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Abstract

This thesis is devoted to the study of well-posedness properties of some geometric varia-
tional problems: existence, regularity and uniqueness of solutions. We study two specific
problems arising in the context of geometric calculus of variations and sharing strong
analogies: the Plateau’s problem and the optimal branched transport problem. The first
part of the thesis discusses the existence theory. Both problems are formulated in the
language of Federer and Fleming’s theory of currents. After an exposition of the main re-
sults, we will present the core ideas of the (interior) regularity theory for area-minimizing
currents and for optimal transport paths. The last part of the thesis contains two origi-
nal results: the generic uniqueness of solutions both for the Plateau’s problem (in any
dimension and codimension) and for the optimal branched transport problem.
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Introduction

Motivation and comments

In the last four or five decades there has been growing interest in building robust theories
to address geometric variational problems. The archetypal geometric variational problem
is the celebrated Plateau’s problem, named in honor of the Belgian physicist Joseph
Plateau, who extensively studied the structure of soap films. In fact, the Plateau’s
problem had been formulated much earlier in the second half of the eighteenth century
by Lagrange, who asked the following question:

“Given a closed curve in R3, can one always find a surface of minimal area among all
surfaces that bound the curve?”

Many versions of this problem have been developed through the years, addressing the
Plateau’s problem as a boundary value problem for area-minimizing surfaces. The first
successful solution to the Plateau’s problem in a concrete case was delivered by Schwarz
in 1865. Nevertheless, only in 1930 a general existence theory was finally achieved by
Radé [86] and Douglas [54].

The extension of the Plateau’s problem to any dimension and codimension took many
more years and the joint effort of some of the most brilliant mathematicians of the twen-
tieth century, including Whitney, Reifenberg, Almgren, De Giorgi and Bombieri, just to
mention a few. The ultimate solution to the Plateau’s problem can be considered the
work by Federer and Fleming [58], developing a measure-theoretic notion of generalized
surfaces called integral currents. The “generalized Plateau’s problem” can be stated as
follows?:

“Given a k-dimensional integral current S without boundary in R%, find a
(k + 1)-dimensional integral current T\ such that 0T\ = S and M(T}) is minimized
among all (k + 1)-dimensional integral currents T with the same boundary 0T = S.”

As it is often the case in the calculus of variations, in order to gain “enough compactness”
to solve a variational problem one has to enlarge the class of competitors, giving up some
a priori regularity assumptions. Following this fundamental idea, many other notions
of generalized surfaces have been developed: besides Federer and Fleming’s theory of

'For the precise definitions we refer to Chapter 1.
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integral currents, it is worth mentioning Caccioppoli and De Giorgi’s finite perimeter
sets, see [33], and Almgren and Allard’s rectifiable varifolds, see [1].

Remarkably, it turns out that area-minimizing surfaces may exhibit singularities.
Hence, a whole theory has been developed to understand how regular the aforementioned
area-minimizing generalized surfaces are. In cases where singularities appear, one would
like to estimate their “size” and structure and, possibly, to develop a full classification.
There is a huge difference between the regularity theory for generalized area-minimizing
surfaces depending on the codimension of the ambient space: indeed, the regularity
theory deeply differs between the codimension one, see [3, 35, 36, 56, 60, 96], and the
codimension higher-than-one cases, see [4, 6, 38, 42, 43, 44, 45, 46].

Furthermore, the very innocent question of “how many minimal surfaces can be
spanned by a given closed curve” turns out to be one of the most challenging related
to the Plateau’s problem. Indeed, the answer to this question is still not known in
full generality. The first partial answers go back to the first decades of the twentieth
century, due to the works by Radd, Courant, Tromba, Nitsche, Tomi and many others.
Uniqueness for a particular boundary curve in R? is known only in very restrictive cases
and many examples have been provided of boundaries admitting even infinitely many
minimizers, see [32] and [77]. As a result, different approaches have been developed
to study uniqueness questions. Arguably, the most fruitful was by means of Baire
categories, as shown by Bohme and Tromba [14] and, more recently, by Morgan [78,
79, 80]. Their main results establish that under some (rather restrictive) conditions, the
set of curves which bound a unique minimizer is topologically large.

Several variants of the Plateau’s problem have been developed in the last decades,
each aiming at the minimization of different notions of energy. One example comes
from optimal transport: the problem to find the best way to carry a given source onto a
given target. Such problem witnessed an impressive progression in the last thirty years,
developing deep connections with many fields of mathematics and serving as a model
for biological and human-designed systems. Extensions of the original formulation of
the optimal transport problem, due to Monge [75], have been studied for transportation
systems that privilege group flows rather than spread-out processes, leading to optimal
transport networks with peculiar ramified structures: this class of problems is nowadays
known as optimal branched transport. Starting from the work by Xia [110], it has been
possible to develop the modern theory of optimal branched transport as a Plateau-type
problem, see for instance [13, 16, 17, 18, 19, 20, 21, 22, 28, 72, 73, 76, 84]. More precisely,
the optimal branched transport problem can be formulated as a boundary value problem
for 1-dimensional currents minimizing a fractional power of the mass functional, called
a-mass. Hence, it is not surprising how the theory of currents is a fruitful tool to study
well-posedness properties in optimal branched transport theory.

The purpose of this thesis is to study fundamental properties of the two aforemen-
tioned examples of geometric variational problems, in particular existence, regularity and
uniqueness results. We will always try to emphasize the (numerous) analogies between
the theories. We conclude by mentioning that the original results presented here are part
of the work done by the author during his Master studies and have been obtained in
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collaboration with A. Marchese and S. Steinbriichel. We conclude this brief introduction
by remarking that the well-posedness of geometric variational problems is still a live and
flourishing research field, full of open questions that need to be investigated for years to
come.

Guide to the thesis

We briefly summarize the content of each chapter below.

Chapter 1: Existence results

The main goal of Chapter 1 is to present the existence theory for the solutions to the
Plateau’s problem (referred to as area-minimizing integral currents) and to the optimal
branched transport problem (referred to as optimal transport paths). Both theories
rely on the general notion of rectifiable and normal currents in the sense of Federer
and Fleming. Hence, in Section 1.1 we will introduce the main notation and recall
some preliminaries about measure theory and multilinear algebra. In Section 1.2 we
will introduce the theory of currents (in the sense of de Rham), stating Federer and
Fleming’s celebrated closure theorem, see [58], and showing the existence of solutions
to the Plateau’s problem for integral currents. In Section 1.3 we will then introduce
the main framework of optimal branched transport theory, proving the existence of an
optimal transport path with finite cost.

Chapter 2: Regularity results

The main goal of Chapter 2 is to present the regularity theory for area-minimizing
integral currents and for optimal transport paths. In Section 2.1 we will investigate the
interior regularity theory for area-minimizing integral currents. In Section 2.1.1 we will
highlight the main ideas behind the proof of the De Giorgi-Allard e-regularity theorem,
see [35] and [1]. We are going to prove a simplified version of it in the language of Federer
and Fleming’s theory of currents that will highlight the main ideas of the theory such
as the excess decay and the harmonic approximation. In doing so, we aim at a more
accessible introduction to this theory, avoiding on purpose some technical details. In
Section 2.1.2, we will survey the main difficulties to extend De Giorgi-Allard’s regularity
theory to any codimension. We will present Almgren’s theory of Dir-minimizing Q-
valued functions and describe the main issues in passing from this (linear) setting to the
nonlinear version of Almgren’s partial regularity theorem. At the end we collect some
of the most interesting open problems in the field. In this presentation we will mostly
follow [38, 42]. Finally, in Section 2.2, we will present the main result in the regularity of
optimal branched transport, which is due to Xia [111]. We will observe that a technical
passage, which is only partially justified in the current literature, can be obtained as a
consequence of the recent stability property for optimal transport paths, see [29].
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Chapter 3: Uniqueness results

The main goal of Chapter 3 is to present the uniqueness theory for the Plateau’s problem
and for the optimal branched transport problem. After a brief discussion about the main
uniqueness and nonuniqueness theorems for solutions of these two geometric variational
problems; we will pass to the most original contributions of this thesis: in Section 3.1 we
exploit Almgren’s regularity theory in higher codimension to prove that, generically (in
the sense of Baire categories), every integral (m — 1)-current without boundary spans a
unique minimizer in R™*". In Section 3.2 we prove the generic uniqueness of minimizers
of the optimal branched transport problem.
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Chapter 1

Existence results

The main goal of Chapter 1 is to present the existence theory for the solutions to the
Plateau’s problem and to the optimal branched transport problem, both relying on
Federer and Fleming’s theory of currents.

We do not aim to be exhaustive and most of the proofs will be omitted: we will focus
on definitions and results that will be relevant for the sequel. In Section 1.1 we introduce
the main notation and recall some preliminaries about measure theory and multilinear
algebra. In Section 1.2 we introduce the theory of currents (in the sense of de Rham),
stating Federer and Fleming’s celebrated closure theorem, see [58], which leads to the
solution of the Plateau’s problem for integral currents. In Section 1.3 we will introduce
the main framework of optimal branched transport theory, proving the existence of an
optimal transport path with finite cost. For a complete treatise on the subjects, we refer
the reader to [61], [94] or [57] for the theory of currents and to [12] for the theory of
optimal branched transport.

1.1 Preliminaries

Preliminaries in measure theory

We denote by B(R?) the Borel o-algebra of R?, that is the smallest o-algebra containing
all open sets of R?. We will denote by 1 a positive Borel measure, which is a measure
such that all Borel sets are measurable.

Definition 1.1.1. A measure p is called Borel reqular if it is Borel and if for every
p-measurable set A there exists B Borel set such that B D A and u(A) = pu(B). The
measure /4 is said to be a Radon measure if it is Borel-regular and p(K) < oo for every
compact subset K of R%.

Given A C RY, the restriction of u on A is the measure

(uA)(B) := u(ANB) for every Borel set B.

We denote by L'(X, i) the space of all (equivalence classes of) functions f : X — R
which are p-integrable.
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Definition 1.1.2. An extended real valued set function v : B(R?Y) — R is a signed
measure if v assumes at most one of the values +o00, —oo, v(0) = 0 and if

for each sequence of disjoint sets (A;); € B(R?)N, where the series either converges
absolutely or diverges to +00 or —oo.!

Given a convex compact set K C R, we denote by M(K) the space of signed Radon
measures on K and by M (K) the subspace of positive measures.

Definition 1.1.3. If u € M(K) we define its total variation measure ||u||: B(R?) —
[0, 00| as follows:

||| [(A) := sup {Z 1 (Ay)] = (A), € B(RY), A; pairwise disjoint, A = UfolAZ}
i=1

If 1 is a real measure, that is p takes values in R, we define its positive and negative
parts respectively as

+ . ull+ne

e = W g1 _ ell=n

2
This gives p = u™ — p~ and ||p||= pt + g~ The pair (u*, u7) is usually called Jordan
decomposition of j1. The mass of p is the quantity M(u) == ||p||(K).

Definition 1.1.4. Let pu € M (K), the support of u is defined as
supp(p) := {x € K : u(U) > 0 for every neighbourhood U of x}.

If uw € M(K) we call the support of p the support of its total variation measure ||pl|.
We say that a measure p is finite atomic if its support is a finite set.

Theorem 1.1.5 (Lusin’s Approximation Theorem). Let K be a locally compact and
separable metric space and p a Borel measure on K. Let f : K — R be a p-measurable
function vanishing outside of a set with finite measure. Then for any € > 0 there exists
a continuous function g : K — R such that

p{z € K2 glz) # f(2)}) <e.

Let C? (Rd,Rk) be the space of continuous functions from R? to R* with compact
support. We endow the space C° (Rd, Rk) with the topology of uniform convergence on
compact sets, that can be described as follows:

From now on we will adopt the slight abuse of notation writing (4;); € B(R?) for sequences with
values in B(R?).
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Definition 1.1.6. A sequence (¢,), € C? (Rd, Rk) converges to o in C? if there exists a
compact open set A such that supp () C A for all h, and ¢, — f uniformly on A.

The total variation of a linear functional L : C? (Rd, Rk) — R is the quantity

|L|(A) == sup {L(p) : ¢ € C? (R, R*) , ||¢]|lo< 1, supp(p) C A}.

A linear functional L is bounded if |L|(A) < oo.
There is a close link between bounded linear functionals on C? (R?, R*) and Radon
measures.

Theorem 1.1.7 (Riesz representation theorem). Let L be a bounded linear functional
on C° (Rd, Rk‘). Then there exist a Radon measure 1 and a Borel function f : R? — R*
such that |f|= 1 p-almost everywhere and

L) = [ o S, for altip € CO (RO RY),

where ¢ - f denotes 2521 ©;j f;. Moreover, u(U) = |L|(U) for every open set U.

In what follows, we shall refer to fu as a vector-valued Radon measure and we
denote the space of Radon measures on R? with values in R* by M(R? R*). Thanks
to the identification of M(R?,R¥) with the dual space of a separable Banach space, it
is natural to endow it with the weak*-topology. In particular we say that a sequence
(tn)n € M(R?, R*) converges weakly* to y, and we write p; — p, if

h—o00

lim @-duh:/go'du, Vi € C° (Rd,Rk).

By classical functional analysis, the weak*-topology on a space with separable predual
enjoys sequential compactness:

Theorem 1.1.8 (Sequential compactness for measures). Let (1), € M(R% RF). As-
sume that
sup || (A) < +00 VA cC R open.
h

Then there exists a subsequence (th) and a Radon measure p, such that p, 5o

We now recall the notions of Hausdorff measure and the one of rectifiable set. Haus-
dorff measures are among the most important measures. They allow us to define a notion
of dimension of sets in R? and provide us with k—dimensional measures in R? for any
k, 0 < k <d (and also in any metric space).

Let k£ be a nonnegative real number. We denote by wy the volume of the unit ball
in R* for k =1,2,3,..., we set wy := 1 and we let wj;, any convenient fixed constant for
nonintegers k. Since the measure of the unit d-ball is given (for d = 1,2,...) by

/2

“ =TT a7
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where I'(¢) is the Euler’s gamma function I'(¢) := f+oo s'=le™*ds, we can take as wy, the

0
following definition:

k2
Hence, for £ > 0,0 < 6 < oo and E C R? we define the Hausdorff k-dimensional
d-premeasure as

Wk . . E g
'%wyzﬁm%zxwmm)@mmm<&EcUE}
Since HY is a decreasing function of § we can define the Hausdorff k-dimensional measure
in R? as
HM(E) :=supHE(F) = lim HE(E).
5>0 =0+

Recall that on R? we have H?¢ = £ as measures, where £? is the d—dimensional
Lebesgue measure, see [69].

Rectifiable sets are a family of sets that generalize the notion of C*> surface.

Definition 1.1.9. A set £ C R? is called H*-countably k-rectifiable (or simply k-
rectifiable) if it is H*—measurable and E C U=, Ej, where

L. H* (Ey) =0
2. for j > 1 we have that E; = F; (Rk), where Fj : R¥ — R is a Lipschitz function.

1.1.10. Remark. The second condition in Definition 1.1.9 can be equivalently replaced
with one of the following conditions:

(2.1) E; C f(A;), where A; C R¥ is an open set and f; € C'(A;, R?);
(2.2) E; C %, where each ¥; is a k-dimensional submanifold of class C* in R%.

In the following we will always assume that a k—rectifiable set E has locally finite
HE-measure.

Rectifiable sets have nice tangential properties and they are considered a natural
generalization of C*> surfaces since for rectifiable sets a well-defined notion of tangent
space can be given for almost all points.

We denote by Gr(k, d) the Grassmannian manifold of the (unoriented) k—dimensional
linear subspaces in R?, that is

Gr(k, d) := {vector subspaces W C R* | dim W = k}.

Take V € Gr(k,d) and E C R? Borel and H*-locally finite. For all z € E and for all

r > 0, we denote

1
E,, = —(E—
ri=—(E—a)

the set obtained applying to £ the homothety that maps B(z,r), which is the ball of
center x and radius r, into B(0,1).
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Definition 1.1.11. Given z € E, we say that V is an approzrimate tangent space to E
at x if HFL B, 2 K4V locally in the sense of measures as r — 07, that is

im [ g(y)dH (y) = / o(y)dH*(y) Vg € CORY).

r—0t Em,r Vv

1.1.12. Remark. When the approximate tangent plane exists at some point x € F it is
unique (since it is a limit) and will be denoted by T, E.

1.1.13. Remark. If the set E is a submanifold of class C', then the tangent space and
the approximate tangent space coincide at every point. Hence there is no ambiguity
between the classical definition of T, F and Definition 1.1.11.

It is also remarkable the fact that the existence of the approximate tangent space
T,E at HF-almost all points characterizes k-rectifiable sets:

Theorem 1.1.14. [94, Theorem 11.6] Suppose that E is H*-measurable with locally
finite H¥-measure. Then E is k-rectifiable if and only if E admits the approzimate
tangent space T,E for H*-a.e. v € E.

Multilinear algebra and Stokes’ theorem

Now we briefly introduce the main notions in multilinear algebra that allow us to define
the notion of current in the sense of de Rham. We highlight that we do not aim at full
generality, nor at the best algebraic way to describe the exterior algebra of differential
forms; instead, we are going to limit ourselves to the minimum instrumental requirements
to be able to describe Federer and Fleming theory of normal and integral currents, see
[58], keeping always in mind our goal: the solution of the Plateau’s problem.

In the following let V' be a finite dimensional vector space over R and V* its dual.
Denote S, the group of permutations of {1,...,n}; given ¢ € S,,, we denote sgn(o) the
sign of the permutation o.

Definition 1.1.15. A k-linear alternating form (or k-covector) on V' is a multilinear
function
a:Vx...xV=R
~— —

k times

with the following property: for all vq,..., v, € V, for all permutation o, there holds

o (vg(l), . ,va(k)) = sgn(o)a (v, ..., vg).
The space of k-covectors on V is denoted by A*(V).

