the uniqueness of tangent cones
and the Holder continuity of the map ¢ — T for (Cp, ro, ap)-almost area minimizing currents of
dimension 2, we prove the uniqueness of tangent and the Holder continuity of the same map for
area minimizing currents of arbitrary dimension m. We state below the analogous of [DDHMIS,
Theorem 6.3| when the boundary is taken with multiplicity Q*.

Theorem 20.2.1 (Uniqueness of tangent cones at two-sided collapsed points). Let T, p,U and r be
as in Theorem 20.1.2. Then for all ¢ € B(p,r) C U, we have that q is a two-sided collapsed point
with ©™(T, q) = ©™(T, p) and there is a unique tangent cone T, = Q [7(q)"] + (Q — Q*) [7(¢)~]
to T at q, where w(q) is an m-dimensional plane. Moreover, for any e > 0, there is C = C(g) > 0,
such that

@)~ w(:)) <. (171 (BT BG.20)" + A ) s gl %, % € Bp). (020

Remark 20.2.2. Note that, as we have proved in Lemma 18.3.5 in dimension 2 using the charac-
terization of the tangent cones in the 2d setting, Theorem 20.2.1 ensures, for arbitrary dimension
m, that the set of two-sided collapsed points is relatively open in I'. Furthermore, it also guarantees
that the density is constant in B(p,7) N T.
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The following proof goes along the same lines of [DDHM18, Theorem 6.3] and we report it here for
completeness’s sake.

Proof. We start taking 7(q) as the plane given by the improved excess decay, see Theorem 20.1.2.
Let us now prove that, if T}, is a tangent cone to T" at ¢ w.r.t. the sequence p;, — 0, then its support
is m(q). By rescaling we have that

E(Ta B(Qa pk) ) W(Q)) < CE(T(LPM B(Oa 2) ) W(Q))'

The latter rescaling and the improved excess decay, i.e., (20.1.4), furnish

PE\E%E 2-2e, 2 A 2
E(T;,,,B(0,2),7(q)) < C . E’(T,B(p,2r)) + Cp, “r=A*, Vp, <r. (20.2.2)
We now let p; — 0 in (20.2.2) to conclude that E(T;,B(0,2),7(¢)) = 0 and hence Tj, is supported
in 7(q). We conclude that the tangent cone is unique and, by a standard argument involving the
Constancy Lemma as already used many times above, it takes the form

T, = Q(q) [7(a)T] +(Q(g) — Q") [w(a)7] .

for some Q(gq) € N, since the tangent cone is an integral current. By assumption we have that
p is a two-sided collapsed point and ¢ € U, Q(q) — % = O(T,q) > ©™(T,p). Moreover, by
(20.1.2), we obtain Q(q) — % < O™(T,p) + 1 and therefore ©™(T,q) = ©™(T,p). Finally, in
order to finish the proof of the theorem, for 0 < ¢t < s < 1, we let 7(q,s) and m(q,t) such that
E’(T,B(q,t)) = E*(T,B(q,t),n(q,t)) and E’(T,B(q,s)) = E’(T,B(q,s),n(q,s)). We now take
0 <t<p:=|q—z| <r and note that

m(at) ~ w0 = | nlq,t) - (= &) Pd|T]|
B(g,t)NB(z,)
. c .
< T —7n(q, )]+ —— T —n(z,t)]%d||T
o oy Em 7@+ o [T (Pl

= C(E"(T,B(q,t)) + E*(T, B(z,1)))

2—2
<c(f) TE(T,B(p, 2r)) + Cp2 21 A2,
T

where, in the second line, we have used that ||T||(B(p,t)) > ct™, a simple consequence of the
monotonicity formula. Hence, the latter inequality gives

1
7(a,t) = 7(,6)] < C (r =B (T, B(p,2r)) + 1A?) * g — 27,
we let t goes to 0 to conclude (20.2.1). O

We state an important corollary of Theorems 20.2.1 and 20.1.2 which will be used often in the
remaining chapters and relates the height when we change the reference plane to an optimal plane
to the excess in p instead of consider the tangent plane at q.

Corollary 20.2.3 (Height bound relative to tilted optimal planes). Let T, T, p, q,7(q) and r be as in
Theorem 20.2.1 and let 7 be an optimal plane for B’ (T, B(p, 2r)). If we denote by px, pr, Pr(q) and
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p#(q) respectively the orthogonal projections onto m, =, m(q) and W(q)L, then, for all g € 'NB(p,r),

we have )
m(q) — x| < C(E’(T,B(p,2r))2 + Ar), (20.2.3)

spt(T) N B(q, g) - {:U e R™T™ .

3
Pl — 0] < COT'B (T, B(p, 2r))3 + A)i |z — gl }
(20.2.4)

spt(T) N B(q, g) C {w e R,

pr(z — q)’ < C(E’(T, B(p, 27“))% + Ar)% |z — q]} . (20.2.5)

Proof. To prove (20.2.3), we proceed as follows

Im —m(q)” < 2lm — 7 (p)]* + 2| (p) — w(q)|?
(20.2.1) (20.2.6)
< 2lr—7(p)|* + C(E (T, B(p,2r))2 + Ar)?,

D=

and

1 ~ B
PO [ (lm - TR T = w)R) dlT
TG Juy g (7~ T T = 7@ )T

()
< CE(T,B(p,2r)) + C

|m =7 (p)]

1 / " )
IT1(B(p, 2r)) T —m(p)|d|T (20.2.7)
” H( (p7 27“)) B(p,2r)| ( )| H ||
(20.1.4),(%)

< C(B(T,B(p,2r))% + Ar)?,

where in (%) we have used the standard argument with the monotonicity formula to obtain a bound
IT)(B(p,2r)) > cr™. Therefore (20.2.6) and (20.2.7) prove (20.2.3). Note that (20.2.4) follows
immediately from (20.1.5). We next observe that

= |Pr — Pr(g)|* < Cln —m(@). (20.2.8)

2
L L
Pz = Px(q) ‘

Furthermore, for = € B(q,r) Nspt(T), it follows

Py (z — ) < Cla — ql*Ipy — Pr(g)~ 1> + ClPr(q) (x — @)
< Clr = m(q)Plz — qI* + Clpr) - (x — @)]?

(20.2.3) i ) ) N )
< C(E(TaB(pa 2’[“))2 —|—AT‘) |:‘C _q| +C’p7r(q) ($ —Q)‘
(20.2.4) 1 9 9 1 1 3

< C(E(T,B(p,2r))? + Ar)3 |z — q,

where in the last inequality the fact |x —¢| < r took place, thus the latter inequality proves (20.2.5).
O
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20.3 Lusin type strong Lipschitz approximations

As we remarked at the beginning of this section, Theorem 19.2.3 provides an approximation which is
not enough for our purposes. In the last subsection, we used the harmonic approximation, Theorem
19.2.4, to obtain the superlinear excess decay, Theorem 20.1.2, which will now be used to provide
our desired approximation with faster decays and stronger estimates as it is precisely stated in
Theorem 20.3.1.

Assumption 8. Let T and I' be as in Assumption 6 with Cy = 0, 7 be a m-dimensional subspace,

{e;}™, abasis of R™ and ¢ € I'. We use the following notations 7’ = span(pr(e1), - , Pr(em—1)), ¢1 :
(¢ + ") = (g +span(pr(em))), ¥ : ¥ C (¢ +7) = (q+m)" 02 : (g +7') = (¢ + span(pr(em))) x

(q+7), o(x) = (Y1(x), ¥(z, 1 (x))) with Grepy = v, T = Grapg, and ¢ is of class C>®. We assume

that

(i) In the excess decay, Theorem 20.1.2, p=0 €T and r = 1,
(ii) E*(T,B(0,2)) + A < &1, where g1 = £1(m,n,Q*,Q) > 0 is a small constant.