1.1.16. Remark. If k = 0, we set A°(V) := R identified with the constant functions and
AY(V) =~ V*. One can immediately see that A*(V) is a vecotr space. If k > dim(V),
then A*(V) = {0} and if k£ = dim(V'), then dim (A*(V)) = 1.
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Considering the graded vector space structure naturally induced for every £ € N
by the subspaces A¥(V), it is possible to promote it into a graded algebra defining an
internal product, called wedge product, defined as follows:

Definition 1.1.17. Let a € A"(V) and 8 € A*¥(V) be covectors. We define oo A 3 to be
the element of A"** given by

1
aB(vi,..., V) i= m Z sgn(o)a (%(1), ce 7Uo(h)) B (Ua(h—i-l): e ,Ua(h+k))

’ 065h+k

If V= R?let ep,...,eq be the standard basis with dual basis dz1, ..., dzs so that
dz; (e;) = d;;. We shall use the standard notations for ordered multi-indices: for every
positive integer k£ < d, we denote I(k,d) := {(i1,...,i) | 1 <i3 <...<ip <d}. For
every index I € I(k,d) we define dx; := dx;, A ... Adx;. Analogously we will do for
er:=¢e; N Neg.

Proposition 1.1.18. The collection {dx;}icir,a) s a basis for AF(RY). In particular,
for all o € AF(R?) we can write

o= Z ardrr

I€1(k,d)
where ap := a(e;,, ..., e;,) for all I = (iy,...,iy). Moreover, dim AF(R?) =({).

The dual space of A¥(R?) is called the space of k-vectors and it is denoted by Aj(R?).
Before defining it properly we define a subclass of k-vectors that has a geometric meaning:
simple k-vectors.

Definition 1.1.19. Let k be a positive integer. Given (vy,...,v), (T1,...,0) € (RY)*,
we define the equivalence relation (vq,...,vg) ~ (0y,...,0) if

a(vy, ... ,vp) = a(0y,..., %) Yae& AR,

The elements of the quotient set with respect to ~, denoted [vy, . .., v], are called simple
k-vectors.

1.1.20. Remark. (R%)*/~ is not in general a vector space.

The following proposition shows the geometric meaning of simple k-vectors. Two
elements in the same equivalence class span the same k-dimensional space.

Proposition 1.1.21. Let (vy,...,v) and (0y,...,0) € (RY)F then:
1. (vy,...,v5) ~ (0,...,0) if and only if vy, ..., vy are linearly dependent.
2. (1, 0) ~ (D1,...,0) = (0,...,0) if and only if
Span {vy,...,vx} = Span{0y,..., 0%}
and the change of basis matriz M (i.e. for alli, 0; =}, M;;v;) has det(M) = 1.
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Given vy, ..., v, € R: let R (vy,...,v5) i= {Z§:1 Auj | A €0, 1]} be the rectangle
generated by vy, ..., v,. Note that if (vy,...,v5) ~ (01,...,0) = (0,...,0) then by the
area formula H* (R (0y,...,0;)) = HF (R (vy,...,v;)) since det(M) = 1. Hence we can
define the following map that is called the “norm” of the simple k-vector? [vy,. .., v]:

|[v1, .. vp] | i= HE (R (01,000 0p)) (1.1.1)

Recall that an orientation of a vector space is an equivalence class of bases with
respect to the following equivalence relation: let (v1,...,v,), (01,...,7,) € (RY)¥, then
(v1,...,0,) = (01,...,0,) if and only if the change of basis matrix has positive deter-
minant. Hence we can state the following proposition telling us that simple unitary (in
norm) k-vectors represent oriented k-planes:

Proposition 1.1.22. Consider the map 1 which associates to a simple unitary k-vector
[v1,...,vx] the k-dimensional subspace Span{vy,...,vx} oriented by (vy,...,vx). This
map 1s well-defined and it is a bijection.

We define now a vector space that includes the space of simple k-vectors. The space
of k-vectors on R? is defined as Aj(R?) := A* ((R?)*). We define the duality pairing of
AF(R?) and Ax(R?) as the bilinear form (-,-) : A*(RY) x Ay(R?) — R by setting for all
I,J € I(k,d)

<dZL’], 6J> = (5]7(]
In particular, (-,-) gives an isomorphism between Aj(R?) and (A*(R%))". Moreover by
bilinearity of (-,-) we can also write for all a € A¥(RY) and for all (vy,...,v;) € (R)E
that (o, v1 A~ Avg) = a(v1, ..., k).

1.1.23. Remark. Simple k-vectors can be embedded in A,(R?) by identifying [vy, ..., vy]
with v3 A -+ Avg. Indeed it easy to see that (vy,...,vx) ~ (01,...,7) if and only if
VIA- ANV =01 A AUy

1.1.24. Remark. There are k-vectors that are not simple: 7 =e; Aes +e3Aey € AQ(R4)
is not simple since 7 A 7 # 0.

There are two natural choices of norms on A(R?). The first is the Euclidean norm
|-| defined for w =3 wrer € Ap(RY) as
IEIk,d

lw|:= Z w?.
Iely,q

1.1.25. Remark. The Euclidean norm of a simple k-vector agrees with the “norm” defined
in (1.1.1). More precisely, given v; A - -+ A v}, € Ax(R?) we have that

[or A= A = HY (R (vr, o))

2Which is actually not a norm, since it is not defined on a vector space.
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The second norm is the so-called mass norm, defined to be the largest norm ||-|| on
Ar(R?) such that

o A Avll=Jor A A Vou, ... v € R

Mass norm and Euclidean norm agree on simple k-vectors and one can see that the
unit ball with respect to ||| is the convex envelope of the set of simple k-vectors with
unit “norm”. Once a norm is defined on Aj(R?), we get a dual norm on A*(R?), defined
as follows:

Definition 1.1.26. The dual norm ||-||* induced by the mass norm is called comass
norm, that is

lo][*= sup{{a, w) | [lwl|< 1} Vo € A*(RT).

Now we can introduce differential forms and define a norm on the space of differential
forms, making it into a well-behaved topological space.

Let Q C RY be an open set. A k-form w on (Q is a section of the k-alternating tensor
bundle of ). Since we are in R?, we can particularize the above definition saying that a
differential k-form w on R? is a k-covector field, that is a map

R? — AR(RY),

that, in other words, means w(x) is just is a k-alternating multilinear map from R? to
R, for all z € Q2. We call k£ the degree of the form.
Fixed the standard basis of A¥(R?), we can write w in local coordinates as

w(r) = Z wi(z)dzy,

1€1(k,d)

where the coefficients w;(x) are real-valued functions on R?%: depending on their regu-
larity we say that the k-differential form has that regularity; if we say that the form is
smooth we mean that w;(z) are C* functions. The support of w is defined as the closure
of the set {z € R : w(z) # 0} and we will denote it as supp(w); we say that the form
has compact support if supp(w) is compact.

Definition 1.1.27. The exterior derivative of a smooth differential k-form w is the
differential (k + 1)-form:
Z du}] VAN dl’[,

1€1(k,d)
where

6w1
de Z 837]
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A k-form w is said to be closed if dw = 0, while if there exists a (k — 1)-form 1 such
that dn = w, then w is said to be exact. One of the most important properties of the
exterior derivative d is that d o d = 0 (giving rise to the beautiful and elegant theory of
de Rham cohomology).

Towards the statement of Stokes’ theorem and exploiting the geometric meaning of
simple k-vectors, we define a notion of orientation of a k-submanifold?.

Definition 1.1.28. Let X be smooth k-submanifold in RY. An orientation of ¥ is a
continuous map 7y, : ¥ — Ai(R?) such that 7x(x) is unitary and spans T,% for every
x € .

An orientation of ¥ induces a canonical orientation of 0% the boundary of 3, namely
the one such that
Ts(x) = v(z) A T9x(x) for every x € 0%, (1.1.2)

where v is the outer normal to 0%.
Assume ¥ is a k-surface oriented by 7. The integral of a differential k-form w on it
can be defined as

[o= [ sy,

where for every x € RY, (w(x), 7s(z)) is the duality pairing of a k-covector w(x) acting
on a simple k-vector 7x(x).

For its relevance in the sequel, we introduce the notion of pull-back of a differential
k-form on R™ according to a smooth map f : R? — R™.

Definition 1.1.29. For any differential k-form w on R™, we define its pull-back f*w on
R? by setting for all p € R? and for all v; A ... A v, € Ap(RY)

(ffwlp),vi Ao Nog) == {(w(f(p),df (p)vr A ... Adf(p)u) -

This map is extended to all k-vectors by linearity. In the case k = 0, the formula reduces
to the composition of functions f*w =wo f.

Merging together two differential operators (the exterior derivative d and the integral
J) with a topological one (the boundary 9), Stokes’ theorem can be considered one of
the most important (and elegant) results in the theory of integration.

Theorem 1.1.30 (Stokes’ theorem). Let ¥ be a compact oriented submanifold of di-
mension k of class C* with 0% of class C' and let w be a (k — 1)-form of class C'.

Then
/dw:/ w.
M ay

See for instance [69] for the proof.

31t can be proven to be equivalent to the classical definition of orientation given through transition
maps which preserve the orientation of the tangent space.
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Corollary 1.1.31. Let ¥ be a k-dimensional oriented submanifold with 0% = () and let
w be a (k —1)-form of class at least C*. Then [ dw = 0.

For the next section, it is important to consider the space D*(U) of smooth compactly
supported differential k-forms on U where U C R? is an open set?. Since the space is
sequential, we can characterize its topology by means of converging sequences. There are
more abstract ways to define the following topology on D*(U), but we consider useful to
provide an explicit description of converging sequences to highlight the similarities with
the one on the set C? in Definition 1.1.6.

Definition 1.1.32. A sequence (w"),eny € DF(U), that in local coordinates takes the

form
w'(z) = Z wi(z)dzy,
1€1(k,d)

is said to converge to w € D¥(U) as n — oo if there exists a compact set K C U such
that

1. supp(w}) C K for any I € I(k,d) and for any n € N,

2. for every choice of the multi-index a we have D®w} — D%w; uniformly in K for
every I € I(k,d).

1.1.33. Remark. Note that in local coordinates we are just equipping D¥(U) with the
topology on the predual of the space of distributions D°(U): there is indeed the following
identification

DHU) =~ (D))"
The topology in Definition 1.1.32 turns D*(U) into a locally convex metrizable and
separable topological vector space: nice properties to be able to deal with compactness
in its dual space.

1.2 The Federer-Fleming theory of integral currents

The first appearance of the notion of current?, in a less general and less precise form, was
at the beginning of the thirties by Georges de Rham in [50] and [51]. It was only after
Schwartz’s introduction of the concept of distribution in 1945, see [92], that de Rham
reframed its definition from the one dealing with homologies on forms to the cleaner one
that we are going to define now.

4In the literature there are many notations to refer to the space of smooth compactly supported
differential k-forms, including the most common QF(U). We will stick to the notation mostly used in
the context of geometric measure theory to highlight the duality with currents.

5The choice of the term “current” is motivated by the fact that in a 3-dimensional space “I-
dimensional currents” can be interpreted as electrical currents and indeed, in [50] and [51], de Rham
thought of them as cables carrying an electrical current of unit intensity.
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In this section, nevertheless, we are more interested in the notion of current seen
as a measure-theoretic generalization of an oriented surface. From this point of view,
its theory was brought to fruition by Federer and Fleming in the late fifties to prove
the existence of an area-minimizing surface spanning a given contour: the Plateau’s
problem.

We will now focus on the introduction of the space of currents as the dual space
of smooth and compactly supported differential forms and we will define a generalized
version of the Plateau’s problem in the language of currents. Then we will introduce all
the needed machinery to solve the generalized Plateau’s problem and to describe further
applications in the sequel of this thesis.

1.2.1 Currents
Let U C R? be an open set and 0 < k < d.

Definition 1.2.1. A k-dimensional current in U is a continuous linear functional on
D*(U), endowed with the topology in Definition 1.1.32.

The space of k-dimensional currents in U is denoted by Dy (U). We will often use the
notation (7', w) to emphasize the duality pairing with a form w, but later we are going
to simply write the action of T" as T'(w).

Definition 1.2.2. Given T' € Dy, (U), we define the boundary of T as the (k—1)-current
defined as
(0T, w) = (T,dw) for all w e DFYU).

1.2.3. Remark. The functional 0T is well-defined, linear and continuous. Note that 0
on k-currents is just the adjoint operator of d on smooth, compactly supported k-forms.
The counterpart of the fact that d od = 0 is that 9(9T") = 0 for all T' € Dy (U).

Definition 1.2.4. Given T' € Dy (U), we define the mass of T as
M(T) = sup {{T,w)|w € D" (U), ||lw(z)|[*< 1 Vz € U},
where ||w(z)||* is the comass norm® of w(z).

1.2.5. Remark. Definitions 1.2.1, 1.2.2 and 1.2.4 can be considered as generalized con-
cepts for the notions of manifold, boundary of a manifold and volume of a manifold
respectively. Indeed, let ¥ be a smooth, oriented, k-dimensional submanifold in R%. In
the spirit of Poincaré duality, we define the following linear functional Tx(-) on D* (U):

wr—>/w.
%

6Some authors prefer to take the euclidean norm |-| instead; clearly the value of the mass changes
and in general M(T) is strictly greater than the corresponding value replacing the comass norm with
|-], but most of the theory remains consistent by equivalence of the norms.
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Such a current is often denoted by [X]. Note that Ty is uniquely determined by X in the
sense that ¥ # 3’ (as oriented submanifolds) implies T% # Tx,. We can rewrite Stokes’
theorem in the following way

JTs, = Tyx

and it is possible to prove that
HH () =sup {Tx(w) |w € D" (U), |lw(z)|[*< 1 Vo e U},
justifying the terminology of “generalized surfaces”.

Since we are interested in a variational problem, as a dual space, Dy (U) is naturally
equipped with the weak*-topology.

Definition 1.2.6. Given a sequence of k-currents (7),),, and a k-current 7', we say that
(T},)n converges to T in the sense of currents if the sequence converges to T with respect
to the weak-* topology, that is

lim (T, w) = (T,w) for all we D* (V).

n—oo

1.2.7. Remark. The boundary operator is continuous and the mass is a lower semicontin-
uous functional, both with respect to the weak*-convergence of currents. More formally,
if (T,,), is a sequence of k-currents converging to a k-currents 7', then we have:

1. (0T,), converges to 0T in the sense of currents,
2. M(T) < liminf, ., M(T},).
As for distributions, we have a notion of support of a current.

Definition 1.2.8. The support of a k-current T in Dy(U), with U C R? open, is the set
supp(T) := R%\ U {V C UV open: we D*U), supp(w) C V = T(w) =0} .

1.2.9. Remark. The notion of current is so general that it is possible to define for every
k= 1,2,...,d a k-current T € Dy(R?) whose support is a singleton: calling them
k-dimensional objects does not encode the existence of a surrounding k-dimensional
geometry.

Important subclasses of currents need to be defined to obtain a reasonable geometric
object in the solution of the generalized Plateau’s problem.

Definition 1.2.10. We say that a k-current T" has finite mass if M(T') < oc.

1.2.11. Remark. Note that O-currents with finite mass can be identified with signed
measures. The definition of current with finite mass is not trivial remarking the fact
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that the topology on D¥(R?) in Definition 1.1.32 to which currents are dual is finer than
the topology induced by the norm
[w () ||oo:= sup {lw(z)|*: = € Rd} .

The usual examples are derivatives of the Dirac delta at a point xq € U: pick the
O-current 7" on R such that, fixing zo € U C R

T(p) = ¢ (xg) forall ¢ € C°(U).
Given T € Dy(R?) with finite mass we obtain
(T, w)| < M(T)|lwlleo  Vw € DH(RY).

Hence, T' can be extended by density to a linear continuous functional defined on the
space of continuous and infinitesimal at infinity k-forms w € Co (R%, A¥(R?)). By the
Riesz representation theorem”, 7' can be represented by integration with respect to a
measure with values in A*(R?)* = A,(R?). Thus, there exists a positive and finite
measure 4 on R? and a vector field 7 : R? — Ay (R?) in L*(RY, p), unitary (in mass
norm) p-a.e. such that

(T,w) = /Rd<w(x),r(x)>du(x) for all w € DH(RY). (1.2.1)

We denote by T' = 7 - 1 a k-current whose action on a form is as in (1.2.1). We will
often call p the total variation measure associated with 7" and denote it by ||T']|. It can
be checked that M(T') = u(R?), that is the mass of T" equals the mass of the measure
|T||l. In particular, if T' € Dy (U) and with finite mass, if A C U is any Borel set we can
define the restriction of T on A, denoted with T A, by

TLA(w) := /A<w(x),7'(x)>d,u(x).

Definition 1.2.12. A k-current 7' € Dy (U) is called normal if both T" and 9T have
finite mass, that is
M(T) < oo and M(IT) < oc.

The space of normal k-currents is denoted by N (U).
Normal currents have good compactness properties:

Proposition 1.2.13. Let (T,,), be a sequence of normal k-currents s.t.

sup (M(T,,) + M(07,,)) < oo.

Then, up to subsequences, (T,), converges in the sense of currents to a k-current T.
Moreover, we have that

M(7T) < liminf M(7},) and M(OT) < liminf M(0T,,).

n—oo n—o0

In particular, T is a normal k-current.

"We are actually invoking a slightly more general version than the one stated in Theorem 1.1.7.
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At this point one could formulate a very general version of the Plateau’s problem.

Plateau’s problem for normal currents. Given S € Ny_1(U) such that S = 0T
for some T € Ni(U), does there exist T' € Ni(U) such that 0T = S and M(T") is
manimized?

1.2.14. Remark. By Proposition 1.2.13 it is possible to employ the direct methods in the
calculus of variations: the functional M(+) is lower semicontinuous by 1.2.7 with respect
to convergence in the sense of currents and by sequential compactness in 1.2.13 we solve
the very general Plateau’s problem.

An interesting result for normal currents states that they cannot concentrate on small
closed sets; more precisely we have the following theorem:

Theorem 1.2.15. [61, Section 2.3, Theorem 2] Let T € Ni(U) with U C R open. For
any I = (iy,...,ix) € I(k,d) let m; denote the orthogonal projection

(2, xq) = (T, @)
Then, for any closed set C C U such that HF (7;(C)) =0 for all I € I(k,d), we have
IT|[(C)=0 that is TLC =0.

Nevertheless, the Plateau’s problem formulation for normal currents is still not sat-
isfactory since the space Ni(U) contains again elements that do not have the geometric
meaning of being k-dimensional (for any reasonable notion of dimension). Indeed we
can construct the following example.