We would like to point out that the approximation and the estimates in the following theorem hold
for any point in a suitable ball of the fixed two-sided collapsed point p = 0, compare with Theorem
19.2.3 where the approximation and estimates are build in balls centered in the fixed two-sided
collapsed point p.

Theorem 20.3.1 (Strong Lipschitz approximation). Let T,T',v and vy = p(T') be as in Assumption
8, qeTNB(0,1), r < & and 7 be a plane such that T,I' C 7 and E(T, C(q, 4r, 7)) < 1. Then there
are a closed set K C B,(q,7) and a (Q — %)—valued map (u™,u~) on B.(q, ) which collapses at
the interface (v, Q* [¢]) satisfying the following estimates:

Lip(uF) < C(E(T, C(q, 4r, 7)) + A%r?)° (20.3.1)
osc(u¥) < C(E(T, C(g, 4r, 7)) + A%r?)2r (20.3.2)

G, L[(KNOF) x 7] = TL[(K N QF) x R (20.3.3)
B,(q,7) \ K| < C(E(T,C(q,4r,7)) + A*r?)tFopm (20.3.4)
er(B.(¢,m) \ K) < C(E(T, C(q,4r, 7)) + A%r?)Ltopm (20.3.5)
/B o |Dul? < C(E(T, C(q, 4r, 7)) + A%p2)1Hopm (20.3.6)

eT(F)—;/F]Duif

< C(E(T, C(q,4r, 7)) + A%r2)1Horm  YF C QF measurable, (20.3.7)

where QF are the two regions in which B, (g, ) is divided by v, C > 1 and o €]0, %[ are two positive
constants which depend on m,n,Q* and Q.
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Proof. Our strategy to prove this theorem is to go back to the interior estimates done in [DS14].
So we will divide the proof into two steps, in Step 1 we will prove further estimates provided by
the interior case which are needed to conclude our estimates (20.3.1)-(20.3.7), and in Step 2 we will
exhibit how to obtain the theorem from the interior case.

Step 1: If we assume that £; is smaller than the constant of [DS14, Theorem 2.4] (also denoted by
1), ¢ € spt(T'), and the cylinder C(x,4p, ) does not intersect I and is contained in C(g, 47, 7).
Then, [DS14, Theorem 2.4] provides a map f : B,(z,m) — Ag(nt) (or Ag—g+ (7)) and a closed
set K C B,(z, ) such that

Lip(f) < Co1 E(T', C(z, 4p)), (20.3.8)
G;L(K xR") =TL(K xR"), (20.3.9)
B,(z, )\ K| < CE(T, C(x,4p)) 7 p™, (20.3.10)

5 < OE(T, C(z,4p)) T p™, (20.3.11)

1
ITI(C (2, p)) — Quanp™ — © / Dy
Bp(xvﬂ')

In order to simplify our notation, we assume that 7 = R™ x {0} and use the shorthand notation
Bi(x) for Bi(z, 7). It remains to prove the analogous of (20.3.5), (20.3.6) and (20.3.7) when ¢ is
replaced by the interior point z. Notice that (20.3.8) and (20.3.10) give

/F\K |Df|* < CE(T, C(z,4p))* B, (x) \ K| < CE(T, C(z, 4p)) 57 ™,

for every F' C B,(z) measurable, hence we achieve (20.3.6) taking F' = B, (z). Next recall that
cither |T|(C(z, p)) — Quimp™ = ex(B, (2)) ot [T|[(C(z, p)) — (Q — Q*)wmp™ = (B, (x)), hence
(20.3.11) can be reformulated as

1

er(B, ()~ 5 [ IDSP| < CBT, Ol 407"

We also have that

;/B ( )|Df|2 < (E(T, C(x,4p)) + CE(T, C(z,4p))'*7) p™ < CE(T, C(x,4p))p™.  (20.3.12)

The Taylor expansion of the area functional, [DS15, Corollary 3.3|, and (20.3.8) give

1
ca ()~ 5 [ DI

< CLip(f)? [ IDSI* < CBT.Cla.49)" " (20.3.13)

for every F' C B, (z) measurable. Therefore, by (20.3.12) and (20.3.13), we obtain
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er(B, (z) \ K) = er(B, () — eg, (B, (z) N K)

er(®, @)~ [ DS

+[ s
B, (2)\K
< CE(T, C(z,4p)) T p™,

< +

1 _
3 [ DI e, B, @) N )
By (z)NK

which is (20.3.5). Finally, (20.3.7) is implied by the last inequality, (20.3.6) and (20.3.13) as follows,
for every F' C B, (z) measurable we have

<

er(F) -5 [ DS

_ 1
ec,(FNE) -+ / Dy
2 FNK

< CE(T, C(z,4p)) T p™.

rerF\K) 4 g [ DS

Step 2: Without loss of generality we assume that T,I' = R™~! x {0}, 7 = R™ x {0}. We then use
C(q, s) in place of C(q, s, 7), Bs (¢) in place of Bs(q, ), and p to be the orthogonal projection onto
m. By Assumption 8, we have

IT L C(q,4r) = Q* [I' N C(q, 4r)] and p;(0T_C(q,47r)) = Q* [y N By (P(q))] -

As in the previous sections, denote by Q and Q= the two connected components of By, (¢) \ v, we
have

pTLC(q,4r) =Q Q] + (@ -Q") [7] . (20.3.14)

We denote Lg be the m-cube ¢ + [—r,r]™ and, for any natural number k, let C be a collection of
m-~cubes given by

Cpp = {L:q—l—rQ_kx—l— [—27Fr 27Fp )™ .2 € Z™ k € N, L C Lo, LN B, (q) # (2)}.

Analogous to [DDHM18, Section 7.2], we take a number N € N such that the 24~ /mr-neighborhood
of Urecy L is contained in C(g,4r) and we will proceed with the construction of a Whitney decom-
position of

Q:= U L\~.

LeCn

Here and in what follows we set
sep (L,vy) :=min{|lx —y|:z € v,y € L}.

We firstly define the following sets of m-cubes Ry = Cy,

1
Wy = {L € Ry :diam(L) < 16 Sep(L77)} .

If L € Ry \ Wy, we subdivide L in 2™ m-subcubes of side 2~ N+ and assign them to Ry41.
We proceed inductively to define Wy and Ry for every k > N. Therefore, we obtain a Whitney
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decomposition W = Up>nW;, which is a collection of closed dyadic m-cubes such that

int(L) Nint(H) =0, for all L,H € W, (20.3.15)
QU CUrewl, (20.3.16)

15 1 . 1

16 325°P (L,v) < diam(L) < 165eP (L,vy), L eWw. (20.3.17)

Note that (20.3.15) readily follows from the construction. In regard to (20.3.16), we take z € Q% to
obtain two mutually exclusive cases that could happen, namely, either there exists L. € Wy such
that z € L, or for every L € Wy results z ¢ L. In the first case we finish readily the proof. In the
second case take L such that L € Ry\Wy and z € L. Then we may subdivide it and pass to the next
generation and find a new cube L’ € Ry such that z € L'. Now we may apply the same reasoning
inductively and construct a sequence Ly j, ., k > N such that z € Ly j, ., Lk, . € Lg+1,5,,, ., and
Lij,. ¢ W for every k > N. If the sequence (Lgj, _)x is not constant for large values of k, then
the diameters of Ly j, . goes to zero as k goes to infinity, and thus we obtain for sufficiently large k
that

. 1 1
dinmn(Li s, ) < o sep(Liy 7)< 1 sep(Li, ),
since Ly j, . C Ln,jy . Which ensures that Ly j, . € W and therefore (20.3.16). To prove (20.3.17),
observe that sep(L, ) < sep(f),:y)—i—diam(L) for every L € Cy, L €Cr-1and L C L. By construction
for each L € Wy there exists L € Ri_1 \ Wk—1 such that L C L. Thus %sep(L,'y) < sep(L, "),
2diam(L) = diam(L) > = sep(L,v). So diam(L) > %sep(f/,’y) > 1245 sep(L, 7).