Example 1.2.16. [38, Example 2.8] Consider the south and north poles S and N in
the sphere S? C R? and let Z be the 0-dimensional current [N] —[S]. For any meridian
~ joining S to N the corresponding current [v] is a minimizer of the mass among all
currents T' with 0T = Z and supp(T') C S?. However the same holds if we parametrize
the meridians as a one-parameter family {v;},.q:, where ¢ is the intersection of , with
the equator {z3 = 0} N'S?. If u is a probability measure on S!, then the current

1) = [ (bl hautt)

is also mass-minimizing among all currents 7" with supp(7) C S? and 0T = Z.

One could argue that Example 1.2.16 may be considered not so troublesome by
noticing that at least, among all minimizers, it is somehow possible to find “classical
minimizers”. In fact, deeper issues arise as the following theorem shows (see [104] for a
short proof):

Theorem 1.2.17 (Lavrentiev gap). For every smooth closed embedded curve v in R*
define

M () := inf {Area(X) : X is immersed, oriented and 0% = ~},

m(y) := min{M(T") : 0T = [~]}.
Then there are y’s for which m(y) < M(y).

As a result, we need to add more structure to enclose some reasonable geometric
meaning in the notion of current.
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1.2.2 Existence for the generalized Plateau’s problem

To rule out minimizers as in Example 1.2.16 we need to add more structure to the
previous notions of currents. We will be mainly interested in what is known as integer
multiplicity rectifiable currents which can be thought as the natural extension of currents
of the type [X] in which we allow ¥ to be a rectifiable set and we also allow it to carry
an “integer multiplicity”.

Given a k-rectifiable set E in R? one can define an orientation of E as a Borel
function 75 : E — Ap(R?) such that 7p(x) is a simple unit k-vector spanning T, E for
HF-a.e. x € E.

Definition 1.2.18. Let U be an open set in RY. We call a k-current 1" rectifiable if T
admits the following representation

(Tow) = / (w(), 7i(x)) 6(x)dH (2),

where F is a k-rectifiable set, 75 is an orientation of E, and @ is a real-valued function
0 € LY(U, H*LE). The function 0 is often called multiplicity of the current T. We will
often use the notation 7' = [E, 7g, 0] and the set of rectifiable k-currents in U is denoted

1.2.19. Remark. Given T = [E, 1g,0] a k-rectifiable current, then E, 7,6 in the repre-
sentation of 7" are not uniquely determined: one could write equivalently [F, —7g, —0]
instead of [E,7pg,0]. If we require in addition that § > 0 for H*-a.e. x € E, then
E, 75, m are uniquely determined (up to H*-null sets).

In particular we have that

M(T) = /E 6(2) dH (2) = 1] 1 neet ) (1.22)

Definition 1.2.20. A rectifiable current 7' = [E, 75, 0] whose multiplicity 6 takes values
in Z is called an integer multiplicity rectifiable current. The set of integer multiplicity
rectifiable k-currents in U is denoted by R (U).

1.2.21. Remark. Any T € Ro(U) can be written as finite sum of weighted Dirac masses.
More formally, let z; € R, §; € Z and d,, the Dirac mass at point x; for i = 1,..., N.

Then we can write
N

T =Y 05,
i=1
Indeed, a function § € L*(U, H°L E) with values in Z is a function that attains a finite
number of values in a finite number of points, vanishing elsewhere.

1.2.22. Remark. Unlike the space of rectifiable currents, the set of integer multiplic-
ity rectifiable currents is not a real vector space since in general \T' € Ry (U) only if
T € Ri(U) and X is an integer. As a result, there is no hope to invoke any simple
functional-analytic principle to obtain good compactness properties in Ry (U). Still,
Ry (U) maintains the algebraic structure of abelian group with respect to the sum.
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Definition 1.2.23. If both 7" and 07 are integer multiplicity rectifiable currents, then
T is called an integral current. The corresponding space is denoted by Zy(U).

The following theorem by Federer and Fleming can be considered as one of the
cornerstones in the theory of geometric variational problems, see [58].

It is worth pointing out that given a bounded sequence of integral currents (75,),,
the existence of a converging subsequence and a limit current 7" follows from Proposition
1.2.13. The fact that the limit current 7" is not just normal but integral deeply relies
on the geometry of integral currents: hence the name closure theorem, telling us that
bounded sets (with respect to the mass and the mass of the boundary) in the space
T (U) are (sequentially) weak*-closed in Ny (U).

Theorem 1.2.24 (Closure theorem). Let (T),), be a sequence of integral k-currents in
U C R? such that
sup,, (M(T,,) + M(9T},)) < 0.

Then there exist T € I, (U) and a subsequence (T,;); such that T, converges in the
sense of currents to T'.

The closure theorem was initially proved for codimension one currents, i.e. (d — 1)-
dimensional currents in R? by De Giorgi, see [33] and [34], in the language of sets of
finite perimeter few years before the appearence of Federer and Fleming foundational
article [58]. It is worth mentioning this since the ideas introduced by De Giorgi in [33]
and [34] still play an important role in the general case.

Federer and Fleming’s proof of closure theorem is based on a rectifiability argument
that goes under the name of structure theorem for sets of finite Hausdorff measure, the
proof of which is rather demanding. Several years later, two different proofs of the clo-
sure theorem were proposed by Solomon [98] and by Almgren [5], without employing the
machinery of the structure theorem: their proofs relied on various facts about multival-
ued functions, a tool that will be introduced in Chapter 2 and that still requires some
preliminary work. Moreover, another different proof of the closure theorem without the
structure theorem nor multivalued functions and that develops in the same spirit as De
Giorgi’s codimension 1 proof is due to White [105].

As a consequence of the closure theorem, it is important to state another fundamental
theorem, telling us that

Ri(U) NN (U) = T (U).

Theorem 1.2.25 (Boundary rectifiability theorem). Let T' be an integer multiplicity
rectifiable current with M(OT) < oo. Then T is an integral®current.

As a corollary of Federer and Fleming closure theorem we can prove existence of a
solution of the generalized Plateau’s problem in the class of integral currents?; it will be
the main object of study in Chapter 2 to investigate how regular a solution is.

8 Arguably the terminology comes from merging the two words integer and normal.

9Tt is fair to remark that in the case of hypersurfaces Hardt and Pitts solved the Plateau’s problem for
integral currents without employing the closure theorem, using instead basic facts about BV functions
in R? and normal currents, see [64].
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Theorem 1.2.26 (Generalized Plateau’s solution). Given S € Z(R?) with 0S = 0,
there exists a (k + 1)-dimensional integral current Ty such that 0Ty = S and M(Ty) is
minimized among all integral currents T' € Ty 1 (RY) satisfying OT = S. We call such a
solution an area-minimizing integral current.

Proof. Let
m = inf{M(T)|T € Tj,;,(R?Y) : 0T = S}

and let (7,,),, be a minimizing sequence. Note that m is finite, due to the cone construc-
tion, see [94, equation 26.26]. Since M(T,,) is bounded and M(0T,,) is constant, we can
apply Theorem 1.2.24 to the sequence (7},), getting a subsequence converging in the
sense of currents to Ty € Ty, 1(RY).

By Remark 1.2.7 we get

3T1 =S and M(Tl) S m,
concluding the proof. O

We end this subsection with the following important compactness theorem of area-
minimizing currents:

Theorem 1.2.27. [94, Theorem 34.5] Suppose (1}); is a sequence of area-minimizing
k-currents in U C R? with respect to their own boundaries (0Ty); such that

sup (M(T}) + M(0T})) < oo,

and suppose that T; converges to T in the sense of currents for some T € Dy(U). Then
T is area-minimizing in U.

Further topics on currents

As it always happens in mathematics, different constructions may lead to the definition
of the same object. This is the case, for instance, for the definition of Sobolev spaces,
that can be equivalently defined as a particularization of the abstract point of view of
the theory of distributions or by a completion procedure with respect to a suitable norm.
Analogous is the case for the theory of currents.

Definition 1.2.28. A k-dimensional polyhedral current (or k-polyhedral chain) is a
k-current P of the form

where §; € R\ {0}, 0; are nontrivial k-dimensional simplexes in R? with disjoint rel-
ative interiors and oriented by constant k-vectors 7; such that [o;] = [oy, 7, 1] is the
multiplicity-one rectifiable current naturally associated to the simplex o;. The vector
space of polyhedral k-currents with support in U C R? is denoted by P, (U). A polyhe-
dral current with integer coefficients 6; is called integer polyhedral.
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We now introduce a very useful norm on the space of currents: the flat norm.

Definition 1.2.29. If T" is a k-current then its flat norm is
F(T) := inf {M(R) + M(S) : T = R+ 0S5}
where R € D(U) and S € Dy11(U).

1.2.30. Remark. It is immediate to see that the flat norm induces a coarser topology than
the one induced by the mass norm. It is important to recall that if (7,), is a sequence
of k-currents such that F(T,, —T) — 0 for some T' € Dy (U), then T > T. The converse
implication is also true, provided there exists K compact set such that supp(7,,) C K for
all n and T,,,T € N (U) with a uniform bound sup,,(M(7},) +M(97T,,)) < oco. Hence, the
flat norm metrizes the dual topology of (normal, with uniform bound on their masses
and the ones of their boundaries) currents: this may be regarded as the analogous of
the classical fact that L' convergence and distributional convergence are equivalent for
equibounded sequences of Sobolev W' functions.

Denote by int(K) the interior of the set K. The main motivation for introducing
polyhedral chains and the flat norm is the following theorem, the proof of which relies
on deeper machinery.

Theorem 1.2.31 (Polyhedral approximation). [57, 4.2.21] If T € Z;(R%), ¢ > 0, K C
R? is a compact set such that supp(T) C intK, then there exists P € Py(RY), with
supp(P) C K, such that

Fr(T — P)<e, M(P)<M(T)+e, M(OP)<M(T)+e.
Moreover, P can be taken with integer coefficients.

It is useful to work with currents with support in a compact set. Let K be a compact
set such that K C U C R% Tt is customary to introduce the notations such as Dy(K)
for the class of k-currents with support in K, i.e.

Dy(K) :=A{T € Dy(U) |supp(T’) C K}
and Dy, ,:(U) as the class of all such compactly supported currents, i.e.
Dyept(U) == U{T € Dy(K) | K C U, K compact}.

Analogously we do for all previously defined classes of currents and we will denote
by Fx the flat norm of a current T € Dy (K).

We briefly mention the notion of flat chains, which originated in the work of Whitney
[109].

Definition 1.2.32. Let U C R be an open set and let X C U be a compact set. The
class of integral flat chains supported in K is defined by

Fu(K) = {R+ 0S| R € RyK),S € Rys1(K)}.
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Proposition 1.2.33. We have the following results:

1. F(K) is a complete metric space with respect to the metric induced by Fp;

2. The set of k-integral currents with support in K is Fy-dense in F,(K)™.

Consequently % (K) can be regarded as the Fg-completion of the space of integral
currents with compact supports in K. Moreover one can note that the mass M is lower
semicontinuous with respect to the Fx-convergence in %, (K). We define now the space
of (real) k-flat chain, denoted as Fy.

Definition 1.2.34. We say that T belongs to Fj(K) if there exists a sequence of normal
currents T, € Ni(K) such that Fg (T — T},) — 0. In other words we can write:

————F
Fi(K) = N,(K) “.
1.2.35. Remark. Note that by 1.2.31 we get that:

Fu(K) = Np(K) "~ = Po(K) "~

In the spirit of operations that are usually done with manifolds, we conclude this
section defining some operations on currents that will be useful in the sequel.

Definition 1.2.36. If f : U Cc R? — V C R™ is a smooth, proper'! map, then it
is possible to define the push-forward (or image) of a k-current T on U C R? as the
k-current f,T on R™ defined by

(fT,w) = (T, frfwy,

for any w € D* (V). Note that the boundary operator commutes with the push-forward
operation, that is 0 (f.T) = f.(0T) and that supp(f.T) C f(supp(T)).

In general there is no natural definition for the notion of intersection of two currents,
since even for the intersection theory for smooth manifolds some “safety” conditions are
required. However, it is possible to define the intersection of a normal k-current 7" and
a level set f~1(y) of a smooth map f: R?Y — R™ (with k <m < d ) for almost every v,
resulting in a normal current 7}, with the expected dimension m — k. This operation is
called slicing and to define it properly we need to recall two important results.

Theorem 1.2.37 (Sard theorem). Let f : RY — R™ be of class C* for some k >
max{d —m, 1}. Denote by

Cy = {z € R? : rank(Df(z)) < m}

the set of critical points of f. Then L™(f(Cy)) = 0, that is the set of critical values of
f s of null L™-measure.

10Tn fact, the same result holds more in general whenever the ambient space is a closed convex
subset C' of a Banach space, working with the general theory of currents in metric spaces introduced
by Ambrosio and Kirchheim in [9], inspired by one of the last ideas by De Giorgi [37].

1We define a function f : X — Y between two topological spaces proper if the preimage of every
compact set in Y is compact in X.
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Corollary 1.2.38. Let 0 < m < k < d. Let M be a smooth k-surface in R% and
f i RY — R™ be smooth. Denote M, := M N f~'(y). Then for L™-a.c. y, M, is a
smooth surface of dimension k —m (or it is empty).

In order to extend Corollary 1.2.38 where M is replaced by a rectifiable set E and f
is Lipschitz we need to recall the following version of the coarea formula.

Theorem 1.2.39 (Coarea formula). Let E C R? be k-rectifiable and f : R? — R™ q
Lipschitz function. For y € R™, denote E, := EN f~'(y). For Hf-a.e. x € E denote
D, f(z) the tangential gradient of f at x and denote the tangential Jacobian as

Jof (@) = [Drfr(@) A= A Dy fin ()|

Then, for every Borel function g : E — [0,400], we have

/ ) < [E g() d’H’“—m(x)) dL™ (y) = [E 9(@) J, f () dH" (2). (1.2.4)

By Sard theorem and coarea formula we have the following proposition that allows
us to define the notion of slice of a rectifiable current:

Proposition 1.2.40 (Slicing of rectifiable currents). Let T = [E,,60] be a rectifiable
k-current in R, with M(T) < oo. Let f : R — R™ be a Lipschitz function, with
0<m<k<d. Denote

E:={xc E:D,f(x) is defined and has rank m} .
For y € R™, denote E, := EN f~*(y). Then the following hold true:
1. H=(B,\E) =0, for L™-a.c. y;
2. E, is (k —m)-rectifiable for L™-a.e. y;
3. Denoting n(x) :== D, fi(x) A+ A D, fr(z), we have that
T.F =T,E, ® Span{n(z)},

for LM-a.e. y and for H*"™-a.e. x € E,. Hence, for L™-a.e. y, we can define
the orientation on E, as the (k —m)-vector T such that

ANF(x) =7(z), for H* ™-a.e.y € E,,.

Definition 1.2.41. Under the assumptions of Proposition 1.2.40, the (k—m)-rectifiable
current Ty, := [E,, 7,0L E,] is well-defined for £™-a.e. y and it is defined as the slice of
T at y according to f. Sometimes the notation (7', f,y) is used to highlight f.
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By the coarea formula with g = |0| we get:

Corollary 1.2.42. Under the assumptions of Proposition 1.2.40, let T, = [E,, 7,0 E,].
Then

[ m)ae o) = [ 101, 1@ @) < [Lin(H)"1a(D)

Proposition 1.2.43. Let T € Ni(RY) and rectifiable. Let f : R? — R be a Lipschitz
and C* function. Let T, be as in Definition 1.2.41, then for L'-a.e. y € R we have:
T, = AT U{f < y}) — 0T {f <y},

As anticipated at the beginning and motivated by the above characterization for
codimension-one slices of rectifiable and normal currents, it is possible to define the slice
of a normal current as well.

Definition 1.2.44. Let T € Ni(R?) and f : R? — R be a Lipschitz and C* function.
For every y € R we define the slice of a normal current as
T, =0T {f <y}) - OT){f <y}
It is a bit more complicated to deal with normal currents slices of codimension m > 1.

Definition 1.2.45. Let 7' € N,(R?) and f : R? — R™ be a Lipschitz and C* function.
Denote fi,..., fm the components of f. For every y € R™ y = (y1,...,Yyn) we define
recursively

T, =0T {fi <wyu}) — (OT){ /1 < i},
Tyl7y2 = a(Ty1 L{fQ < yQ}) - (8Ty1) L{fQ < y2}7

(T, fy) =T, =0Ty, ypo s A0 S Um}) — (T, ) LS < YU}
1.2.46. Remark. When m > 1 we have to ensure that after every iteration the slices are
still normal currents for 7T}, to be well-defined.

We conclude with two useful properties of slicing for normal currents and a corner-
stone theorem in the theory of currents proved by White in [108].

Proposition 1.2.47. Let T € Ny(R?) and f : R? — R be a Lipschitz and C* function.
Then for every y € R we have

AT,) = —(0T),
and
| 1)y < Lip) ),
R
Theorem 1.2.48 (Rectifiability of flat chains with finite mass). Let T € Ni(R?). For
every multi-index I = (iy, ..., i) € I(k,d), we set
Ty : (1'1, c ,xd) — ([L’il,. .. ,ZL’ik) S Rk

T is integer rectifiable if and only if, for every I, L*-almost every slice T,, of T according
to my s integer rectifiable.
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1.3 Optimal branched transport theory

Optimal transport aims to find the best way to carry a given source into a given target.
Such topic witnessed an impressive progression in the last thirty years, developing deep
connections with many fields of mathematics and serving as a model for many biological
and human-designed systems.

The classical Monge’s problem dates back in its original discrete formulation to 1781,
see [75], and can be stated in the following general modern form:

Monge’s Problem. Given two probability measures i and v, defined on the measurable
spaces X and Y, find a measurable map T : X — Y such that

Tip = v,

i.€.
v(A)=p (T ' (A))  for all ACY measurable,

and in such a way that T" minimizes the transportation cost, that is

[ et tant) = min { [ e s()dut) ).

Sxpu=v
where ¢ : X XY — RU{+o0} is a given cost function.

A huge literature has been developed out of this problem, with many books and
surveys such as [102]. Nevertheless, two main objections may be raised to the Monge’s
problem. In primis, the model does not take into account the trajectories of the moving
particles, assuming implicitly that they are segments. In addition, the above formulation
of Monge’s problem does not take into account possible dynamic effects and interactions
among the moving particles, focussing only on the best coupling between initial points
and final distribution of mass. Nevertheless, from modeling purposes there may be
the need to look at the transport as a dynamic process, allowing for both nonlinear
trajectories and interactions among particles. Just to mention a few examples, systems
for which such features are relevant appear in nature, e.g. in roots systems of trees and
leaf nerves, the nervous, the bronchial and the cardiovascular systems, and in human-
designed structures like supply-demand distribution networks, irrigation networks and
electric power supply systems.

Mainly for these reasons, extensions of the Monge’s problem have been studied for
transportation systems that privilege group flows rather than spread-out processes, lead-
ing to optimal transport networks with peculiar ramified structures: this class of prob-
lems is nowadays known as optimal branched transport. In all of the many different
formulations of the problem, the main feature is the fact that the cost functional is
designed in order to privilege large flows and to prevent diffusion; indeed the transport
actually happens on a 1-dimensional network.

The aim of this section is to introduce both the discrete formulation of optimal
branched transport, dating back to an embryonal version due to Gilbert, see [62], and
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the variational formulations, which aim at transporting “diffuse” measures by means of a
ramified structure. There are two main formulations of the variational optimal branched
transport problem: the Eulerian formulation and the Lagrangian formulation, see [110)]
and [71] respectively. The equivalence between both model formulations was shown in
[85].

We will introduce the Eulerian formulation which, from a geometric point of view,
can be described by means of the theory of currents, while we will only recall some basic
facts about the Lagrangian formulation. The Eulerian verison of the optimal branched
transport problem can be stated as a 1-dimensional Plateau-type problem in which one
aims to minimize a fractional power of the mass functional.

Eventually, we will describe the existence theory for the Eulerian formulation of the
optimal branched transport problem, proving the existence of solutions with finite costs.

1.3.1 The discrete model

The discrete model is the simplest possible model of optimal branched transport and it
takes its name from the fact the initial measure p and the target measure p are finite
atomic, that is

l
po = Z a;0,, and py = Z bjdy,
i=1 j=1
with ag, bj € R.
Definition 1.3.1. A transportation network from p_ to u, is a finite weighted oriented

graph G embedded in R?, consisting of a set of vertices V(G), a set of oriented edges
E(G) and a weight function

w: E(G) =R

such that

1. {.1'1,1}2, Ce ,l'k} U {y17y27 e ,yl} C V(G)

2. For each initial vertex x; with i =1,... k,
Z w(e) — Z w(e) = aj,
e€E(G) :zi=e_ e€E(G) :zi=e4

where e_ and e, denote respectively the first and second endpoint of the oriented
edge e € E(G).

3. For each target vertex y; with j =1,...,[,

e€E(Q) 1yj=e e€E(G) 1yj=e_
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4. For any vertex v € V(G) \ {z1, %2, ..., Tks Y1, Y2, - - -, Y1 }-
Z w(e) = Z w(e).
e€E(G) :v=ey e€E(G) :v=e_

In other words, we say that (G, w) satisfies the “Kirchoff’s laws” at each of its
vertices.

We define now the energy that defines the cost of the transportation.
Definition 1.3.2. Fix a € [0, 1), we define the a-energy of G as
E*(G) = Y |w(e)|*H (e). (1.3.1)
e€E(G)
We can now formulate what is known as the Gilbert’s problem:

Gilbert’s Problem. Fiz o € [0,1) and p_, py finite atomic with the same total mass.
Find a transportation network Gy between p_ and p, such that

E°(G,) < E*(G) (1.3.2)

among all transportation networks G between p_ and p,. We call Gy an optimal trans-
portation network.

Y1

Y2

Y3

xr3
Ya

Figure 1.1: Representation of Definition 1.3.1

Minimizers of the Gilbert’s Problem turn out to satisfy some necessary topological
condition; to state it formally, we need to recall some basic definitions from graph theory.
We call a cycle a closed chain (ey,...,e,) of consecutive!? distinct oriented edges. A
loop is a chain of consecutive distinct oriented edges which can be turned into a cycle
possibly switching the orientation of some edges. An oriented weighted graph is acyclic
if it does not contain any cycle and it is a tree if it does not contain any loop.

12Where consecutive means that e;+ =e; - fori=1,...,n— 1.
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1.3.3. Remark. By definition it is immediate to check that a tree is an acyclic graph but
the converse is not true.

Proposition 1.3.4. [18, Lemma 2.6] Let (G, w) be an optimal transportation network.
Then G is a tree.

The main idea to prove Proposition 1.3.4 is to argue by contradiction: assume there
is a loop and build a competitor of the problem (i.e. another graph G’ satisfying the
Kirchhoff’s laws) such that E*(G') < E*(G) by exploiting concavity of the function
T = |x|*.

1.3.5. Remark. If we know the basic topological property that optimal transportation
networks need to be trees, then we get an a priori bound on the number of vertices
a solution can have. Hence, the problem is equivalent to a finite number of finite-
dimensional optimization problems, providing existence of a solution to the discrete
formulation of the optimal branched transport problem.

It is possible to show a rigidity property of the geometry of optimal transportation
networks: whenever three edges come together at a vertex, the angle they form must
satisfy some necessary conditions. More formally:

Proposition 1.3.6. [12, Lemma 12.1] Let z1, 9,31 be three distinct points in RY, p_ =
@10z, + 204, and piy = bid,, with by = a; + as and ai,as > 0. If x1, 22, y1 are aligned,
an optimal transportation network from p_ to py is the minimal segment containing
1, To,y1. If x1,29,y1 are not aligned, an optimal transportation network lies in the
triangle x1, o, y1. In addition, it is a graph with two or three edges.

Proposition 1.3.7. [12, Lemma 12.2] Let (G, w) be an optimal transportation network
between p— = a1dy, + a205, and py = bidy, with by = a1 +as and a,,as > 0 and suppose
it has 3 edges. With the notation of Figure 1.2, then the vertex V. must satisfy the
following angle conditions:

kP +1— k3°

cos (01) = o )
cos (09) = W,
2
cos (61 + 62) = %,
where ky = ;24— ko = 2.

1.3.8. Remark. Once aq,as are fixed, the exponent o determines the aperture of the
angles made by the two joining edges. Moreover, if a; = ay, then we have 6; = 0, =
arccos(2?>71 — 1) /2.
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Figure 1.2

1.3.2 The variational formulation

Now we turn to the Fulerian variational formulation of the optimal branched transport
problem. Our aim is to generalize the main objects of the discrete case to suit a con-
tinuous framework: we aim to transport an initial measure u_ to a target measure p,
where now p_ and p, are probability measures with compact support. Hence, we need
to generalize the notion of oriented weighted graph, the Kirchhoff’s laws contraint and
the a-energy of the graph: to do so we will employ the theory of 1-dimensional currents,
following Xia [110], see also [84].

Definition 1.3.9. Let K C R? denote a convex compact set. If u_ and p, are elements
of M, (K) such that M(u_) = M(u4 ), we call a transport path a 1-dimensional normal
current 7' € Ny (K) with 0T = py — p—. We denote by TP(b) the set of transport paths
with boundary b, that is

TP(b) == {T € N\(K) : 9T = b}.

1.3.10. Remark. Since 1-dimensional normal currents are in one-to-one correspondence
with vector-valued Radon measures with distributional divergence which is a measure,
then we can always think of a transport path T" as a vector-valued measure such that
div(T) = p— — py. The condition T = py — p— (or, equivalently, div(T) = p_ — py)
is the generalization of the discrete model Kirchhoff’s laws.

1.3.11. Remark. We note that finite, oriented, weighted graphs can be identified with
1-polyhedral chains of the form (1.2.3) simply by taking 6; = w(e) for every e € E(G),
[o:] = [e:] and taking as orientations 7; the one given by the tangent vectors to each
point x € G C R%

By Remark 1.3.11, we can now define the cost functional for the variational formula-
tion of the optimal branched transport problem as the lower semicontinuous relaxation
of the a-energy E* with respect to the flat norm. More formally:

Definition 1.3.12. Let E* : P;(R%) — [0,00) be the a-energy defined as in (1.3.1),
having identified the graph G with the corresponding polyhedral 1-chain. For every
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T € F;(R?) we call the a-mass the functional M® : F(R?) — [0, o] defined as

M*(T') := inf {lim inf E*(G}) : G; € P1(RY) with F (T — G;) — 0} :

j—00
It turns out that the a-mass admits the following representation, see [31].

Proposition 1.3.13. Given a € [0,1) and a I-current T € Ny(K) U %, (K), we have
that
ME(T) = {nyeyacml, § T = [B,7.0] € 7y (K);
00, otherwise.

1.3.14. Remark. It is very important to use the flat norm. Indeed if the lower semi-
continuous relaxation had been taken with respect to the convergence in the sense of
currents, then it would trivialize to the zero functional. To prove this, it sufficies to
consider the current [¢] associated to a line segment of length 1. Tt is easy to see that ¢
can be approximated in the sense of currents by a sequence of currents (7},),, where each
T,, is made by n segments of length 1/n? and multiplicity n. Note that E*(T},) = n®~1,
converging to 0 for n — oo since a < 1.

1.3.15. Remark. The proof of Proposition 1.3.13 is relying mostly on three fundamental
ingredients in geometric measure theory: the slicing technique for rectifiable currents,
the so-called integralgeometric formula, see [69, Section 2.1.4] and White’s rectifiability
Theorem [108].

1.3.16. Remark. The a-mass M® is a subadditive functional, namely
M (T 4+ T) < M*(T}) + MY(T3) for every Ty, Ty € Z;(R?) U N;(R?).

Indeed, the inequality is trivial if 7} or T, is not rectifiable. On the other hand, if
T; = [E;, 7, 6], i = 1,2, the multiplicity # of the rectifiable current T} + T3 is obtained
as the sum of the multiplicities of 7} and T, with possible signs, so that |0]|< |6;]+|62].
Hence we deduce that

M®(T1 +Ty) < /

F1UFE>

|91+92|ad7{1§/ 10,0 +]0|dH! = M (T})+M(T3). (1.3.3)

F1UFE>

Definition 1.3.17. A current 7' with finite mass is called acyclic if there exists no
nontrivial current S such that

9S=0 and M(T)=M(T —S) + M(S).

1.3.3 Existence for the optimal branched transport problem

We can now state the (Eulerian) optimal branched transportation problem with boundary
b=py —p.
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Optimal Branched Transport Problem. Find a normal current T € Ny(K) which
minimizes the a-mass M among all normal 1-currents S with boundary 0S = b.

Proof. Let (1;); € TP(b) be a minimizing sequence for the a-mass. Then, by [74] for
each T; there exists a polyhedral chain G; such that

M(G;) < M*(T)), M(9G,) < M(IT;) = M(b) and F(9T; — 9G,) < 27.

One can replace the G;’s with acyclic polyhedral chains G’ enjoying the above prop-
erties, since this operation decreases the a-mass, see [18, Lemma 2.6]. Since, by the
Kirchhoft’s laws, the multiplicity 6 of each G is bounded by M(b) we have M(G) <
CM*(G;) < CM*(Tj), getting a uniform bound. Hence by Proposition 1.2.13 and lower
semicontinuity of the a-mass we conclude the proof. O

For notational purposes, we denote the least transport energy associated to b as
E*(b) := inf{M*(T") : T € TP(b)}.
We define the set of optimal transport paths with boundary b by
OTP(b) :={T € TP(b) : M*(T) = E*(b)}.

The first observation is that the existence of elements with finite a-mass in TP(b)
is not guaranteed in general. For example in [52] it is proved that if &« <1 —1/d then
there are boundaries b such that OTP(b) degenerates to the set of all currents 7' with
boundary 07" = b, since there is no 1-current 7" with 07" = b and M*(7") < co. On the
other hand, under the assumption a > 1 — 1/d, then the existence of traffic paths with
finite a-mass is guaranteed and, moreover, there is also a quantitative upper bound on
the minimal transport energy.

Theorem 1.3.18 (Existence of transports with finite cost). Let K C R be a convex and
compact set with diameter L, « > 1 —1/d and p_, uy € M (R?) be two measures with
equal mass. Then there exists a normal 1-current T € Ny (K) such that 0T = py — pu—
and

M*(T) < Coa L1417,

where Cy 4 i a geometric constant depending only on the exponent o and the dimension

d.

1.3.19. Remark. We aim to transport p_ to p, and without loss of generality we assume
[ 1= g, since if we can transport oy to u, with finite a-mass M®, then we can start from
an arbitrary measure p_ and transport it to dp again with finite M*(7"). Concatenating
the two transports we get that the sum of the two traffic paths will have cancellation of
the boundary dy and, by (1.3.3), the a-mass M® of the sum of the two traffic paths will
still have finite cost.
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Proof. Assume without loss of generality that K := [0,1]¢, u_ := &y and p is a proba-

bility measure. Consider a dyadic decomposition of K and up to a translation we may

assume that 1, (0Q) = 0 for any dyadic cube @ of any generation, see [29, Lemma 3.1].
For every n let

2nd
Py = Z agn)5m(n),
=1
where ! = 1, (Q!™) with Q! dyadic cubes of n-th generation and z\" representing

the center of each Q™.

Let P, be the polyhedral chain transporting /ﬁ[l onto uf by connecting each xE"
to the centers {:rgn)}idzl of the dyadic cubes of the n-th generation contained in an_l),
see Figure 1.3.

We have

-1)

2nd
M(P) =Y g2 al" = 427", (1.3.4)
j=1
where ¢q4 is a constant depending only on the dimension d. The last passage follows from

the fact Z?Z ag-”) = 1 since p} is a probability measure. Moreover, we can write

ond ond

Ea(Pn> _ Z cy 9—n (a§n))a = ¢y 27n2nd <2fnd Z(agn))oz>
Jj=1 Jj=1

gnd N (1.3.5)
< ¢y 2n(@1) (27nd Z agn) ) _ ¢y 2 d—1-da),
j=1

1

where d — 1 — da < 0 since by assumption o« > 1 — 1/d. By (1.3.4) we have that
T, ==Y, P, is a Cauchy sequence in mass and, a fortiori, with respect to the flat

norm. Hence, there exists a flat chain 7 such that T,, — T and M(T) is finite!.
Moreover, we get pu/ — p— = 97, and, by continuity of the boundary operator

T, = aT.

Since pff! 5 [+, we conclude that

O = piy — pi—.

Finally, we show M*(T") < co. By (1.3.5), Definition 1.3.12 and subadditivity of E*
we conclude:

13Gince the masses of the partial sums were equibounded and M is lower semicontinuous with respect
to the F-convergence.
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m— 00

M*(T) < limjnf (E*(T,,,)) < lim_ <Z]EQ(PH)) < Cha
n=1
O

1.8.20. Remark. The constant C, 4 tends to oo when a — (1 — 1/d). Clearly, if a@ <
1 — 1/d then the series in (1.3.5) diverges, but this would not tell us that the threshold
a > 1 —1/d is sharp. Nevertheless, it turns out that & > 1 — 1/d is indeed a sharp
bound for the existene of a transport path with finite cost and the ideas used to prove
it are not far from the above argument; we refer to [52] for a detailed discussion.

Figure 1.3

Useful properties

We collect some results in optimal branched transport theory that will be useful in the
sequel.

We now introduce some language from the Lagrangian formulation of the optimal
branched transport problem. In this formulation, see [71], transport paths are modeled
as probability measures on the space of Lipschitz curves, where each curve represents
the trajectory of a single particle. The Eulerian and the Lagrangian formulations have
been proved to be equivalent (see [85]) and, in particular, the link between these two
formulations of the optimal branched transport problem is encoded in a deep result due
to Smirnov on the structure of acyclic normal 1-currents, see [97].

Definition 1.3.21. We denote by Lip the space of 1-Lipschitz curves 7 : [0, 00) — R%.
For v € Lip we denote by Ty(y) the value

To(7) := sup{t : v is constant on [0, t]}
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and by T () the (possibly infinite) value
Too(7y) == inf{t : 7 is constant on [t,00)}.
Given a Lipschitz curve with finite length v : [0, 00) — R?, we denote

v(00) := lim ~(t).

t—o00

Definition 1.3.22. We say that a curve v € Lip of finite length is simple if v(s) # ()
for every To(y) < s < t < To(7) such that 7 is nonconstant in the interval [s, t].

To a Lipschitz simple curve with finite length v : [0,00) — R?, we associate canoni-
cally the following rectifiable 1-current

,Y/
R, = (), 2]

1.3.23. Remark. Tt follows from (1.2.2) that M (R,) = H'(Im(v)) and it is immediate
to check that OR, = d(o) — 0y(0). Since 7 is simple, if it is also nonconstant, then

+(00) # (0) and M (9R,) = 2

Definition 1.3.24. Let I be a finite measure space and, for each A € I, let T be a
1-current such that

(a) the function \ — (T),w) is measurable for every w € D!(R?),
(b) [, M(Ty)d\ < oo.
Then we denote by T := [ ; T\ dX the 1-current defined by

(T,w) = /(TA,@ d\ for every w € D'(R?).
I
1.3.25. Remark. Note that assumption (a) and the definition of mass imply that the

function A — M(T)) is measurable, thus the integral in assumption (b) is well-defined.

Definition 1.3.26. Let T' € N;(R?) and let 7 € M, (Lip) be a finite positive measure
supported on the set of curves with finite length such that

T:/L. R, dr(7), (1.3.6)

in the sense of Definition 1.3.24. We say that 7 is a good decomposition of T if 7 is
supported on nonconstant, simple curves and satisfies the equalities

M(T) = [ (B, (),

M(9T) = M(OR,)dn(y) = 2m(Lip).

Lip
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We recall a fundamental result by Smirnov [97], which establishes that every acyclic
normal 1-current can be written as a weighted average of simple Lipschitz curves, i.e. it
admits a good decomposition.

Theorem 1.3.27. Let T € Ny(R?) be an acyclic normal 1-current. Then there is a
Borel finite measure © on Lip such that T can be decomposed as

T / R, dx(7)
Lip

and  1s a good decomposition of T

Proposition 1.3.28. [84, Theorem 10.1] Let u_, iy € M, (R?) and T € OTP(juy—p_)
with finite a-mass. Then T is acyclic.