Another important property of this family is that if a m-cube stops then its neighbours of next
generation must also stop. Precisely, let H € W;, L € Cj41 and H N L # (), then

20.3.17
sep(L,~y) > sep(H,y) — diam(L) ( > ) 16 diam(H) — diam(L) > 31 diam(L) > 16 diam(L).
(20.3.18)
The chain of inequalities above guarantees that sep(L,y) > 16 diam(L) which is the very definition
of the family Wj41, ie., L € W.

We denote with ¢y, the center of the m-cube L € W and set r, := 3diam(L) so that

L C By, (cr). (20.3.19)

We claim that, for each cube L, the current T restricted to the cylinder C(cr,4ry) satisfies the
assumptions of [DS14, Theorem 2.4|. Firstly note that, by (20.3.17), we have C(cp,4rr,) NT =0
and thus 0T'L C(cr,4rr,) = 0, we also obtain by the choice of N that B(cp,6rr) C B(q,4r).
Moreover, either Byy, (cr,) C Q1 or By, (cz) C Q7 and thus by (20.3.14) we have

Q [Bar, (cp)], if ¢;, € QF,

py T Cler, 4rL) = { (Q = Q") [Bar, (c£)], ifer €Q.

It remains to prove that the excess is small enough. Towards this goal we will make use of the excess
decay, Theorem 20.1.2. In fact, we start distinguishing the two cases r;, = 2~ Nr and rp, < 27Ny, If
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r;, = 27 Nr, rescaling the excess and by the assumptions of the theorem, we easily obtain that
E(T,C(cp,4rr)) < 2™VE(T, C(q,4r)) < 1.

Now, for each L € W with 77, < 27, we let 21, be the orthogonal projection of ¢z, on v and ¢, € T
be the point (xr,9(xr)). The first inequality of (20.3.17) implies that

C(CL,47"L) C C(qL, 157“L) .

From our choice of N, taking £; smaller if necessary, by (20.2.5), we have

spt(T) N C(qr, 16rL) C B(qr, 17r) C C(q,4r). (20.3.20)
So, we deduce that
B(T,Cleg.dre) < BT, Blqr.17rz) )
TEN BT, Blar, 17r1) , 7(qr) + Clr — m(qw)| (203.21)

< CE(T,C(q,4r)) + A%r? < g,

where in the last inequality we have used the excess decay, Theorem 20.1.2, and (20.2.3). So, provided
e1 is chosen sufficiently small, we can apply Step 1 in every cylinder C(cr,4ry) and obtain either
a Q-valued or a (@ — Q*)-valued map fr, on each half ball B} (cz) or B, (cz) and a closed set
K, C BE (cp) such that

Lip(fr) < CE(T, C(cg,4r1))?, (20.3.22)

G, (KL x R") = TL(KL x R"), (20.3.23)

IB,, (cz)\ K1| < CE(T,C(cp, 4rp)) Tor, (20.3.24)

er(B,, (cr)\ K1) < CE(T, C(cy, 4rp)) or P, (20.3.25)

/ Dfo|? < CE(T, Cler, dr))+orm, (20.3.26)
By (c)\KL

< CE(T,Clcp, 4rp))' ™o, VF C B,, (cr) measurable. (20.3.27)

er(F) = [ IDfif

Next, for each L we let N> (L) be what we call the neighboring m-cubes in W with larger radius,
i.e.

No(L)={HeW: HNL#0,ry >r}.

We use the good sets provided by the interior approximation to define
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Kp=K,n ()| Kg, K*= |J KinL K = |J KnL
HeN> (L) Lew,LcOt Lew,LCcQ~

Note that, if H € N>(L), we already know by (20.3.19) that L C Bim (cz) and then, since
H N L # 0, we deduce that L C By, (cg). Such a fact guarantees that K} # () and the following:

IL\Kp| <|L\Kp|+ Y |[L\EKg|<|[L\Kg|+ Y [By, (cu)\ Kyl
HEN (L) HEN(L) (20.3.28)

(20.3.24)
< CE(T,C(q,47))"Tor < Ceyrll,

where we also use that the cardinality of N> (L) is bounded by a geometric constant C” and rp and
ry, are comparable by construction of the Whitney decomposition, since H N L # (), H, L € W.

Furthermore, we set up two functions defined on K and K —, respectively, given by @ (z) := f1(z),
forany z € LN K", L € W, and 4 (z) := fp(z), for all z € LN K~,L € W, thanks to (20.3.23)
these functions are well defined. Note that these functions are defined on each square in WW which
are away from the boundary +, it means that we have to properly extend these functions in order
to have a (Q — %*)—Valued map which collapses at the interface. Indeed, we will refine this idea in
the sequel.

We now claim the validity of the following:

Lip(a%) < C(E(T, C(q, 4r)) + A%r?)°, (20.3.29)
Gy (KT xR") = TL(K* x R"), (20.3.30)
er(L\ K}) < C(E(T,C(q,4r)) + A?r?)tTopm, (20.3.31)

Di*|* < C(B(T, C(g, 4r)) + A%r?)Hor . (20.3.32)

o

Before the proof of this claim, we show how to prove (20.3.1)-(20.3.7) from it. Define the good set
as K = KT UK~ and notice that in view of these last inequalities, up to now, we have finished the
proof of (20.3.1), (20.3.2), and (20.3.3). Observe that

S <orm, (20.3.33)
Lew

which furnishes (20.3.4), (20.3.5) and (20.3.6) by summing over L € W, respectively, (20.3.28),
(20.3.31) and (20.3.32). Regarding (20.3.7), we proceed as follows, fix a measurable set F' C QF and



20.3 LUSIN TYPE STRONG LIPSCHITZ APPROXIMATIONS 141

observe that, for any m-cube L in the Whitney decomposition W of Q* we have that
1
5[ b
2 JFaLnk+

1
eT(Fﬂ L) — / |Du
2 FNL
+er(L\ K*) + Lip(a*)?|L\ K*|

(20.3.28),(20.3.29),(20.3.31) 1 )
< eT(FmLmKi)—/ IDfy,
2 JrnLnk+

+ C(E(T, C(q,4r)) + A27“2)1+“r2"”

(20.3.27) 5 o1t
< C(E(T,C(g,4r)) + A=ro) mry".

Triangular n
< er(FNLNK™)—

By (20.3.33), summing over L € W, we obtain (20.3.7). Now, we turn our attention to the proof of
the claim.