1.5.29. Remark. By Proposition 1.3.28 any optimal transport path admits a good de-
composition.

We recall some useful properties of good decompositions and we refer to [27] for a
proof.

Proposition 1.3.30. If T € N{(R%) has a good decomposition 7, the following state-
ments hold:

1. The positive and the negative parts of the signed measure 0T are

8T:/ (57(0) dﬂ(’y) and (9+T:/ (57(00) d?T(’y). (1.3.7)
Lip L

p
2. If T = [E,1,0] is rectifiable, then

0(z)|=7 ({y:2 €Im(y)}) for H'-a.e. z € E. (1.3.8)

3. For every ' such that w'(A) < w(A) for every Borel set A, the representation

T = /L R, dn'(v) (1.3.9)

is a good decomposition of T'. Moreover, if T = [E,1,0] is rectifiable, then T" can
be written as T" = [E, 0, 7] with ' < min {0, ' (Lip)}.

Proposition 1.3.31. [12, Proposition 7.4] Let a € [0,1) and T € OTP(b) such that
M(T) < oco. Then T satisfies the single path property, namely for every x,y € supp(T)
m-a.e. 7y passing through xz,y follows the same trajectory in between (with the same
orientation,).

1.3.32. Remark. Proposition 1.3.31 is a necessary condition in the same spirit of the tree
property of discrete graphs as in Proposition 1.3.4.
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We now state one of the most important well-posedness properties in the theory of
optimal branched transport, establishing that optima are stable with respect to varia-
tions of the initial and final distributions of mass. In its full generality, the validity of
such property was still an open problem in the field since few years ago, see [29].

Theorem 1.3.33 (Stability of minimizers). Let o € (0,1), p_ and py be mutually
singular positive measures on B,(0) for some r > 0, satisfying j_(R%) = py(R?). Let
(U2 )nen, (1 )nen be two sequences of positive measures on B,(0) such that for every
n € N we have p™ (R?) = p (R?) and

P =

n

Assume there exist T,, optimal transport paths with boundaries b, = p’, — u satisfying

sup M*(T},) < oo.

neN

Then, the (nonempty) family of subsequential weak*-limits of T,, is contained in O TP(b),
where b=, — p_.

Finally we mention a slight improvement of Theorem 1.3.33, relaxing the assumption
requiring g and g, to be mutually singular, pointing out that it is actually irrelevant
in the proof given in [29]. More precisely, we prove the following result which will be
important in the sequel.

Definition 1.3.34. We denote the set of boundaries by
PBo(K) :={b € Dy(K) : there is an S € D;(K) with 9S = b} .
Fix an arbitrary constant C' > 0 and define
Ac :={be€ HBy(K) :M(b) < C and M*(T) < C for every T € OTP(b)}.  (1.3.10)

We metrize Ac with the flat norm F and we observe that the set Ac endowed with
the induced distance is a nontrivial complete metric space.

Theorem 1.3.35. Let b, € Ac and let S,, € OTP(b,). For every subsequential limit T
of S, we have T € OTP(IT).

Proof. The subsequential convergence F(S,, — T) — 0 implies F(b, — 9T) — 0 and
writing b, = pfp — p” (being p} and p™ respectively the positive and the negative part
of the signed measure b,) and ps := lim,,_, p/f, we have 0T = py — p—, where pu, and
(— are not necessarily mutually singular.

Hence, with respect to [29, Theorem 1.1] we simply need to remove the assumption
that ©_ and p, are mutually singular. In fact we observe that such assumption does
not have a fundamental role in the proof already given in [29] and, more precisely, we
analyze all the points where such assumption is relevant.
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e In [29, equation (4.9)] the assumption is used, but we observe that if we do not as-
sume that p— and py are mutually singular, [29, equation (4.9)] would be replaced
by

@Tij :/ o 57(00) — 57(0) dP(’Y),
Lip(Q*,Q7)

which suffices to obtain [29, equation (4.23)], which is the only point where [29,
equation (4.9)] is (implicitly) used.

e In [29, page 852, line 7], the fact that u_ and g, are mutually singular is actually
not necessary.

e The fact that g and py are mutually singular is necessary to obtain [29, equations
(4.16), (4.17)] and more precisely without such assumption the validity of those
equations might fail in the cubes {Q" : h = 1,..., N} but it remains true (with the
same argument) in the remaining cubes Q" € A(Q, k). However, we observe that
[29, equations (4.16), (4.17)] are only used to obtain [29, equation (4.18)], which
remains valid, precisely because it is stated only for the cubes Q' € A(Q, k) \ {Q" :
h=1,...,N}.

In conclusion, with the minor modifications listed above, the proof of [29, Theorem 1.1]
remains valid even without the assumption that y_ and p, are mutually singular, thus
concluding our proof. O]



Chapter 2

Regularity results

The main goal of Chapter 2 is to present the regularity theory for area-minimizing inte-
gral currents and for optimal transport paths. Indeed, once we have established under
which conditions the Plateau’s problem and the optimal branched transport problem
admit a solution, the natural following question is how regular this solution actually is.

In Section 2.1 we will investigate the interior regularity theory for area-minimizing in-
tegral currents. Following the analogy with Sobolev functions that minimize the Dirichlet
energy, one could hope that area-minimizing integral currents are, a posteriori, “every-
where regular” manifolds. It turns out that this is not the case since area-minimizing
surfaces are substantially more complicated geometric objects than functions, allowing
for the presence of singularities; this fact makes the study of the regularity of area-
minimizing integral currents one of the most difficult and exciting topics in the field of
geometric variational problems. We will investigate the interior regularity theory, but it
is very important to mention that boundary reqularity for area-minimizing integral cur-
rents is a well-studied and live topic of research as well, witnessing major developments
in the last years, see [39] and full of widely open conjectures. Our main references for
Section 2.1.1 and Section 2.1.2 are [38, 42].

Finally, in Section 2.2, we will present the main results in the regularity theory for
optimal transport paths, pointing out that one of the main ingredients in the present
theory, which is mostly due to Xia [111], can be reread as a consequence of the recent
stability result, see Theorem 1.3.33 or [29].

2.1 Regularity theory for area-minimizing currents

Let us assume that 7" is an area-minimizing integral m-current in R?. Let n :=d — m
be the codimension of T. Let B,.(p) C R™™ denote the ball of radius r centered at p.
We say that p € supp(T') \ supp(9T) is an interior reqular point if there is a positive
radius 7 > 0, a smooth embedded submanifold ¥ C R"*™ and a positive integer
such that T'L B,(p) = Q[X]. The set of interior regular points, which is relatively open
in supp(7’) \ supp(97T), is denoted by Reg(T"). Its complement supp(7) \ (supp(97) U
Reg(T)) is denoted by Sing(7') and is called the interior singular set of T

35
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The problem is to understand whether Sing(7") is empty and, in case it is not, to
estimate how “large” it can be in terms of reasonable notions of dimension, like the
Hausdorff dimension. Surprisingly, the answer strongly depends on the codimension
n. Indeed, if n = 1, Sing(7T') of an area-minimizing integral current 7' has Hausdorff
dimension at most m—7 or, in other words, area-minimizing integral currents are smooth
(and also real analytic) submanifolds exept for a closed set of Hausdorff dimension at
most m — 7. On the other hand, if n > 2, solutions to the generalized Plateau’s problem
exhibit singularities already in dimension m = 2. Indeed, in higher codimension, Sing(7")
of an area-minimizing integral m-current 7" has Hausdorff dimension at most m—2. More
formally, we can state the following theorems.

Theorem 2.1.1 (Regularity in codimension n = 1). Let Q C R™ an open set and let
T an area-minimizing m-dimensional integer rectifiable current in 2. Then

i) form <6, Sing(T) N Q is empty (see [35, 36, 60] for m = 2, [3] for m = 3, [96]
for4d <m <6),

ii) for m =7, Sing(T) N Q consists of isolated points (see [56]),

iii) form > 8, Sing(T") N Q has Hausdorff dimension not larger than m —7 (see [56]),
it is (m — 7)-rectifiable and of locally finite H™ "-measure (see [95, 82]),

iv) the above results are optimal: for every m > 7 there are area-minimizing integral
currents T in R™Y for which Sing(T) has positive H™ "-measure (see [15]).

Theorem 2.1.2 (Regularity in codimension n > 2). Let Q@ C R™™ an open set and
let T an area-minimizing m-dimensional integer rectifiable current in ). Suppose that
n > 2, then

i) form =1, Sing(T) N Q is empty,
i) for m =2, Sing(T') N Q consists of isolated points (see [26, 48, 47, 49]),

iii) for m > 3, Sing(T') N Q has Hausdorff dimension not larger than m — 2 (see [4,
6, 42, 44, 43, 45, 46]),

iv) the above results are optimal: for every m > 2 there are area-minimizing integral
currents T in R™" for which Sing(T') has positive H™ %-measure (see [55]).

Not only are the theorems different in terms of results, but also they differ in terms of
level of difficulty and techniques involved in the proofs. Even though regularity theory in
codimension 1 can be considered as a delicate topic, it is by now well-studied and fairly
understood both in terms of results and employed techniques. On the other hand, the
presence in higher codimension of what are known as branching singularities required
the development of a full new theory and more sophisticated machinery that was initially
contained in a 1728-page long typewritten monograph by Frederick J. Almgren [4]. As
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mentioned, Theorems 2.1.1 and 2.1.2 are sharp as shown by the following two celebrated
examples: if n = 1 cosider what is called Simons’ cone in R3:

S={zeR®:a}+al+a]+a]=ai+aj+a2+a3},

which clearly has a singularity in the origin. Much more complicated was instead to
show that S was (locally) area-minimizing in R®, which was proved by Bombieri, De
Giorgi and Giusti, see [15].

If n > 2, then it is easier to show that Theorem 2.1.2 is optimal. Consider the
following holomorphic curve

I ={(z,w) € C*~R*: 2> = w’}.

One can see that the origin is a singular point for I'. Moreover, once the so-called
Wirtinger’s inequality, see [57, 1.8.2] has been established, it is fairly easy to prove that
I' is area-minimizing. To do so, we introduce some basic facts about complex geometry.

Recall that holomorphic subvarieties of C", namely zeros of holomorphic maps u :
C" — C"* (with k and n — k the complex dimension and codimension of the variety
respectively) can be given a natural orientation. We identify C" with R?" as usual: if
21, ..., %y are complex coordinates and z; = Re z;, y; = Im z;, we let x1,y1,. .., 2y, Y, be
the standard coordinates of R?®. We remind that a holomorphic subvariety I' of C" of
complex dimension k is an oriented real analytic submanifold of R?*" \ Sing(T") of (real)
dimension m = 2k, where Sing(I") is a holomorphic subvariety of complex dimension
k — 1. At each point p € I"\ Sing(T"), the (real) tangent 2k-dimensional plane 7,,I" can
be identified with a complex k-dimensional plane of C". If vy, ..., v} is a complex basis
of T,I', we can then define a canonical orientation for 7,,/" using the simple 2k-vector
Rev; Almwv; A ... A Revy A Imwg. From this, we can now define the current [I'] by
integrating forms over the oriented submanifold I"\ Sing(I'). We refer to [68] for an
extended discussion about Kéalher manifolds and complex geometry.

The discussion can be localized to holomorphic subvarieties in open subsets €2 of C™
and note that, if ' is a bounded open subset of the domain 2 where I' is defined, then
[T] has finite mass in ' and it is thus an integer rectifiable current.

Proposition 2.1.3 (Wirtinger’s inequality). Let ¥ be a Kdalher manifold" with Kidlher
form w and denote v a unitary simple 2k-vector. Then

(WA ANw,v) < k!
N———

k times

2.1.4. Remark. In other words, Wirtinger’s inequality tells that the k-th exterior power of
the Kalher form w is bounded above by k!, when evaluated on unitary simple 2k-vectors.
Equality holds if and only if the 2k-plane spanned by v is a complex k-plane.

'Recall a Kahler manifold is a symplectic manifold equipped with a compatible integrable almost-
complex structure.
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Theorem 2.1.5. Any compact portion of a holomorphic subvariety in C" is area-
MANIMIZING.
Proof. On C" ~ R?" consider the Kahler form

w:=dry Ndy, + -+ -+ dx, A\ dy,.

Note that dw = 0 and, by Wirtinger’s inequality 2.1.3, the 2k-form

1 k

satisfies [|p(v)|lo< 1 for all 2k-planes? identified by v, with equality if and only if the 2k-
plane is a complex k-plane. Let ¥ be a compact portion of a k-dimensional holomorphic
variety and let I' be any other submanifold such that 9% = dI'. By the Poincaré lemma
in R?" we have that w is exact. Indeed we can even write explicitly

w=d(z1dyy N ... N\ zpdyy) =: dn.

By applying twice Stokes’s theorem (Theorem 1.1.30) we get
M([S]) = /1—/w—/n—/n—/w<M[[F]] (2.1.1)
) or

2.1.6. Remark. As a corollary we get that the holomorphic curve
[ ={(z,w) € C*~R": 2* = v’}

is a (locally) area-minimizing current of dimension 2 in R*, showing that Theorem 2.1.2
is sharp. We will comment more later on the “branch point” singularity that appears
at the origin. We remark that it has been rather simple to provide examples of area-
minimizing integral currents with singularities in higher codimension: this should be the
first warning about the degree of difficulty of developing a full regularity theory in that
setting.

Before turning to the analysis of codimension 1 theory, we recall a fundamental
formula that plays a crucial role in (almost) any regularity theory for “weak objects”:
the so-called monotonicity formula.

Let T be an area-minimizing m-current in R”™*" and suppose T represents (by in-
tegration) a smooth surface ¥ (that is 7' = [X]). Fix a point p € ¥\ 0¥ and a radius
r < dist(p, 0%). Assume further that OB, (p) intersects ¥ transversally. If we replace
in the ball B, (p) with the cone having vertex p and boundary ¥ N 0B, (p) we increase
the volume of ¥. More formally:

H"(ENB,(p) < —H" (ZN OB, (p)).

2We say that w is a calibration, that is a closed m-form such that ||w||s< 1.
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On the other hand coarea formula (Theorem 1.2.39) implies that

HPH SN OB,() < T|_ Hr B 0

and solving the resulting differential inequality we can conclude that

AHMENB) |

dr rm

A more careful computation, exploiting the stationarity of 3, provides the following
much more precise formula:

H™(ZNB,(p) H"(ENB(p) _ / Md%m@), (2.1.2)
EN(B,(p)\Bs(p

rm sm ) |ZL’ _ p|m+2

for 0 < s < r, where (x — p)* denotes the component of the vector (z — p) which
is orthogonal to the tangent space T,%. The formula in (2.1.2) is still valid for area-
minimizing integer rectifiable currents as well. Indeed, note that the right-hand side
of (2.1.2) is well-defined for T' (replacing H™ with ||T'||) since at ||T'||-a.e. = we have a
well-defined tangent plane, allowing us to define (z — p)* for ||T||-a.e. .

Recall the following Proposition:

Proposition 2.1.7. If T is an integer rectifiable current, then the number

O(T,p) := lim I (B, (p)

r—0 Wy ™
exists and it is a positive integer for | T||-a.e. point p.

Given a current 7" we will denote by T),, the blow-up of T', that is the result of
translating 7 so that p becomes the origin and enlarging it of a factor »—!. More
formally:

Definition 2.1.8. Let ¢, , denote the map x +— (z—p)/r, then we define T}, , := (¢,,), T
Note that when 7" = [X] for some smooth surface ¥ then 7}, = [¢,,(2)].

We recall now a very important definition.

Definition 2.1.9. An area minimizing cone of dimension m is an integer rectifiable
m-current S such that S = 0 and Sy, = S for every positive r and SL(2 is area-
minimizing for any bounded open set 2. In addition, if 7" and S are two currents such
that, for some p € supp(7’) and some 7, — 0, T},,, converges to S, we say that S is
tangent to T" at p.

The monotonicity formula has several important consequences that we recall here.

Proposition 2.1.10. Let T € Z,,,(R™™") be area-minimizing. Then
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i) The density O(T,p) is well-defined at every p ¢ supp(9T), it is at least 1 at each
point p € supp(T) \ supp(9T') and it is upper semicontinuous.

i1) For every p ¢ supp(0T) and every sequence ry, — 0 there is a subsequence, not
relabeled, and an area-minimizing cone Ty such that T,,,, — Ty. Moreover, Ty # 0
if and only if p € supp(T).

Tk

Note that if T" € R,,,(R™*") then, by Remark 1.1.12, ||T'||-a.e. p € supp(7T’)\supp(97T)
there is a unique tangent cone, which is an integer multiple (where the multiple is
O(T,p)) of an m-dimensional plane 7(p). This motivates the following definition.

Definition 2.1.11. A tangent cone S is called flat if it is a (nonzero integer) multiple
of an m-dimensional plane.

Note that at every p € Reg(T) there is a unique tangent cone and it is flat so that,
equivalently, if there is a single tangent cone at p which is not flat, then p € Sing(T).
Hence, one should be tempted to guess that a possible characterization of a regular point
is a point where at least one tangent cone is flat: this is true in the very particular case
of codimension 1, but not necessarily in higher codimension as the holomorphic curve

I'={(zw) eC®: 2’ =u’}

already shows.
We conclude this part by mentioning what can be considered the most challenging
open problem in the regularity theory of generalized area-minimizing surfaces.

Open problem 1. It is not known whether the tangent cone to an area-minimizing
current T' is unique at every point p € supp(T') \ supp(9T).

2.1.12. Remark. Proposition 2.1.10 does not imply equality for the subsequential limits.
Some partial results are known, such as for 2-dimensional currents in any codimension
by White [103] and in codimension 1 at any isolated singularity by Simon [93]. More
refined analyses of the structure of the singular set have been developed relying on the
uniqueness of tangent cones for 2-dimensional currents, as an example see [48, 47, 49].
The remaining cases are widely open.

2.1.1 Area-minimizing currents in codimension one

In this section we aim to highlight the main ideas behind the proof of what is known in the
literature as the De Giorgi-Allard e-reqularity theorem. Indeed, the first breakthrough
in regularity theory for generalized area-minimizing surfaces is due to De Giorgi, see
[35], by means of finite perimeter sets (or Caccioppoli sets); in his pioneering work he
realizes that the existence of a flat tangent plane at a point p is enough to conclude that
p is a regular point in codimension 1. In the framework of generalized area-minimizing
surfaces, the most important generalization of De Giorgi’s e-regularity theorem is due to
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Allard in [1] using the concept of integer rectifiable varifolds with sufficiently integrable
“generalized mean curavature”.