We start with the proof of the Lipschitz bound in (20.3.29), we let H,L € W with diam(H) >
diam(L) and x € HN Kg,y € LN Ky, hence

o If HN L # 0, by the very definitions of & and K+, we know that a* = fy on K* N H.
Since rg > rp, H € N>(L) and then K} # () as mentioned above. So, we can take any
z € K C K;,NKp, to have that the Lipschitz bound on each m-cube, i.e., (20.3.22), ensures

G(@*(z),a*(y)) < G(a*(z), @ (2)) + G(a(2), 7" (y)) < CE(T, C(g, 4r))"|z — y.

o If HNL =0, let zy,yy € v such that d(x,v) = d(z,z,) and d(y,7v) = d(y, y). We directly
obtain that )
G(a*(z), QF [¥(z,)]) < CB(T, Clq,4r))2 |z — 24/,

G(@*(y), Q* [¥(y,)]) < CE(T, C(q,47))2 |y — y4],

where Q* = Q and Q~ = Q — Q*. Indeed, both inequalities are due to the following facts:
d(x,~) and 7, are comparable, see (20.3.17), and spt(@*(x)), (2., ¥(z-)) € spt(T) then we can
readily apply the height bound, in the cylinder C(xz,,167), given in [DDHM18, Proposition
7.3] (this proposition is just a corollary of [DDHM18, Thm 6.3 and Assump 7.1 (iv)] which are
the counterparts of Theorem 20.1.2 and Corollary 20.2.3, so it can be derived with the exact
same proof ). Note also that, by the regularity of T, we obtain [1(2+) —t(y,)| < CA72|2z,—y,|.
As a consequence, by (20.3.34), we can estimate

(20.3.34)

QF)Zy(,) — ()|

G(a* (), @ (y)) < G(a*(x), @™ [v(xy)]) + (@
) < C (E(T, C(g, 4r)) + A%?)" |z — y|

+G(a* (y), @ [v(yy)]

where we have used that o < i and that

3v/m
|z — 2| + [yy —y| =d(z,v) +d(y,7) < C(rp +7ra) < Crg < C |z —yl.

To see the last inequality observe that when HNL = ) by (20.3.18) we have that |x—y| > 32&%.

In particular, we have also proved that (4%, % ™) has a Lipschitz extension to (K*U~)NB, (¢) which,
by (20.3.34), collapses at the interface (yNB, (q) , @* [1/]). We next extend @ to the whole QF, and
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denote by u®, keeping the Lipschitz estimate (20.3.29) up to a multiplicative geometric constant,
c.f., [DS11, Theorem 1.7]. Finally, inequality (20.3.32) follows directly by the estimates on the bad
set and the Lipschitz bound, i.e., (20.3.28) and (20.3.29). Concerning inequality (20.3.31), we obtain
it by (20.3.27) and (20.3.29). To conclude the proof of the theorem, we notice that equation (20.3.30)
follows from (20.3.23).

O



Chapter 21

Center manifolds M= with boundary T

In this section we work under the assumption that 0 € R™™ is a two-sided collapsed point and
that ToI' = R™~! x {0} and therefore, from Theorem 20.2.1, the tangent cone of T at 0 is Q [[ﬂ(ﬂ] +

(Q—Q [[776]], where

ﬂ'Oi:{xGRern;ixm>0,:cm+1:___:ggn+m:0}_

Following the notation that we have used up to know, we denote by - the projection onto 7y of
I" and, given any sufficiently small open set {2 C mg in R™ which is contractible and contains 0,
we denote by QF the two regions in which Q is divided by 7, i.e., the portions on the right and
left of 7. In this section, we build two distinct m-dimensional submanifolds M* of class C® which
will be called, respectively, left and right center manifolds. Both center manifolds will have
I' N C(0,3/2,m) as their boundary, when considered as submanifolds in the cylinder C(0,3/2,m)
and they will be C3* for a suitable positive £ up to the boundary. Additionally, at each point
p € I'NC(0,3/2,m) the tangent space to both manifolds will be the same which is the tangent
cone to T at p denoted by 7(p) as in Theorem 20.2.1. In particular M = M+ UM~ will be a 1!
submanifold in C(0,3/2, m) without boundary.

Our aim in this section is to provide a new approximation of the current T, the way we will do
this is building the center manifolds M¥* which can be understood as an average of the sheets
of the current T on each side of I', in the construction of the center manifold we will fabricate
maps N* which are defined in M¥* and show that these maps N’ approximate the current in
the sense of the Lipschitz approximations furnished in the previous chapters, e.g., Theorem 20.3.1.
With respect to the final argument of this work to conclude the proof of Theorem 17.3.1 using
Theorem 18.3.8, we desire to prove that N'* is identically zero and thus the current has to satisfies
T C(0,3/2,m) = Q [M™] + (Q — Q*) [M~] which assures that 0 is a two-sided regular point of
T. This strategy will be developed in the remaining part of this work where we begin with the
construction of the center manifolds and the approximating maps, after that we use the theory of
(Q— %)—Dir minimizing maps, see Section 19, to obtain that N *| .+ = 0.

21.1 Construction of the Whitney decomposition

Since the algorithm is the same for both sides of v, it means that we can repeat the same frame to
build both center manifolds. We can focus without loss of generality on the construction of M™. We

143
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start by describing a procedure which furnishes a suitable Whitney-type decomposition of B;ﬂ (0)
with cubes whose sides are parallel to the coordinate axes and have sidelength 2¢(L). The center
of any such cube L will be denoted by ¢y, and its sidelength will be denoted by 2¢(L). We start
by introducing a family of dyadic cubes L C mg in the following way: for j > Ny, where Ny is an
integer whose choice will be specified below, we introduce the families

%; :={L: L is a dyadic cube of side ¢(L) = 277 and B;/Q (0)NL#0},

where we recall that, for s > 0, stt (0) are the connected components of By (0) \ 7. For each L define
a radius

rp = M()\/TT’L@(L) y

with My > 1 to be chosen later. We then subdivide & := U;%} into, respectively, boundary cubes
and non-boundary cubes

¢ :={Le%: dlcy,v) < 64ry}, Cﬁ}’ = €' NG,
¢ ={Le%: dlcy,7) >64rL}, € =%"NG;.

_l’_
3/2

prefer to use the term “non-boundary” rather than “interior” for the cubes in €?. Indeed in what
follows, without mentioning it any further, we will often use the same convention for several other
subfamilies of €.

Observe that some boundary cubes can be completely contained in B7,, (0). For this reason we

Definition 21.1.1. If H, L € € we say that:

e H is a descendant of L and L is an ancestor of H, if H C L;
e H is achild of L and L is the parent of H, if H C L and ¢{(H) = $((L);

e H and L are neighbors if $/(L) < ¢{(H) < {(L) and HN L # 0.

Note, in particular, the following elementary consequence of the subdivision of €

Lemma 21.1.2. Let H be a boundary cube. Then any ancestor L and any neighbor L with ¢(L) =
20(H) is necessarily a boundary cube. In particular: the descendant of a non-boundary cube is a
non-boundary cube.

Proof. For the case of ancestors it suffices to prove that if L is the parent of a boundary cube H,
then L is a boundary cube. Since the parent of H is a neighbor of H with ¢(L) = 2¢(H), we only
need to show the second part of the statement of the lemma. The latter is a simple consequence of
the following chain of inequalities:

d(cz,y) < d(cw,v) + |ex — er| = d(cm, ) + 3vml(H)

TH -1 TL 67
< 64ryg + Sﬁo < (64+ 3M, ) > < ?T’L < 64ry,.

Definition 21.1.3 (Satellite balls). Following the notations above, we set:
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(i) If L € %", then we define the non-boundary satellite ball By := B(pr,64r1) where
pr € spt(T) such that pr,(pr) = cr, such py, is a priori not unique, and 7z, is a plane which
minimizes the excess in By, namely E(7,Br) = E(T,B, 1),

(ii) If L € 6", then we define the boundary satellite ball B}, := B(p},2764r;) where p} € I'is

such that |px, (pi) —cr| = d(cr,7). Note that in this case the point pr is uniquely determined
because I is regular and A is assumed to be sufficiently small. Likewise 7y, is a plane which
minimizes the excess E’, namely such that E’(T, BbL) = E(T, BbL, ) and prLl" C 7.