We will start stating the De Giorgi-Allard e-regularity theorem in all dimensions and
codimensions, emphasizing why it is valid in codimension 1 only. Then, for the sake of
the exposition, we will prove a simplified version of the De Giorgi-Allard e-regularity
theorem in the language of Federer and Fleming’s theory of currents. We will not prove it
in full generality, but we will start from the very strong assumption that the (support of
the) area-minimizing currents is already a graph of a Lipschitz function; nevertheless, we
consider more useful to avoid the technical part of the approximation of area-minimizing
currents by means of Lipschitz graphs with the scope of highlighting the main ideas of
an e-regularity theorem such as the excess decay and the harmonic approximation.

2.1.13. Remark. When we say e-reqularity theorem what we mean is a statemant the
following type:

“If some suitable quantity, usually an integral quantity, is sufficiently small at a given
scale, then we can conclude that our object is reqular at a smaller scale”.

Hence, when we have an e-regularity theorem the main question to ask is under which
assumptions this suitable integral quantity is small enough.

The main quantity which turns out to be fundamental in the codimension one theory
is the ezcess of the current T', which we now define. We introduce the following notations:
let (p + ) be the affine plane passing through p, 7+ the orthogonal complement of 7
and we denote B,(p, ) := B,(p) N (p+ 7).

Definition 2.1.14. Given a smooth m-dimensional submanifold ¥ C R™™ and 7 an
m-plane, we call the ezxcess of the submanifold ¥ at point p in the ball B,.(p) of radius
r with respect to m the quantity

1
B )= o [ s ) 2.1
NB:(p

where we identify an m-plane 7 with the orthogonal projection onto it, which is a linear
map 7 : R"™™ — R and we use the Hilbert-Schmidt norm for linear maps®. The
excess of the submanifold ¥ at point p in the ball B, (p) of radius r is

E(X,p,r) := min {E(X, p,r,7) | 7is an oriented m-plane}. (2.1.4)

2.1.15. Remark. Note that E is scale-invariant, ¢.e. invariant under dilations, thanks to
the presence of the factor »=™. Informally, E is an integral measure of the oscillation of
the tangent plane to the submanifold.

3Tt is important to choose the Hilbert-Schmidt norm since, under particular assumptions that will
be made clear in the sequel, it will Taylor expand to a Dirichlet energy term that will be crucial in the
rest of the proof.
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Provided we use the notion of weak tangent space, see Definition 1.1.11, we have a
well-defined notion of excess for integer rectifiable m-currents.

Definition 2.1.16. The excess of an integer rectifiable m-current S at p on the ball
B, (p) of radius r with respect to 7 is:

1
E(S, p, 7, 7) ;:T_m/B TS =Pl ) (2.1.5)
P

The ezcess of S at point p in the ball B,.(p) of radius r is
E(S,p,r) := min {E(S,p,r,7) | mis an oriented m-plane}. (2.1.6)

2.1.17. Remark. For notation purposes, we denote by gr(f) the graph of a function f
and if f is Lipschitz continuous we denote by Lip(f) its Lipschitz constant. When we say
that the current 7" is a graph of a function, what it formally means is that 7' = [gr(f)].
We also remark that, in general, E(T, p, ) may be achieved on a m-plane my so that the
function f that parametrizes the submanifold as a graph is defined as f : B,(p, m) — 7
Nevertheless, as we are going to remark later, since Lip(f) is small, it is without loss of
generality to assume 7 is the (oriented) horizontal plane R™ x {0} so that we can write
f:B.(p,R™) — R™. We will simply write B,(p) for B,(p, R™).

To highlight the importance of the codimension n, we state now the following “the-
orem”.

Theorem 2.1.18 (False De Giorgi-Allard). There exists g > 0 such that if E(T,p,r) <
go and if T € Ry(R™™™) is area-minimizing, then T is a single CY*-submanifold in
Br/Q(p)'

2.1.19. Remark. The above “theorem” is, in general, false: a counterexample is the
holomorphic curve

I'={(z,w) € C*: 2> = w’}.

In Section 2.1.2 we will show that E([I'],p,7) — 0 for » — 0 but it is not possible to
write it as a graph of a (single-valued) function. Theorem 2.1.18 turns out to be true
only if we assume n = 1.

2.1.20. Remark. Once we have established that in B, (p) the current T is a single C1-
submanifold, then we can write the associated partial differential system of equations
for the function f that parametrizes the submanifold as a graph f : B,/»(p) — R™ and
by classical regularity theory for second order elliptic systems of differential equations
we conclude that the submanifold is smooth (in fact analytic, using the classical result

by Morrey, see [81]).
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Baby version of De Giorgi-Allard’s Theorem

Theorem 2.1.21 (Baby De Giorgi-Allard). Let T € R,,(R™™™) area-minimizing. As-
sume T is a graph of a Lipschitz function f : B,(p,m) — 75 and assume Lip(f) is
sufficiently small in its domain, then f € C*(B,2(p, m), R™).

2.1.22. Remark. As always in the theory of partial differential equations, the proof of
Cle_regularity comes with some estimates. We will see that, in the end, ||f||c1e will be
estimated in terms of the excess, showing also from this baby version that there is hope
to relax the two very strong assumptions of being parametrized by a Lipschitz graph
with small Lipschitz constant?.

The core of the proof of Theorem 2.1.21 is a decay estimate, usually called excess
decay estimate: under the assumption that the Lipschitz graph has sufficiently small
Lipschitz constant we want to show that the excess at every point p in B,.(p) decays as

E(T,p,r) < Cr* (2.1.7)
where C' is a constant depending only on the excess at the largest scale.

2.1.23. Remark. To obtain (2.1.7) several novel ideas were combined together: the crucial
point is to note that a similar decay estimate holds for harmonic function and if the
current T satisfies the assumptions of Theorem 2.1.21, then T is close to the graph of a
harmonic function and we can transfer such harmonic decay to T

To prove Theorem 2.1.21 we now state some preliminary geometric lemmas that
will highlight the connections between the excess E(T,p,r) and the regularity of the
Lipschitz function f : B,.(p, ™) — 75

Lemma 2.1.24. On a Lipschitz graph T, there exist two constants C' and C such that
amin][ |Df(z) — APdz < E(T,p,r) (2.1.8)
PRm
and

E(T,p,r) < C’min][ |Df(z) — Al*dzx (2.1.9)

Prm
where the minimum is taken among all affine functions A(z) : R™ — R"™, Pgm is the
projection of B,.(p,m) onto R™ and by § we mean the average integral.

2.1.25. Remark. The constants C and C' bounding E(T, p,r) can be shown to converge
to 1 when Lip(f) — 0. Moreover, note that the quantity

min][ |Df(z) — Al*dx
PRm

4The assumption of a sufficiently small Lipschitz constant is necessary: in general, there exist Lip-
schitz solutions to the minimal surface system which are not of class C?, see [70].
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is the L2-norm of some function minus a constant: hence we can write
2
min][ |Df(x)—A|2dx:/ ‘Df(x)—][ Df’ . (2.1.10)
PRm P]Rm PRm

Hence, if we are able to prove that the excess decay (2.1.7) holds true, then this
would imply that D f decays as well at the same rate. More formally, by (2.1.7), Lemma
2.1.24 and (2.1.10) we would get

][ ‘Df(x) —][ fo < O (2.1.11)
Pam Pam

and (2.1.11) is known as a Morrey-Campanato estimate. We recall the following result
from elliptic regularity theory for partial differential equations.

Theorem 2.1.26 (Morrey-Campanato). Let Q C R™ be an open set. If g € L*(Q2, R™)
and there exists a constant C independent of r and x such that

][Br ()

then g € CO*(Q,R™™).

2
g— ][ g ’ < Cr*  for every B,(z) C Q
Br(x)

2.1.27. Remark. To be able to apply Theorem 2.1.26 to (2.1.11) we need a uniform control
with respect to r and x in the excess decay proof. Nevertheless, going through the proof
carefully, one realizes that the constant C' in (2.1.11) blows up when x approaches the
boundary of the domain 9B, (p). Therefore, if we restric our analysis to a smaller ball
B, jo(x,m9) C By(x,m) then we obtain a uniform control of C': this is why we conclude

feChin B, s(p, m).
We state formally the excess decay we want to prove.

Proposition 2.1.28 (Excess decay). There exist n,& < 1 such that if Lip(f) < &, then

E (T,p, g) <nE(T,p,r). (2.1.12)

2.1.29. Remark. Note that from Theorem 2.1.28 and the discussion above, we can easily
get (2.1.11) by iteration: apply (2.1.12) k-times® to get

r —k(—lo
E (T,p, ﬁ) <i"E(T,p,r) = 27" PR VE(T, p, 7).
Denoting 2a := —log, n we conclude getting
r —k\ 2«
E(T.p.5; ) < (27 E(T,p,7)

where p := /2% and (27%)2 = (p/r)**.

5The monotonicity formula plays a fundamental role in this step.
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Hence if we prove Proposition 2.1.28 we conclude the proof of Theorem 2.1.21. In
order to prove Proposition 2.1.28 we will divide the proof into three main steps that we
summarize here:

1. By a Taylor expansion of the Hilbert-Schmidt norm we will state some useful
estimates of the excess. Exploiting the assumption that Lip(f) is small enough,
we will then rephrase the problem in terms of a decay estimate that, once proved,
will imply Proposition 2.1.28.

2. We are going to prove two lemmas that will show De Giorgi’s fundamental idea:
when D f is very small, the area functional is well-approximated by the Dirichlet
energy, telling us that minimizers of the area functional are, in some sense, very
close to harmonic functions.

3. Finally we will prove (by means of spherical harmonics expansion) that harmonic
functions satisfy a stronger decay estimate and we will transfer such decay to the
Lipschitz minimizer of the area functional f.

2.1.30. Remark. Recall that the excess was defined as
o1 m
Blgr(f)pr) =min o [ [La(f) - 7l aH" o)
T Jgr(f)NBr(p)

Note that, up to rotating the coordinate system and increasing Lip(f) by a controlled
small amount, we can assume without loss of generality that the plane 7y which mini-
mizes the excess is the (oriented) horizontal plane R™ x {0}; indeed, under the condition
that 7" is a graph of a Lipschitz function with small Lip(f), then the “tilt” of my to the
horizontal plane is controlled.

Moreover, without loss of generality we can assume r = 1. Indeed, we can apply
a homothety mapping = — x/r, that is sending B,(p) into B;(p): the homothetic
submanifold is still area-minimizing among the class of new competitors and the excess
is scale-invariant under homotheties.

By Remark 2.1.30 we can write
1 Togr(f) — moll*= [|Togr(f) — R™ x {0}*.

Now note that since we used the Hilbert-Schmidt norm for linear functions, by a simple
Taylor expansion we get

ITogr(f) — R™ x {0}* = [Df*+O(|Df[)
= |DfI*+O((Lip(f))*| DfI?) (2.1.13)
~ |DfI*(1+ C (Lip(f))?).

Hence, denoting g := Lip(f), by (2.1.13) we can write
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1

—/ |IDfIP< E(gr(f),p,1)[1+ C&?]. (2.1.14)
2 B(lfcx/aj)

where C' is a geometric constant, depending only on the dimension. In a similar way®,
the following inequality can be proved:

B9 1/2) < 5( [

Byja

‘Df—]i fo) 1+ C&2. (2.1.15)
o

2.1.31. Remark. In the left-hand side of (2.1.14) we integrate on the ball of radius 1—c+/z.
Roughly speaking, this comes from a fine comparison between the intersection of gr(f)
with a cylinder and with the sphere. Since f is not in general a constant function, we
need to control by a factor that takes into account the fact that f may change, but this
change is controlled by the Lipschitz constant £. On the other hand, we do not write
1 — cy/€ on the right-hand side of (2.1.15), since in this case we look at the excess in the
1/2-ball which is fully inside the cylinder of radius 1/2.

Summarizing, with 7y = R™ x {0}, » = 1 and for < 1 then (2.1.12) becomes:

1
E (T,p, 5) <nE(T,p,1). (2.1.16)

Putting together (2.1.16) with (2.1.14) and (2.1.15) we realize that if we are able to
prove that, for C' < 1, the following is true

1 (1
- Df — Dfl|? cl= Df|? 2.1.17
(2/31/2| 1 fI)S (2/3(10@' f|>, (2.1.17)

then we prove (2.1.12) as well since  can be chosen sufficiently small.
We can state the following Lemma, that will allow us to conclude the proof of The-
orem 2.1.21.

Lemma 2.1.32. For every o > 0 there exists € > 0 such that if € < € then

/31/2 ‘Df_][Df2 = G*")/B IDfI” (2.1.18)

(1-cv?)
2.1.33. Remark. Note that Lemma 2.1.32 remarks that the constant C' < 1 in (2.1.17)
can be achieved to be as close as we want to 1/4. This is important since we are going
to prove a similar stronger decay for harmonic functions.

Proof. We argue by contradiction: we want to show that there exists ¢ > 0 such that
there exists a sequence of Lipschitz functions (fx), with

6That is, by Taylor expansion and by observing that the affine plane minimizing E(gr(f),p,1/2) is
not far from the average.
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i) fr(0) =0 for all & (up to a translation);
i1) Lip(fx) =: & — 0 for k — oo;

i17) gr(fy) is an area-minimizing’ submanifold for all k£ such that

/Bm ‘Df’“_][Df‘Q = G*‘?)/B D fil*. (2.1.19)

(1-Cy/F)
Now rescale (fi) in such a way each Dirichlet energy is unitary. To do so, define
__ i

<f3<1cﬁ)|ka|2>

and notice g has a uniform bound in W?(B;,R"). Hence, by Rellich’s theorem
gr — g in L*(By,R™), for some g € W"?(By,R™). (2.1.20)

We now state two key steps in the proof.
Claim 2.1.34. g is harmonic.
Claim 2.1.35. g, converges strongly in W12(B,R"™) for every ball B CC By.

As an immediate corollary of Claim 2.1.35, we have

/ DgiP— / Dyl
B B

as long as B is compactly contained in B;. Assume Claim 2.1.34 and Claim 2.1.35
to be true and note (2.1.19) holds for (gx), as well since (2.1.19) is invariant under
multiplications of fi by constants. By Claim 2.1.35 we can write

2 2
/ ‘ng _ ][ng‘ —>/ ‘Dg _ ][Dg‘ . (2.1.21)
Byo By /2

Moreover we know that, up to a nonrelabeled subsequence,

Dy 1p — Dg in L*(B;,R™), (2.1.22)

(1-0y/F)

where 1 denotes the indicator function. By lower semicontinuity of the norm with respect

to weak convergence we can write
2 1 )
>(=+a) [ |Dg)> (2.1.23)
4 By

J,, o= v
By /o

"One will realize that stationary would have been enough.
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By Claim 2.1.34 and the mean value property of harmonic functions we can rewrite

(2.1.23) as
1
/ |Dg — Dg(0)|*> (— + 0) / |Dg|?. (2.1.24)
By )2 4 By

In particular, (2.1.24) shows that the harmonic map g is # 0, since®

1
/ |Dg — Dg(0)>> <— - a—) > 0.
By )2 4

At this point, we show that harmonic functions admits the following decay estimate:
Claim 2.1.36.
/ |Dg — Dg(0)]*< ——/ |Dg|*. (2.1.25)
By

Once Claim 2.1.36 is proved, we contradict (2.1.24), concluding the proof of Theorem
2.1.21. Hence, all we need to prove is Claim 2.1.34, Claim 2.1.35 and Claim 2.1.36.

Proof of Claim 2.1.34.
By assumption f; is a minimizer of area functional for all k. Fix a test function
© € CX(By,R") so that we can write

@ M(gr(fi+ ) eco= 0. (21.26)

The mass of gr(fi + cp) is given (in general codimension n) by:

k-minors

s +20) = [ \/1 DUt et Y (det(M))2, (2.1.27)

where the sum is over all k X k minors M of D(f;, + e¢). Hence we have

(Dfu. Do)+ O( DA D)
(g oo = [ JTF DU - o Pt S (At (O

@ / (Dfi, Dg) + O(|Dfil* | D))

(2.1.28)
g / (Dfy. D) + O(D il |Dgl-22)

(c) _
2 [(Dgi,Dg) + 0 ( [1pait<t- HD%OHCO) ,

where in (a) we Taylor expanded the denominator, in (b) we noted that |D fx| can be
controlled since |D fi| < & and in (c¢) we divided by a constant passing to g.

8This is an important remark since the harmonic function g = 0 would satisfy (2.1.23), not allowing
us to conclude the contradiction argument.
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Now, since k — oo we know g, — ¢g in WH2(By, R"), O converges to 0% and Dy is a
fixed test function, then we get

0= /(Dg, Dy) for all ¢ € C°(By,R"). (2.1.29)
We conclude that g is harmonic.

Proof of Claim 2.1.35.

Note that we can test equality (2.1.26) with (¢ f) instead of ¢, since (¢ fx) is still
a (Lipschitz) compactly supported perturbation. Hence, (2.1.28) is analogous and we
reach

0= [(Da. Dlgg) + 0 ( [1paitet- ||D<sogk>||co) . (2.1.30)
Expanding (2.1.30):

/cp[Dg,f— - /gk<ng, Dyp) + vanishing terms as k — oo. (2.1.31)
Now let &, "25° 0 and note that by (2.1.20) and (2.1.22) we get

grDgr, — gDg in L. (2.1.32)
So by (2.1.31) and (2.1.32) we can write

]}Lrgo/¢|ngl2= —/9<Dg,D%0> T </<D9’D(g¢)> _/|Dg|2¢) (2.1.33)
= /|D9|2s0,

where the last passage follows from Claim 2.1.34. Hence we get
tin [1Dgi% = [IDgP (2.134)
—00

concluding strong L?-convergence of Dg;, in a compactly contained ball B cC B;. Now
we prove Claim 2.1.36, concluding the proof of Theorem 2.1.21.