A simple corollary of Theorem 20.1.2 and Corollary 20.2.3 is the following lemma.

Lemma 21.1.4. Let T and I be as in Assumption 6. Then there is a positive dimensional constant
C(m,n) such that, if the starting size of the Whitney decomposition satisfies 20 > C(m,n)My,
then the satellite balls BbL and By, are all contained in Bo. Moreover, there exists €1 such that, for
any choice of My, ae >0 and ap < %, if

E’(T,B2) + [¢[F500 <1, (21.1.1)

then for every cube L € 6" we have

E’(T,B}) < Coerry >, (21.1.2)
h(T, B}, mp) < Coe)/'riom, (21.1.3)
w1, — o0l < Coey?, (21.1.4)

‘WL - W(pr)‘ < Coey/*r} o, (21.1.5)

where, W(pr) s the m-dimensional tangent plane supporting the tangent cone to T at pi and Cy
depends only upon e, an, m and n.

Proof. Take x € By, using the height bound in (iii) of Assumption 8 we obtain that

2| < 64rp, + pr| < 64v/mMe2 N0 + |ep| + Cel? Ipl,

recalling that ¢z, € B(0, 3/2), possibly choosing €g small enough and taking the constants C(m, n), No
big enough, we certainly obtain that By, C B(0,2). The proof that B% C B(0,2) is analogous with
the exception that we might multiply the dimensional constant by 27. Inequality (21.1.4) is a direct
consequence of (20.2.3). In this proof we will use the improved excess decay, i.e., Theorem 20.1.2,
with ¢ = pr,p = 0,7 =1,p = 2764r. To prove estimate (21.1.2), we do as follows

b by _ b b o7 (20.14) 7 2—20e Tb 7 2—2ae A 2
E (T,BL) =E (T,B pr,2'64ry ) < C’(2 64rL) E (T,B(O,Z)) +C(2 64rL) A~

and thus (21.1.1) concludes the proof of (21.1.2). With the same argument we prove (21.1.3) using
in this time the height bound given by the excess decay, i.e., (20.1.5). It remains to prove (21.1.5),
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by the monotonicity formula, and recalling that ©(T, pi) =Q - %* > %, we have
ITI(BL) > wm(2764rL)™,
Therefore, by the improved excess decay, we obtain
(20.1.4),(21.1.1)
E(T,B), 1) < E(T, B}, 7(p},)) < Coerry 2.

Hence
[w(py) —mLl* < Co(B(T, B, mp) + B(T,BL, m(p}))) < Coerry **°.

21.2 Stopping conditions of the Whitney decomposition

We will now start to refine our Whitney decomposition putting into account the properties of small
excess and height bound of the current, in the sense of Lemma 21.1.4, to then obtain further stronger
information about the current on each cube of the decomposition. To this end let Ce,Cy, be two
large positive constants that will be fixed later. We take a cube L € %), and we do not subdivide
it if either the excess "is too big” or the current ”is too high”, precisely if it belongs to one of the
following sets:

(1) #7% :=={L e €} : E(T,BL) > Cec1{(L)* " };

(2) 7/]\1/10 = {L € Cfﬁfo : h(T’ BL77TL) > ChEihmE(L)H_ah}.

We then define
P 1= Cy \ (Wﬁo U 7/]\1}0) .

The cubes in #, will be subdivided in their childs, it means that we are subdividing the cube
whenever the current is well behaved in it. In what follows we aim to show that the current is well
behaved in the whole ball, it means that we will ensure that #, := #5 U 7/]\1;0 = (), and therefore
Cny, = Ny, by choosing Ce and Cy, large enough, depending only upon ay, ae, My and Ny, see
Proposition 21.3.1 below.

We next describe the refining procedure assuming inductively that for a certain step 7 > Ng + 1
we have defined the families #;_; and .#;_;. In particular we consider all the cubes L in %
which are contained in some element of .;_;. Among them we select and set aside in the classes
Wi =WeU V/jh U ;" those cubes where the following stopping criteria are met:

(1) e = {L child of K € j_1 : E(T,Bp) > Cee1{(L)?7 20},
(2) V/jh ={Lchildof K€ .%j_1: L¢ V£ and h(T,Bp,7r) > Chgi/2mg(L)1+ah}’

(3) #:={Lchildof K €. 1: LEgWUW} but 3L € #;_1 with LN L' # 0}.
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We keep refining the decomposition in the set
S5 ={L € %;childof K € 71} \¥;.

Observe that it might happen that the child of a cube in .#;_1 does not intersect B?’/2 (0): in
that case, according to our definition, the cube does not belong to . neither to %;: it is simply
discarded. As already mentioned, we use the notation Lij and 173@ respectively for .; N %" and
5N %". Furthermore we set

:UW]-, y::chﬁj, S+:=ﬂ(U) 3/2 \UH

Jj=No Jj=No j=No LeJ; Hew
Note, in particular, that the refinement of boundary cubes can never be stopped because of the
conditions (1) and (2), as we state in the following.

Lemma 21.2.1. %bﬂW = for everyi,j > Ny and in particular yNB;
cubes always belong to .

3/2 (0) € ST. Thus boundary

Proof. Assume there is a boundary cube in #;, then let L be a boundary cube in #; with largest
side length. The latter must then belong to #;® because Lemma 21.1.4 excludes the possibility of L
to belong to either #/¢ or V/jh. However, by definition of the family, this would imply the existence
of a neighbor L' € #; with (L") = 2¢(L). By Lemma 21.1.2, L' would be a boundary cube in #/,
contradicting the maximality of L. O

Clearly, descendants of boundary cubes might become non-boundary cubes and so their refining
cubes can be stopped. We finally set % := #° U “//jh U ;. From now on we specify a set of
assumptions on the various choices of the constants involved in the construction.

Assumption 9. T and I' are as in Assumptions 6 and we also assume that

(a) ap is smaller than ﬁ and ae is positive but small, depending only on ap;
(b) My is larger than a suitable constant, depending only upon «;

(
(d

)
)
c¢) 2N > C(m,n, Mp), in particular it satisfies the condition of Lemma 21.1.4;
) Ce is sufficiently large depending upon e, an, My and Ny;
)
)

e) C, is sufficiently large depending upon ae, oy, Mo, Ng and Ce;

(
(f) (21.1.1) holds with an e; sufficiently small depending upon all the other parameters.

Finally, there is an exponent «g,, which depends only on m,n, @* and ) and which is independent
of all the other parameters, in terms of which several important estimates in Theorem 21.6.5 will
be stated.

We are ensuring that there is a nonempty set of parameters satisfying all the requirements, since
the parameters are chosen following a precise hierarchy. The hierarchy is consistent with that of
[DS16a|, the reader could compare Assumption 9 with [DS16a, Assumption 1.8 and 1.9].
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21.3 Tilting optimal planes and L-interpolating functions

In this section, we will define the interpolating functions which will give rise to the function ¢ whose
graphs will define the center manifold M™. In order to begin with the construction of these objects,
we shall notice that an important fact is that up to now, in the construction of the decomposition,
we have nice local information about the current, i.e., inside each square of the decomposition we
can do a good analysis, however, we do not know how to work among those cubes, i.e., how to
compare quantities as the excess and height between two different cubes of the decomposition. To
that end, we enunciate the following crucial result which is the analogous of [DDHM18, Proposition
8.24| which is stated for @* = 1, we mention that the proof of this proposition readily works for
currents with boundary multiplicity equal to Q* > 1.