Proof of Claim 2.1.36.
Recall that we want to prove that if g is harmonic then

| 10ote) = DaO)F < 5 [ 1Do(e) — Dato)f
By 2

< e ot

9Since we can easily uniformly control |Dgy| by Hélder’s inequality, by the fact its Dirichlet energy
is equal to 1 and by the fact € — 0 as k — oo.

(2.1.35)
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Note that without loss of generality we can assume Dg(0) = 0'° Moreover, it is enough

to prove!!
1 m+2
/ lg(2)]*< (5) / lg(x)|?. (2.1.36)
By 2(z) Bi(x)

Harmonic functions are real analytic, so we can write

g(:v):ZR-,

where P; are (vectors of ) homogeneous polynomials of degree i. If g is harmonic, then P,
are harmonic polynomials for every 7. Since harmonic polynomials of different degrees
are L*-orthogonal when restricted to the unit sphere (see [101, Ch.5 Section 2]), for any
fixed r we can write the following identity:

g(@)Pde =) | |P(2)P=) e, (2.1.37)
Br i=1 7 Br i=1

where ¢; are constants given by the integration of |P;(z)[? on the ball of radius r. In
particular, for r = 1 and r = 1/2 we have

/Bm (=)= i “ (%) " gim 2 Ci (%) ’ (2.1.38)

=1
and .
g(@))*=> e (2.1.39)
By i=1

From (2.1.38) and (2.1.39), we can easily show that

/191/2(3)‘9(x>’2§ (%)m+2 /Bl(z)\g(x)IQ, (2.1.40)

concluding the proof of Theorem 2.1.21. O]

We end this section with few remarks and two corollaries of Theorem 2.1.21.

2.1.37. Remark. Note that the proof of Theorem 2.1.21 works in every codimension,
since we never used the assumption n = 1. Hence, everytime it is possible to “well”-
approximate an area-minimizing current with a graph of a Lipschitz function with small
Lipschitz constant, then some perturbation of the proof of Theorem 2.1.21 can be still ap-
plied. Unfortunately, it is not always the case that an integer rectifiable area-minimizing
current with sufficiently small excess is “close” to the graph of a (single-value) Lipschitz
function; this is true in codimension n = 1 only. We will investigate better the case
n > 2 in the next section.

0Since g is harmonic, then Dg(x) — Dg(0) is harmonic as well.
HSince we want to prove Claim 2.1.36 for any arbitrary harmonic function and if g is harmonic then
Dy is also harmonic.
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2.1.38. Remark. We highlight the importance of the quadratic decay of the excess in
(2.1.7). In codimension higher than 1, De Giorgi’s variational idea will still play a very
important role, together with an almost quadratic decay of the excess.

2.1.39. Remark. Arguably, the most important insight of the proof of Theorem 2.1.21 is
the harmonicity of the limit g. Indeed, (gx), are minimizers of the area functional with
Lip(gr) — 0. We remark once again that the fundamental idea relies on the observation
that if one computes the area functional on a graph (assume for simplicity that n = 1)

Flu) = / V1t |Dup?

then the Taylor expansion of the integrand is the following:

2
1+| |

+ higher order terms.

Roughly speaking, the area functional is “very close” to be the Dirichlet energy when
the gradients are very small. Hence, an area-minimizing current 7" is “very close” to the
graph of a harmonic function.

As a consequence of De Giorgi-Allard e-regularity theorem it is possible to prove the
following corollary.

Corollary 2.1.40. If T is an area-minimizing current of dimension m in R™1 12 then
any point p, at which there is a flat tangent cone, is a reqular point. In particular, we
conclude that ||T||(Sing(T")) = 0.

Even if in higher codimension things change dramatically, it is still possible to prove
the following result, which was the best higher codimension regularity theorem available
before Almgren’s theorem (Theorem 2.1.2).

Corollary 2.1.41. [94, Theorem 36.2] If T' is an integer rectifiable area-minimizing cur-
rent of dimension m in R™™™ and n > 1, then Reg(T) is dense in supp(T) \ supp(9T)*3.

2.1.2 Area-minimizing currents in higher codimension

If n > 2, we have already seen that it is somehow easy to show Theorem 2.1.2 is optimal.
Recall we considered the following holomorphic curve

I'={(z,w) € C*: 2> = w*}. (2.1.41)

One can see that the origin belongs to Sing([I']) and we proved in Theorem 2.1.5 that
the current [I'] is (locally) area-minimizing. If we identify C with R?, it is simple to

120r, more generally, in a C2-submanifold ¥ of dimension m + 1.
13This statement has been recently extended to any Hilbert space, see [8], using the tool of metric
currents, see [9].
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see that I' is an immersed (real) 2-dimensional submanifold, globally parametrized, for
instance, by the map:

w:{(p,0):p>0,0€cl0,2m)} — R*

given by
(p,0) — (p cos B, psin 9,p% cos(36’),p% Sin(3¢9)> : (2.1.42)

Nevertheless, I' is not an embedded submanifold in a neighborhood of the origin, because
it is not a graph over the plane

7= {(z,w) € C*: 2 =0} C RY, (2.1.43)

no matter how small is the neighborhood U of the origin that we choose. The unique
flat tangent cone at 0 is given by 2[r] for 7 as in (2.1.43) and the density O([I'],0) = 2.

The origin is a typical example of branch point (sometimes called ramification point).
Moreover, it is important to notice that if we evaluate the excess E([I'], 0, 7), which was
the main parameter to detect regularity in a point in codimension 1, one can show that

E ([T'],0,7) — 0 for r — 0.

We conclude that, even if the excess at a point can be made arbitrarily small (hence
smaller than the e-threshold that would have ensured the point 0 to be a regular point
in the codimension 1 e-regularity theorem), this does not guarantee anymore that [I']
is well-approximated by a single graph of a Lipschitz function. Hence Corollary 2.1.40
is false for 2-dimensional area minimizing currents in R*: [I'] is singular at the origin
in spite of the existence of a flat tangent cone. However, in examples like (2.1.41), the
current turns out to be a “multivalued” graph, where the number of values is in fact
determined by the multiplicity @ = ©([I'],0) = 2.

The main goal is to write a non-parametric problem for objects like the complex
curve in (2.1.41). The starting point of Almgren’s Big Regularity Paper, see [6] and
[42) 43, 44, 45, 46] for a shorter and improved version, is indeed to replace harmonic
(single-valued) functions with multiple-valued functions minimizing a suitable notion of
“Dirichlet energy”, developing a whole new theory and a first-order calculus for these
peculiar maps.

The space of Q-points Ag(R")

Consider again the current [I'] in (2.1.41). The support of such current, namely the
complex curve I', can be viewed as the graph of a function which associates to any
w € C two points in the z-plane:

w i {z1(w), z2(w)}  with z(w)? = w?® for i = 1,2. (2.1.44)

The map in (2.1.44) is an example of a 2-valued function. From now on, let @ > 1
be a fixed positive integer. Roughly speaking, ()-valued functions can be considered
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as mappings taking their values in the unordered sets of Q-points of R", taking into
account the fact that we may have a multiplicity. More precisely, we have the following
definition.

Definition 2.1.42. Denote by [P;] the Dirac delta in P; € R™ and define the space of
Q-points as

Q
Ag (R") := {Z[[R]] : P, € R" for every i = 1,...,@} :
i=1
2.1.43. Remark. Observe that the notation [P;] to denote the Dirac delta dp, is consistent
with the notion of current associated to a submanifold. Indeed, if P € R™ then the action
of the 0-current associated to P is precisely given by

[PI(f) = f(P) for every f € CX(R").

2.1.44. Remark. In other words, Definition 2.1.42 identifies the space of () unordered
points in R™ with the set of positive atomic measures of mass () and note that the
points P, € R" are not necessarily different (for example, Q[P] € Ag (R")). Moreover,
we remark that the absence of the order for points in Ag (R™) is fundamental: A;(R™)
cannot be identified with R™ x R".

We will sometimes use the notations Ag and ) [F] when n and @ are clear from
the context.

2.1.45. Remark. Note that Ag (R™) is just the quotient of (R™)¥ via the action of the
group of permutations of () indexes Sg. In other words, defining the equivalence relation

(Pl,...,PQ) ~ (Pg(l),...,PU(Q)) for all o € SQ,

then

Ag = (RN f~
It follows then that the space of Q-points, though it is not a linear space'#, inherits
many properties from the Euclidean space.

2.1.46. Remark. One of the major novelties of De Lellis and Spadaro’s works with respect
to Almgren’s theory is that they avoid lots of combinatorial arguments, just considering
Ag as an abstract metric space. For this reason De Lellis and Spadaro’s metric approach
to @-valued functions is sometimes named intrinsic theory, as opposed to Almgren’s
extrinsic one. Indeed, in [6], Almgren developed the theory of @-valued function mostly
using two maps: the first one is a bi-Lipschitz embedding ¢ of Ag (R") into RN (@n),
where N(Q,n) is a sufficiently large integer. By means of the map £ one can define a
Sobolev theory for Q-valued functions as classical RV-valued Sobolev maps taking values
in £(Ag). The second map p is a Lipschitz retract of RN(@™) onto £(Ag), which is useful
in various approximation arguments.

14Unless the trivial case Q = 1.
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Definition 2.1.47. For every 71,75 € Ag (R"), with 77 = ) .[P] and T5 = >, [Si],
we define

O'ESQ

G (Ty,T») := min \/Z P, — So | (2.1.45)

2.1.48. Remark. One can realize that G coincides with the L2-Wasserstein distance on
the space of positive measures with finite second moment (see [102]). It is immediate to
see that (Ag (R"),G) is a complete, locally compact and separable metric space.

Definition 2.1.49. Let 2 C R™ open, bounded with smooth boundary. A Q-valued
function is a map

f:Q—=(Ag(R"),G).

2.1.50. Remark. We say that a Q-valued function f is continuous (Lipschitz, Hélder
and measurable respectively) is it is so as function between metric spaces. Similarly,
uwe LP(Q,Ag),1 <p<oo,if z+ Glu(x),Q[0]) € LP(Q).

Any measurable Q-valued function admits the following representation in measurable
selections.

Proposition 2.1.51. Let B C R™ be a measurable set and let f : B — Ag be a
measurable function. Then, there exist f1,..., fo measurable R"-valued functions such
that

Q
fz) = Z[[fz(x)]] for a.e. x € B.

We call such a representation measurable selection (or measurable superposition ).

2.1.52. Remark. The proof of Proposition 2.1.51 is done by induction on the number of
values of (), making use of the following observation: if | J;.y B; is a covering of B by
measurable sets, then it is sufficient to find a measurable selection of f|, -, for every .

2.1.53. Remark. Roughly speaking, by Proposition 2.1.51 we can see every measurable
Q-valued function as a “sum” (very far from being unique) of ) measurable'® functions,
called selections (or superpositions). Hence, [f;(x)] are Dirac deltas at points f;(z) and
they have to be though as just labels to name each single value.

Since the final goal is to analyze minimizers of the area functional, we need to intro-
duce a notion of derivative for such functions and to develop a first-order calculus.

15Since Q is bounded, this is equivalent to ask that ||G(u,T)| » is finite for every T € Ag.
16Tn general, even if u is regular, one cannot expect (globally) more than measurability of the selec-
tions.
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Sobolev ()-valued functions

We introduce the Sobolev spaces of functions taking values in the metric space of Q-
points. The approach is based on the pioneering work by Ambrosio in [7], see also [88,
89, 90], by looking at composition with Lipschitz functions.

Definition 2.1.54. A measurable function f : Q — Ag is in the Sobolev class W'
(1 < p < o0) if there exist m positive functions ¢; € LP(Q2) such that for every T € Ag
we have:

i) v G(f(x), T) € WHr(Q),
i) 10;G(f(x),T)|< pj(z) ae. in Qforall j=1,...,m.

2.1.55. Remark. One can show f € W'P(Q, Ag) if and only if there exists ¢ € LP(Q)
such that, for every F': Ag — R Lipschitz,

FofeW"(Q)and |D(F o f)|< Lip(F) ¢ a.e. in €.

One implication of the proof is trivial, the converse follows by fixing {7} };cn a countable
dense subset, by McShane’s extension theorem (see, for instance [10, Theorem 3.1.2])
and by choosing

o\ 1/2
)= (Z (sup 19,6 (f, T»I) ) :
= \ieN

A first step in the analysis of the area functional is to study its linearized version.
Hence, we need to introduce a notion of “modulus” of the gradient of a Sobolev function
in order to define a suitable notion of Dirichlet energy in this framework. What we mean
by suitable is that it appears as the first nontrivial term in the Taylor expansion of the
mass of (the current associated to) a multivalued graph.

Definition 2.1.56. Let f : Q — Ag. Fix a countable dense subset {7}, of Ag. For
every j =1,...,m, we define

|0; f| == Su£|3jg (f.T)| and [Df[>=>"[0;f.
1€ j=1

2.1.57. Remark. Definition 2.1.56 is well-posed since it does not depend on the choice
of the countable set. Note that in Definition 2.1.56 |Df|? is just a positive quantity
depending only on the metric structure of Ag.

2.1.58. Remark. For functions on a general Riemannian manifold (M, g), we choose an
orthonormal frame X, ... X,, and set |[Df|*:= 3 |dx, f|°. This definition is independent
of the choice of coordinates (respectively, of the frames), see [42, Prop. 2.17].

All the metric notions we have introduced so far would still be well-defined for maps
with values in any complete separable metric space. In the special case of Q-valued
maps, it is also possible to give a notion of pointwise derivative.
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Definition 2.1.59. Let f: Q = Ag and zg € Q. We say that f is differentiable at
if there exist () matrices Lq,..., Ly and a selection fi,..., fg such that:

(i) a:li—g:lo(x —x0)'G (f(x), Ty, f) = 0, where

Q

To f () == Z[[Lz (x —x0) + fi (20)],

=1

(ii) fi(zo) = f; (xo) implies L; = L; for all 4,5 € {1,...,Q}".
The Q-valued map T, f is called the first-order approximation of f at x.

2.1.60. Remark. 1t is useful to fix the notation Df; for L; in Definition 2.1.59. Note
that by (i¢) this is unambiguous: namely, if gi,...,g¢ is a different selection for f,
xo a point of differentiability and o a permutation such that g;(zo) = fr@)(zo) for all
i€ {1,...,Q}, then Dg;(xo) = Df,u)(zo). When the f;’s are a differentiable functions
and f is differentiable, then the D f;’s coincide with the classical differentials.

2.1.61. Remark. Note that according to Definition 2.1.59, the origin in (2.1.41) is a point
of differentiability for the multivalued function having I' as a graph.

The pointwise differentiability property would be an empty definition unless there
exist some functions that satisfy it. Hence we have the following theorems.

Theorem 2.1.62 (Generalized Rademacher). Let f : Q@ — Ag be a Lipschitz func-
tion. Then, f is differentiable almost everywhere in ) with respect to the m-dimensional
Lebesgue measure.

We summarize below the main steps of the proof.

Proof. The main idea to treat multiple-valued functions is to distinguish among their
multiplicities and apply an induction argument on ).

e For Q =2, consider Q := {z € Q: fi(x) = fo(z)}, the set of points where f takes
a single value with multiplicity 2.

e It is easy to show that in '\ Q) one can apply the classical Rademacher’s theorem.

e Then one considers all (“well-behaved”) points z € Q such that Q has density 1
and (a Lipschitz extension g of) f; is differentiable: on all these points one proves
that f is differentiable in terms of )-valued map with first-order approximation
given by

T f(y) = 2[Dg(x)(y — =) + g(x)].

e By the Lebesgue differentiation theorem and a projection argument, one concludes
the case () = 2. For further ()’s one proceeds by induction. m

17This second condition is sometimes called “no-crossing condition”.
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It is now rather simple to prove that every Sobolev ()-valued function is in fact
“approximately” pointwise differentiable at almost every point. Indeed, as for the clas-
sical theory, one can prove that a Lusin-type approximation holds for Q)-valued Sobolev
functions.

Definition 2.1.63. A Q-valued function f is approzimately differentiable in xo if there
exists a measurable subset 2 C {2 containing z¢ such that {2 has density 1 at zo and f|_
is differentiable at zg.

Proposition 2.1.64 (Lipschitz Approximation). [42, Prop. 4.4] There exists a constant
C = C(m,Q,Q) with the following property. For every f € WP(Q, Ag) and every
A > 0, there exists a Q-function fy such that Lip(fy) < CX and

£ (o2 f) £ o)) < 55 [ DI,

where |D f| is defined as in Definition 2.1.56.

2.1.65. Remark. In the classical theory, one of the most efficient ways to approximate
Sobolev functions by smooth functions is via regularization by convolution. Neverthe-
less, this method cannot be applied in the metric framework since Ag is not a linear
space, hence it is not possible to integrate a kernel against a function. What still
works in a much more general setting is another method usually known as “truncation
along the maximal function of the gradient”, see [66]. Coupling this procedure with a
generalized Lipschitz extension theorem and Theorem 2.1.62, one concludes that any
f e WhP(Q, Ap) is approximately differentiable at almost every point.

At this point one could show that the “modulus of the gradient”, as defined in
Definition 2.1.56, and the pointwise differential are linked.

Proposition 2.1.66. [42, Proposition 2.17| For every f € W% (Q, Ag) and every j =
1,....m, we have

IDf*=>_"IDfI* e,

1

where |L;| denotes the Hilbert-Schmidt norm of the matriz L;.

2.1.67. Remark. Proposition 2.1.66 justifies the metric definition |D f|? in 2.1.56. Indeed,
when the @-valued function f is the superposition of () smooth functions fi, ..., fg, then
the first-order expansion of the area functional is given by |D f;]?, for each i.

The usual notion of trace at the boundary can be easily generalized in this setting.

Definition 2.1.68. Let (2 C R™ be a bounded open set with Lipschitz boundary and
fewt?(Q, Ag). A function g belonging to L? (99, Ag) is said to be the trace of [ at
09 (and we denote it by f|,,) if, for every T' € Ag, the trace of the real-valued Sobolev
function G(f,T") coincides with G(g,T).



58 2. Regularity results

A Morrey-Campanato estimate in the spirit of Theorem 2.1.26 holds for @-valued
functions.