Proposition 21.3.1 (Tilting and optimal planes, Proposition 8.24, [DDHM18|). Under the As-
sumptions 8 and 9, we have #n, = 0. Then the following estimates hold for any couple of neighbors
H L e ZUW and for every H, L € . UW with H descendant of L:

(a) denoting by wp,wy, the optimal planes for the excess in By and By, respectively, we have

|mg — 7| < C’siﬁf(L)l_o‘e, |me — mo| < C’si/Q,

(b)" h(T, Casy, (i1, m0)) < Cey*™ 0(H) and spt(T) N Cugry, (prr,m0) C By if H € €*,
(b)” h(T, Cyras,, (P, ™)) < Cey*t(H) and spt(T) N Cyrasry, (P m0) C By if H €67,
()t (T, Cs6r, (pr, 7)) < Cey*"€(L)+*n and spt(T) N Cagr, (pr, 7)€ B if H, L € €°,

(¢)” (T, Corze, (P}, 7H)) < 051/45(14)1%“’ and spt(T) N Cyrze,, (7, 7)) C B} if L € %7,
where C' = C (e, an, My, No, Ce) > 0 and C = C(ae, an, Mo, Ny, Ce, Cr) > 0.

We now state the following results which is the analogous of [DDHM18, Proposition 8.7] will allow
us to locally approximate the current by (Q — %)—Lipschitz maps in the sense of Theorem 20.3.1.
We also noticed that the proof given in [DDHMI18, Proposition 8.7| for Q* = 1 readily works for
currents with boundary multiplicity equal to Q* > 1.

Proposition 21.3.2 (Proposition 8.7, [DDHM18|). Under the Assumptions 8 and 9 the following
holds for every couple of neighbors H,L € S UW and any H,L € % UW with H descendant of L:

spt(T') N Cser, (P, ) C Bl when L € €7,
spt(1") N Cor36,, (py,7r) C B, when L € €”,

and the current T satisfies the assumptions of [DS1/, Theorem 2.4] in the cylinder Csgy, (pL, TH)
(resp. of Theorem 20.3.1 in the cylinder Cyrgg,., (0, 7m)).

We will now construct the “interpolating functions” gy, for each cube L. To begin with the construc-
tion of this interpolation, we approximate the current T by (Q— %)—Lipschitz functions (Proposition
21.3.2) that will determine the boundary condition of an elliptic system which comes from the lin-
earization of the mean curvature condition for minimal surfaces. The solution of this elliptic system
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will be further represented by a function g7 defined in the tilted ball contained in my taking values

in TI'[J)‘, i.e., we changed to our new reference coordinate system. Since the construction will be local,

i.e., in each cube, over the set B;)r/2 (0) \ ST we will patch every gy, together with a partition of the

unity to obtain the function ¢™, whose graph will be the center manifold, defined in the whole ball.
So we need to define ¢+ over ST as well, at the end we introduce all the machinery needed for all
cubes in S U ¥ .

Definition 21.3.3 (7-approximations). Under the Assumptions 8 and 9, we set

(i) If L € 17]!’ for some j, take the Lipschitz approximation (f;, f; ) in the cylinder C (pI’L, 279rp, 7rL)
given by Proposition 21.3.2, we call (fz', f; ) a mr-approximation of 7' in the cylinder
C(pi, 27911, TI'L).

(i) If L € ¢§’jhu7/j for some j, we take the Lipschitz approximation f, in the cylinder C(pr, 9rr, 71.)
given by Proposition 21.3.2, we call f7, a mp-approximation of 7" in the cylinder C(pr, 97y, 71).

Definition 21.3.4 (L-tilded harmonic interpolations). Under the Assumptions 8 and 9, we define

(i) if L is a nonboundary cube, let hr : Bs,, (pr,7) — R to be an harmonic function with
boundary condition hL|8B5rL(pL,7rL) =mo fL‘aBg,TL (pL,7L)>

(ii) if L is a boundary cube, let hp, : Bors,, (ph,,71) — R to be an harmonic function with boundary

oy _ +
Condltlon hL’aB275rL (prﬂrL) =n° fL |8B2757‘L (pinrL).

We call hy L-tilted harmonic interpolating function.

We now are ready to define the final function, g, on our “reference coordinate system”, i.e., the

domain of gy, is contained in my and g, takes values in Fé‘, with the property that its graph coincides

with a suitable portion of the graph of hy. The function gy is furnished by |[DS16a, Lemma B.1]
which we state below.

Proposition 21.3.5 (L-interpolating functions). Under the assumptions of Proposition 21.3.2, we
have

(i) If L is a boundary cube, the function hy, is Lipschitz on B2i79v"L/2(pr’7rL) and we can define a

function gy, : B2+74TL (p%,wo) — 7wy such that Gy, = Gy, LB;@ML (p"L,ﬂ'o) x R™,

(ii) If L is a non-boundary cube, the function hy, is Lipschitz on By, o(pr, L) and we can define
a function g, : Bar, (pr,m0) — 73 such that Gy, =Gy, LC4TL(pL,7r0)).

The functions g, is called L-interpolating function.

21.4 Glueing L-interpolations

We now define another set of cubes, the Whitney cubes at the step j, which will be similar to what
we have constructed until now but we are including all the ancestors with respect to step j in the
same family as follows

J
2;=0 |J 7.
i=Np+1
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Note that Z7; is a “Whitney family of dyadic cubes” in the sense that if K, L € &?; and K N L # 0,
then %E(L) < {(K) < 20(L). We fix a partition of unity 9 satisfying

17 17]™ - — oL
e <[_1¢7;’ 12] [0, 1]) ; U|j=1,ym =1, and, for each cube L, 91 (y) := v (yc()) )

We thus set a partition of unity of B;“/Q (0) defined as

15L(Z/)
I, : BT R, 9 ="
By, (0) = R, Jr(y) S e, I 3)

Definition 21.4.1 (Glued interpolation at the step j). We set ¢; 1= ZLE% Y1.9r, this maps ¢;
are called glued interpolation at the step j.

21.5 Existence of a C3"-center manifold

We are now ready to state the main theorem regarding the construction of the center manifolds
needed in this paper, i.e., Theorem 21.5.1, which ensures that (¢;); is a sequence that converges
to a C®* map, k > 0, whose graph will be called the center manifold. This limit map has good
properties as the smallness of the C3* norm, which is bounded by e1. After the main theorem,
we will start the construction of the normal approximation in the sense of Theorem 20.3.1 but
now the approximations will be defined on the center manifold and will take values on the normal
bundle of the center manifold. The normal approximations will enjoy some good estimates relying
in the estimates of Theorem 20.3.1 and the estimate obtained in the construction of our Whitney
decomposition. The main theorem of this section is stated below and is the version adapted to our
setting of [DDHM18, Theorem 8.13].

Theorem 21.5.1 (Theorem 8.13 ,[DDHMI8]|). Under Assumptions 8 and 9, there is a k :=
K(Qe, an) > 0, such that

(i) ¢; € C3*, moreover H(ijgﬁ,B;/Q(O) < 051/2; for some C := C(tte, an, Moy, Ce, Cp) > 0,

(ii) Ifi <j, L € #;—1 and H is a cube concentric to L with ¢(H) = 3((L), then ; = ¢; on H,

(iif) ¢; converges in C3 to a map ¢ : B;r/2 (0) — R™, whose graph is a C>* submanifold M,
which will be called the right center manifold;

(iv) o™ =1 on yN By, i.e., IMTNC(0,3/2) =T N C(0,3/2);

(v) For any g € OMT N C(0,3/2), we have TyM™ = 7t(q) where 7(q) is the support of the unique
tangent cone to T at q.

We will omit the proof of Theorem 21.5.1 since it goes along the same lines of [DDHM18, Theorem
8.13]. In fact a careful inspection of its proof (for @* = 1) will reveal that @* comes into play to
assure the compatibility of the traces, hence it also holds mutatis mutandis when Q* > 1.

Remark 21.5.2. The construction of M™ made in Theorem 21.5.1 is based on the decomposition
of B;/Q (0). Under Assumption 9, the same construction can be made for By (0) and gives a
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C3" map ¢~ : Bg/Q (0) — R™ which agrees with ¢ on v N Bg/y. The graph of ¢~ is a C3r
submanifold M™, which will be called the left center manifold. Its boundary in the cylinder
C(0,3/2), namely C(0,3/2) N M, coincides, in a set-theoretical sense, with C(0,3/2) N OM™,
but it has opposite orientation, and moreover its tangent plane T, M~ coincides with 7(gq) for every
point ¢ € C(0,3/2) NOM™.

In particular, the union M := M+ UM~ of the two submanifolds is a C"! submanifold in C(0,3/2)
without boundary in C(0,3/2), which will be called the center manifold. Moreover, we will often
state properties of the center manifold related to cubes L in one of the collections #; described above.
Therefore, we will denote by #* the union of all #; and by #~ the union of the corresponding
classes of cubes which lead to the left center manifold M~. We emphasize again that so far we
can only conclude the C1! regularity of M, because we do not know that the traces of the second
derivatives of T and ¢~ coincide on ~.

Definition 21.5.3. Let us define the graph parametrization map of M™ as ®*(x) := (z, ¢ " ()).
We will call right contact set the subset K := & (S™). For every cube L € #+ we associate a
Whitney region £ on M™ as follows:

o L£:=®"(HNB;(0)) where H is the cube concentric to L such that ¢(H) = 1L¢(L).

Analogously we define the map ®~, the left contact set K~ and the Whitney regions on the
left center manifold M™.

To keep the text flow, we postpone the proof of the Theorem 21.5.1 to the last part of this section.

21.6 The M-Lipschitz approximations defined on the center mani-
folds

Since the two portions M~ and M* are C3* and they join with C1! regularity along T, in a
sufficiently small normal neighborhood of M there is a well defined orthogonal projection p onto
M. The thickness of the tubular neighborhood is inversely proportional to the Cl'-norm of p*
and hence, for £; sufficiently small, we can assume that the thickness is 2 which leads to the next
assumption.

Assumption 10. Under Assumptions 8 and 9. We let M := M+ UM~ and 1 be sufficiently small
so that, if

U:={gecR™™": 3¢ = p(q) € M s.t. \q—q’|<1andq—q’€TjM},

where T ql,/\/l = (Tq//\/l)J—, then the map p extends to a Lipschitz map to the closure U which is
C%*f on U\ p }(I') and

p H(d) = ¢ +B1(0,(TyM)L) for all ¢ € M.

As highlighted before, we construct the center manifold M and also a function defined on M that
approximates, with the desired superlinear exponents for the error, the current 7' (in the sense of
Theorem 20.3.1). This approximation will take values on the normal bundle of M, we precisely
define this type of approximations. Firstly, we shall define the space of Q-tuples on a manifold
analogously to [DS16b| which follows the definition for the Euclidean spaces in [DS11].
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Definition 21.6.1. Let M be an m-dimensional manifold, and, for each P € M, we denote [P] the
current with support equal to P, i.e., the current associated with the Dirac measure concentrated
in P. Then we define the space of unordered Q-tuples in M, for any Q € N, Q > 1, as follows

Q
Ag(M) := {ZHP’]] : P, € M for every i € {1,...,@}}.

=1

Definition 21.6.2. Let M be the center manifold as in Theorem 21.5.1 without loss of generality we
can assume that we are under Assumption 10, QT = Q and Q~ = Q — Q*. We say that (K, F*, F ™)
is an M-normal approximation of 7T, if

(i) there exist Lipschitz functions N : M+T N C(0,1) = Ag(T+*M™), Nt (z) € Ag(TM™T)
and N~ : M~ NC(0,1) = Ag_g+(T* M), N~ (z) € Ag—g+(T;z M™), where T+ M* =
Upe = T M* denotes the normal bundle of M* and is seen as a subset of R™*",

NEL MEACO,1) = Age (T M)
z o= NE@) =Y [VE@)],

where (./\/'ZjE :MTNC(0,1) — TJ'M)Z'G{L“.’Qi} are measurable sections of the normal bundle,
i.e., each NV;F is a classical 1-valued measurable function satisfying N (z) € T;-M*. We then
define the Lipschitz function given by
Ff: MENC(0,1) — Ag:(THM*)
r = (NTaid) (2).

(ii) £ € M is closed and Tp+Lp 1(KNM*) = TLp 1 (K N M), where Tp+ := (F*); [M],
according to [DS15, Definition 1.3],

(iil) KFUK™ C K, N[ =0, and then F*(z) = Q [z] on K+ and F~(2) = (Q — Q*) [x] on K.

Observe that the pairs (F*, F~) and (N'+,N7) are intuitively (Q — %°)-valued maps in the spirit
of Definition 19.1.1. Although this is very intuitive, these functions are defined on manifolds, so, we
make the precise definition of it as follows.

Definition 21.6.3. Firstly, we let Z be an m-dimensional manifold and T be a (m —1)-submanifold
of ‘ghe m-manifold M which splits M into the two connected components M+ and M~. Let ® €
W22(Y, A0«(2)), Q,Q* €N, Q> Q* > 1. A (Q — %)—Valued function with interface (7, ®),
consists of a pair (F'T, F™) satisfying the following properties

(i) Fre Wh(M*, Ag(2)), F~ e WH(M~, Ag-q+(2)),
(ii) F+| :F7| + .
T T
We define the Dirichlet energy of (F, F~) as Dir(F*, F~, M) := Dir(F*, M*)+Dir(F~,M").

Such a pair will be called Dir-minimizing in M, if for all (Q — % -valued function (G*,G™)

with interface (Y, ®) which agrees with (F*, F~) outside of a compact set K CC M satisfies
Dir(F+, F~, M) < Dit(G*,G—, M).



21.6 THE M-LIPSCHITZ APPROXIMATIONS DEFINED ON THE CENTER MANIFOLDS 153

2
Q* [{Cﬁﬂ for the single valued function ® € W%’Q(T, 7). We say that (F, F~) collapses at the

interface, if F+| = Q ||®]|.
ly

Definition 21.6.4. Let (F'*,F~) be a <Q — @>—Valued function with interface (Y, ®) and & =

The following theorem ensures the existence of an M-normal approximation suitable for our pur-
poses, i.e., with the desired exponents at the bound on the Lipschitz constant, the Dirichlet energy
and the size of the complement set of K. It is the same as [DDHM18, Theorem 8.19] but of course
adapted to our context where Q* is taken any arbitrary positive integer. We omit its proof because
goes precisely as in the proof of [DDHM18, Theorem 8.19].

Theorem 21.6.5 (Local behaviour of the M-normal approximation on Whitney regions. Theorem
8.19 of [DDHM18|). Under Assumption 10 there is a constant ay, = ag(m,n,Q*,Q) > 0 such
that there exists an M-normal approximation (K, F*, F~) satisfying the following estimates on any
Whitney region £L C M associated to a cube L € WU W ~:

Lip(NE|) < Cefro(L)or, ( )

INE|cllo < Cey (L) o, (21.6.2)

H™(L\K) + [|Tp = T|l(p~ (L)) < Cey T re(L)mH2ror, (21.6.3)
( )

[ oA < ceppqrymene,
L
for a constant C = C(ae, an, Mo, No, Ce, Cp) > 0. Moreover, for any a > 0 and any Borel V C L,
/ o NHAH™ < Cey (U(L)™3Hn/3 4 ar(L)Fren/2m(v))
%

(21.6.5)
+§/Q(Ni,Q [0 NE])2HordH™.
.
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Chapter 22

Blowup argument by the frequency
function

In this section we finish the proof of the main theorem of this work, i.e., Theorem 17.3.1, which is
a consequence of Theorem 18.3.8, for m = 2, as noticed in Subsection 18.3. We use the frequency
function in the center manifold M, c.f. [DDHM18, Chapter 9|, originally introduced by Almgren
([AIm00]) and more recently reformulated and adapted to the boundary case by De Lellis and
collaborators (|[DS16b, DDHM18, DLNS21]), this motivates us to call it the Almgren-De Lellis’
frequency function. In Theorem 22.1.3, we show that the m-dimensional area minimizing current
has to satisfies at most one of two conditions, where the first one essentially says that 0 is a two-
sided regular point of T' and the second one is an estimate with the Almgren-De Lellis’ frequency
function. Although, there are two alternatives in Theorem 22.1.3, we use a blowup argument in
Theorem 22.2.1 to show that the second alternative never occurs, thus implying that the only
possible situation is 0 being a two-sided regular boundary point.

22.1 Almgren-De Lellis’ frequency function in M

In order to define our main quantities, we start with the following lemma that shows that exists a
good perturbation function of the distance function on the center manifold .

Lemma 22.1.1 (Lemma 9.2 ,[DDHM18]). There exist positive continuous functions d* : M* — R,
which belong to C?(M™ \ {0}) and satisfies the following properties

(a) d*(x) = dpgs (2, 0) + O(d g (2, 0)%) = |z| + O(|z ),
(b) |VdE(x)| = 1+ O(d*), where V is the gradient on the manifold M,

(c) 3V2(d*)?(z) = g + O(dF), where V?* denotes the covariant Hessian on M (which we regard
as a (0,2) tensor) and g is the induced metric on M as a submanifold of R™*",

(d) Vd*(p) € T,L for allp €T, i.e.
Vd* it =0onT, (22.1.1)

where it denotes the outer unit normal to M* inside M.

155
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In particular this implies

V2dE(z) = %(g — Vd*(z) ® Vdi(x)> +0(1) (22.1.2)
and 1
Adt = md; +0(1) (22.1.3)

where A denotes the Laplace-Beltrami operator on M, namely the trace of the Hessian V2. Moreover:
(S) All the constants estimating the O(-) error terms in the above estimates can be made smaller
than any given 1 > 0, provided the parameter €1 in Assumption 9 is chosen appropriately

small (depending on n).

Let us define three functions that we be used in the definition of the frequency function as follows

1, for 0 <t <1,
p(t) =< 2(1—t), for i <t<1, (22.1.4)
0, fort > 1,
+
Dy g+ (N, 1) = / ¢ (d (x)> |IDNE? () d Vol F, (22.1.5)
M=E T
, (4 () NE (@)
Hy 4o (N5, 1) o= — /Mi ¢ (T) |Vdi(x)|2di7($) d Vol*, (22.1.6)

where Vol® denotes the standard volume form on M=,

Definition 22.1.2. The Almgren-De Lellis’ frequency function is defined as the ratio

+ . "Dy gx (NE,r)
I¢,7di (N ,7") = —H¢’di (N:I:, ’r) .

We also set the notation
c* = {y € B(0,1) : ply) € M* and [y — p(y)| < d(y.1)*?}

for the horned neighborhoods of M¥* in which 7 is supported, compare with Corollary 20.2.3 and
item (v) of Theorem 21.5.1. We now state the following theorem that will be crucial in the blowup
argument, its proof is the same given in [DDHM18]| since the authors do not need the multiplicity
condition Q* = 1.

Theorem 22.1.3 (Theorem 9.3, [DDHM18]). Let T and T be as in Assumption 10, QT = Q,Q~ =
Q — Q* and consider ¢ and d* as above. Then only one of the following alternatives holds

(a) TLLC* = Q* [M*] in a neighborhood of 0,
(b) lim, 01y 4+ (NE, 1) > 0.
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22.2 Blowup argument

Letting QT := Q and Q™ := Q — Q*, we define the multivalued maps with domain and codomain
in Euclidean spaces,

Qi
N (@) = 3 [(V)*(@)]

ot
such selections { NV Z}inl are given by the formulas

(NHY*: Bf(0)cR™ — R» '
z = Ployxre (N (2, 07(2))).

Observe that the pair (N, N7) is a (Q - %)—Valued function with interface (v, @* [0]). We now
set the following notation for the Dirichlet energy

Dir(r) := 1/ yDN+|2+1/
2 JBt o) 2 JB;(

1

|IDN~|? := Dir"(r) + Dir~ (r),
0)

and the corresponding rescaling of N*

NE@) =Y [[r’”/z—l Diri(r)—1/2<zvi)i(m)]] :

i
Finally, we can state the key result to give our final contradiction argument.

Theorem 22.2.1. Let T and T be as in Assumption 10. If it holds

lim I, 4+ (N*,7) > 0, (22.2.1)
r—0
for at least one of the regions C*, then there exists a sequence py, — 0 as k — +oo such that the
sequence of pairs (N;;,N;ﬂ) would converge in By (0) locally strongly in L? to a (Q - %) Dir-
minimizer (Ng*, Ny ) where Ni© : BY (0) = Ag(R™) and Ny : By (0) = Ag—q+(R™), it holds that

lim / DN+2+/ DN |? :/
k—00 ( B(0) DN, B (0) DN B,

|IDNS|? + /
(0) B (0

R

IDN; |>,VR € (0,1), (22.2.2)
)

(N, Ny') collapses at the interface (Tyry, @* [0]), we have the following properties

(i) (Ny,Ny) is nontrivial and in particular Dir(Ny, Ny, By (0)) = 1;
(i) no N = 0.
As it is explained in Subsection 18.3, Theorem 17.3.1 for currents of dimension 2 follows from

Theorem 18.3.8 which we are now able to prove for area minimizing currents of dimension m > 2,
codimension n > 2 and multiplicity Q* > 1.

Theorem K (Theorem 18.3.8). Let T and T be as in Assumption 6 with Cy = 0. Then any two-sided
collapsed point of T is a two-sided reqular point of T
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Proof. Now, since we are under Assumption 10, we can apply Theorem 22.1.3 and we show that
(b) of Theorem 22.1.3 never occurs, then we are always in the case (a) of Theorem 22.1.3 which
ensures that 0 is a boundary two-sided regular point of 7. With this aim in mind observe that by

the harmonic regularity of (Q — %)—Dir minimizers which collapse at the interface, i.e., Theorem

19.1.4, we have that N = Q7 [h] for some classical 1-valued harmonic function h : By (0) — R™,
hence we necessarily have

Ny =Q[noNy] and Ny =(Q-Q%)[noN,]-

By (ii) of Theorem 22.2.1, we have that h = 0, but this is contradiction with Dir(Ny, Ny, B1 (0)) =
1. Thus (b) of Theorem 22.1.3 never occurs. This last fact surely completes the proof of the theorem.
O
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