Theorem 2.1.69 (Morrey-Campanato). Let f € W?(By, Ag) and « € (0,1] be such
that

|IDfIP< Arm=*12% for every y € B, and a.e.r € (0,1 — |y]).
Br(y)

Then, for every 0 < § < 1, there exists a constant C = C'(m,n,Q,d) such that

G@).S0) - /7

[fleo.c(my) i= sup

(5s) x,y€Bs |2j - yla

2.1.70. Remark. Many results of the classical theory of Sobolev spaces can be gener-

alized to the Sobolev class W?(Q, Ag), such as chain rules, existence and uniqueness

of the trace for Sobolev Q-functions, weak convergence, Sobolev embeddings, Poincaré
inequality and so on; we refer to [42] for more details.

Dir-minimizing ()-valued functions

We aim at finding solutions of minimization problems framed in the context of @)-valued
functions. In principle we should look at the minimization of the area functional, which
is a delicate problem because of its nonlinear nature. As a starting point, we begin the
investigation with the linear problem given by the minimization of the Dirichlet energy,
which now can be defined thanks to the first-order calculus developed so far.

Definition 2.1.71. The generalized Dirichlet energy of f € W'?(Q, Ag) is given by

Dir(7.9) = [ D= Y [ DAL,

We say that a function f € W'?(Q, Ag) is Dir-minimizing if
Dir(f, Q) < Dir(g, Q),
for all g € W'2(Q, Ag) with f|,, = g|,, (In the sense of Definition 2.1.68).

Now we describe three fundamental theorems in the theory of Dir-minimizing Q-
valued functions. The first theorem provides ezistence of Dir-minimizing functions,
while the second and the third theorems deal with regularity results: (interior) Holder
regularity of Dir-minimizers and an estimate of the singular set. Indeed, as already
mentioned, the first step of Almgren’s theory of partial regularity for area-minimizing
currents in higher codimension is to develop a theory concerning existence and regularity
for the first nonconstant term in the area functional.

Theorem 2.1.72 (Existence of Dir-minimizing functions). Let g € W'*(Q, Ag). Then,
there exists a Dir-minimizing function f € WH2(Q, Ag) such that fi,, = 9|,
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The proof of the existence theorem for Dir-minimizing functions follows by a straight-
forward application of the direct methods in the calculus of variations. Indeed, Q-valued
functions and the generalized Dirichlet energy satisfy the same results as in the classi-
cal setting, namely weak sequential compactness (see [42, Proposition 2.11]), continuity
of the trace under weak convergence (see [42, Proposition 2.10]) and weak sequential
lower semicontinuity of the Dirichlet energy (see [42, Section 2.3.2]). Once these three
properties have been proved, then we can easily conclude as follows.

Proof. Let (fi)r in W'2(Q, Ag) be a minimizing sequence of functions, that is for every
k we have fi ., = g),, and

klim Dir(fy, Q) = inf{Dir(h,Q) : h € W"*(Q, Ag) with hy,, = gj,0}

Then, by weak sequential compactness, there exists a subsequence (fi,); which is L%
converging to some function f, that is:

tim (190, )]0y = 0.

By continuity of the trace under weak convergence we get f., = g,, and by the lower
semicontinuity of the Dirichlet energy we conclude that

Dir(f,€2) < lim Dir(f,,2)
j—o0
= inf {Dir(h, Q) : h € W"* (Q, Ag) with Ay, = gj,0 }
hence proving that f is a minimizer. O]

A fundamental result in the theory of higher codimension area-minimizing currents
is the Holder continuity of Dir-minimizing ()-valued functions in the interior of €2.

Theorem 2.1.73 (Holder-regularity of Dir-minimizing functions). There exists a pos-
itive constant o = a(m, Q) > 0 such that if f € W'2(Q, Ag) is Dir-minimizing, then
f e Co(QY) for every ¥ cC Q C R™. For two-dimensional domains, we have the
explicit constant a(2,Q) =1/Q.

Note that, although Dir-minimizing functions act as of classic harmonic functions

in the setting of ()-valued maps, they are not in general analytic. One can show that
interior Holder continuity for Dir-minimizing functions is sharp. Indeed, not only are
holomorphic varieties examples of singular (locally) area-minimizing integral currents (as
shown in Theorem 2.1.5), but also they provide examples of Dir-minimizing @-valued
functions. More formally one could prove the following theorem, see [6, Theorem 2.20]
and [99].
Theorem 2.1.74. Let V C By x R?™ C R?"+2m ~ C"*™ be an irreducible holomorphic
variety with the property that m[V] = Q[Bs], where m is the orthogonal projection'®.
Then, there exists a Dir-minimizing Q-valued function f € W2 (By, Ag(R*™)) such
that graph(f) =V N (B; x C™).

8This condition is sometimes referred to as V to be a @ : 1-cover of the ball By C C™ under the
orthogonal projection m onto Bs.
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2.1.75. Remark. In particular, a counterexample to higher-than-Holder regularity comes
considering the holomorphic curve I' as in (2.1.41). We could consider a different
parametrization (that would still be a Dir-minimizing @-valued function since its graph
is again I') than the one in (2.1.42), just by inverting the role of z and w.

The proof of Theorem 2.1.73 is divided into two main steps. The core of the proof
relies on the first step which, in some sense, can be considered as a “geometric differential
inequality”. Its proof strongly differs from the m = 2 to the m > 3 case: indeed, while in
the planar case it is somehow not difficult to decompose a Sobolev Q)-valed functions into
Sobolev selections, this cannot be said for the general case. Hence, more sophisticated
analytic results need to be employed, such as a maximum principle for Dir-minimizing
functions (see [42, Proposition 3.5]) and a decomposition theorem for Dir-minimizers
(see [42, Proposition 3.6]). The first step can be stated as follows.

Proposition 2.1.76. Let f € W(B,, Ag) be Dir-minimizing and suppose that
9= flon, € W (9B,, Ag).

Then, we have that
DsP< Clmyr [ |DgP (2.1.46)
OB,

B,

where C(2) = Q and C(m) < (m —2)7".

2.1.77. Remark. In some sense, Proposition 2.1.76 ensures a geometric control of the
trace by means of the energy: roughly speaking it tells that every time we have a Dir-
minimizing function f and we select a “slice” dB, where f|,, is still Sobolev, then the
“differential inequality”!? estimate (2.1.46) holds.

The second step of the proof is, instead, a standard application of the Morrey-
Campanato estimate of Theorem 2.1.69. Assuming Proposition 2.1.76 (see [42, Sections
3.3.2, 3.3.3]), we prove Theorem 2.1.73.

Proof. Set

2Q7! form =2
_ 2.1.47
v(m) {C’(m)_1 —m+2 form>2, ( )

where C(m) is the constant in (2.1.46)* and define h(r) := [, [Df[*>. Note that h is
absolutely continuous so that, by Remark 2.1.58, we can write

h’(r):/ |Df’22/ 0-f]>  for ae. 1, (2.1.48)
0B, 0B,

YWe call (2.1.46) “differential inequality” since the quantity on the right-hand side of (2.1.46) re-
sembles very much the derivative of the left-hand side with respect to r.
20Note that v(m) > 0 since C(m)~t > m — 2.
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where |0, f|*= |D f|*— Z?Zl 0, f;|>. Here 9, and 8, denote the tangential and the normal
derivatives respectively. Hence, by (2.1.48) and Proposition 2.1.76 we get

1 -2 !
rh/(r) < m e < P(r)

Mr) < 5 S

Integrating this differential inequality between r and 1, we easily obtain
h(r) < r™ *h(1),

that is
IDfP< ™ > [ |DfP. (2.1.49)
B By
By (2.1.49) and the Morrey-Campanato estimate in Theorem 2.1.69, we conclude the
Holder continuity of f with exponent a = /2. ]

2.1.78. Remark. Note that if m = 2, by (2.1.47) we have o = 1/Q. An intuition is
that the higher the number of QQ-points, the “less continuity” we are guaranteed. This
intuition is confirmed since the higher the value of @), the smaller the exponent v in
(2.1.49), resulting in a worse estimate.

2.1.79. Remark. Theorem 2.1.73 is about interior regularity and tells nothing about what
happens at the boundary of the original domain €. We mention that Hirsch [67] extends
the Holder regularity for Dirichlet minimizing )-valued functions up to the boundary
assuming Cl-regularity of the bounded domain  and C%%*regularity of the boundary
datum f|,, with o > %

We now turn to the second theorem about the regularity properties of Dir-minimizing
(-valued functions, concerning the analysis of the singularities. In particular, we intro-
duce the following natural definition of regular and singular points.

Definition 2.1.80. A @-valued function f is regular at a point x € € if there exist
r > 0 and @ analytic functions f; : B.(z) — R™ such that

FW) = 2 U] for every y € B, (x)

and either f;(y) # f;(y) for every y € B,(z) or f; = f;. The set of regular points of f is
denoted reg(f). The singular set ¢ of f is the complement of the set of regular points.

2.1.81. Remark. Note that reg(f) is open (by definition) and the singular set ¥ is
relatively closed in €2. Intersections of different selections or branch points are ruled out
from the definition of regular point, see Figure 2.1. The rationale is to define a notion
of regular point that conveys the same geometric meaning of an embedded submanifold.

The following analogous result of partial regularity for area-minimizing currents holds
in the setting of Dir-minimizing functions.
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Theorem 2.1.82 (Estimate of the singular set). Let f be a Dir-minimizing function.
The singular set ¥y of f has Hausdorff dimension at most m — 2 and it is at most
countable if m = 2.

2.1.83. Remark. Note that the estimate in terms of Hausdorff dimension is the same
as in the general case of Theorem 2.1.2. The only difference is that Theorem 2.1.82
provides an estimate on the singular set in the domain §2 of the Dir-minimizing function
f. Nevertheless, in case the multiple-valued graph of f is “quite flat”, it is reasonable
to imagine the same estimate holds true for the singular set of the current.

The analysis of the singularities in higher codimension area-minimizing currents de-
pends deeply on a new monotonicity formula discovered by Almgren, that recently wit-
nessed many applications in very different fields, see for instance [59, 63]. In almost
all geometric problems, the starting point is usually a monotonicity estimate, which is
an a priori estimate on a monotone quantity related to the problem of interest, in the
same spirit of (2.1.2). A new monotonic quantity has been discovered?* by Almgren for
higher codimension area-minimizing currents and it is now named Almgren’s frequency
function.

Definition 2.1.84. Let f be a Dir-minimizing function, x € Q and 0 < r < dist(z, 0).
We define the functions

rDy (1)

o (2.1.50)

Dy s(r) = / ISR ) = /6 P oand L) =

I, s is called Almgren’s frequency function.

2.1.85. Remark. Note that, by Theorem 2.1.73, |f|* is a continuous function. Hence,
H, ¢(r) is a well-defined quantity for every r. Moreover, if H, ¢(r) = 0, then by mini-
mality fi, ., = 0. So, apart for this case, I, ;(r) is always well-defined.

2.1.86. Remark. When z and f are clear from the context, it is customary to use
the shorthand notations D(r), H(r) and I(r). The reason why I is called frequency

2n the preface of [4], Jean Taylor recalls that Almgren started conceiving the idea of using this
particular function in a particular jogging track in Oxford.
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function can be explained by looking at its value on the planar harmonic functions
fr(r,0) = r* cos(kf): one can easily compute that Iy s, (r) = k, which is the correspond-
ing frequency of the angular parameter. Notations D, ; and H, s in (2.1.50) refers to
“Dirichlet” energy and “Height” of the function f. In a sense, Almgren’s frequency func-
tion aims at capturing “the degree of disorder” of a harmonic function, since it measures
its energy in terms of its norm on the boundary.

The most important estimate in the analysis of singular points is the following mono-
tonicity theorem.

Theorem 2.1.87 (Monotonicity). [42, Section 3.4.1] Let f be Dir-minimizing and x €
Q. FEither there exists p such that f‘Bp(x) = 0 or I, ¢(r) is an absolutely continuous
nondecreasing positive function on (0,dist(z,002)). In particular, in the latter case the
following limit exists
Ix,f(O) = ll_I>I(1) ]%f(T) > 0.

2.1.88. Remark. Broadly speaking, Theorem 2.1.87 tells that the average (up to con-
stants) of the energy of a Dir-minimizing function decreases on small scales (when r — 0)
with respect to its zero-degree norm. The proof is not as enlightening as its consequences,
and it is rather elementary. The main idea is based on some simple derivation arguments
coupled with the tools of inner and outer variation of a Dir-minimizer?2.

It is worth mentioning the following very important corollary, see [42, Section 3.4.2]
for a straightforward proof.

Corollary 2.1.89. Let f be Dir-minimizing in B,. Then, Iy s(r) = « if and only if f
18 a-homogeneous, that is

fy)=1l*f (%) : (2.1.51)

2.1.90. Remark. In (2.1.51) the following convention has been adopted: if ¢ is a scalar
function and f =), [fi] a @-valued function, by ¢ f is meant the function ) [¢ fi].

Blow-up analysis

The main strategy to analyze singular points is to perfororm a blow-up analysis, by
expanding homothetically a ball around the singular point, see Figure 2.2. The aim
is to exploit possible symmetries of the limiting object, reducing the complexity of the
problem.

In order to perform an effective blow-up analysis, one needs to guarantee that the
singular point is preserved in the blow-up limit, which is not granted in general. One
of the possible obstructions to persistence in the limit of a singularity is that the first

22 Inner and outer variations are two natural notions of variation that can be used to perturb Dir-
minimizing Q-valued functions, see [42, Section 3.1].
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Figure 2.2

singular expansion of the object (either of the current? or the Dir-minimizer) around its

regular part may occur with an infinite order of contact, resulting in a trivial blow-up.
The main strategy is in analogy with unique continuation theory, where a harmonic func-
tion is proved to be analytic by detecting the lowest frequency in its Taylor expansion.
Almgren’s frequency function is indeed an integral a priori estimate to detect the lowest
frequency of an object and its main use is to ensure the persistence of the singularity in
the blow-up limit.

The presence of branch points requires a different blow-up procedure than the one
that is used in the codimension one case, since an “homogeneous” blow-up around a
branch point would end up to be a flat plane, losing all the information about the
singularity. One of Almgren’s main ideas was to rescale differently the “horizontal
directions” (namely those of flat tangent cone at the point) and the “vertical directions”
(which are the orthogonal complements of the horizontal ones). This different type of
blow-up is sometimes called “inhomogeneous” blow-up (or “anisotropic” blow-up).

Since we will look at point of maximal multiplicity, we assume that f is a non-
trivial** Dir-minimizing @Q-valued function such that f(y) = Q[0]. The main idea of
inhomogeneous blow-ups is to rescale “according to the energy” in the following way:

m—2

02 flor+vy)

IDIP

23In the more general case of area-minimizing currents an “almost monotonicity” formula holds for
the frequency function, still assuring its boundedness and hence nontrivial blow-ups.
*4That is, [, (y)\Df|2> 0 for every p.
P

fyo(x) =

(2.1.52)
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2.1.91. Remark. From (2.1.52) it is easy to see that

/ |D.fy,g‘2: 17
By

showing that the energy is preserved in the limit. To simplify the notation, we will not
display the subscript y in f, , when y is the origin.

To better understand this point, let us consider again the current [I'] of example
(2.1.41). Recall that its support can be seen as the graph of a function which associates
to any w € C two points in the z-plane:

w i {z1(w), z(w)}  with z;(w)* = w?® fori = 1,2.

The right rescaling according to Almgren’s inhomogeneous blow-up is the one producing
in the limit a multiple-valued harmonic function preserving the Dirichlet energy. In the
case of I', the functions z; and z, are already harmonic functions (at least away from
the origin), since they are two determinations of the square root of w?. Hence, the
correct blow-up is the one which “keeps I' fixed”. Hence, for every A > 0, we consider
fr: C? — C? given by

fA(w7 Z) = ()\211}, )‘32)7

and note that (fy).[I'] = [I'] for every A > 0.

An important result is the convergence of blow-ups f, of Dir-minimizing functions
to some limiting Dir-minimizing functions with some extra symmetries, which are called
tangent functions.

Proposition 2.1.92. Let f € W'?(By, Ag) be Dir-minimizing, with f(0) = Q0] and
fBQ(y)|Df|2> 0 for every o < 1. Then every sequence f,, with p, — 0 has a subsequence
converging locally uniformly to a function g : R™ — Ag(R"™) satisfying:

i) fBl|Dg\2: L and g, is Dir-minimizing for any bounded 2,
it) g(x) = |x|*g <%>, where o = Iy £(0) > 0 is the frequency of f at 0 (that is, g is

a-homogeneous).

The proof of Proposition 2.1.92 relies on the following preliminary compactness
lemma (we refer to [42, Propositions 3.19 and 3.20] for the proofs of Proposition 2.1.92
and Lemma 2.1.93 respectively).

Lemma 2.1.93. Let fr € W2 (By, Ag) be Dir-minimizing Q-valued functions such that
supy, fB1|ka|2< oo and fi, — f uniformly. Then, for everyr <1, f, 1is Dir-minimizing
and

lim/ \Dfel*= [ |Df|?.
BT Br

k—o00
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Now we can pass to the core of the estimate on the Hausdorff dimension of the
singular set of a Dir-minimizing @)-valed function. The key lemma is a control on the set
of singular points of highest multiplicity ). More formally, Theorem 2.1.82 is an easy
consequence of the following Lemma.

Lemma 2.1.94. Let Q be connected and f € WH(Q, Ag(R™)) be Dir-minimizing.
Then, either f = Q[(] with ¢ : Q2 — R™ harmonic in Q, or the set

Yo r={r€Q: f(z)=Qy], y e R"}

(relatively closed in 1) has Hausdorff dimension at most m — 2 and it is locally finite
form = 2.

2.1.95. Remark. Note that Lemma 2.1.94 is the analogue of Theorem 2.1.82 in the case
one considers just points of multiplicity Q).

Assuming Lemma 2.1.94, it is not difficult to conclude Theorem 2.1.82 by an induc-
tion argument on Q).

Proof. For () = 1 there is nothing to prove, since Dir-minimizing 1-valued functions are
classic harmonic functions. Suppose now the theorem to be true for every Q*-valued
functions, with Q* < Q.

If f= Q[¢] with ¢ harmonic, then ¥y = () and the theorem is proved. If not, we
first consider g y C Xy that, by Lemma 2.1.94, is a closed subset of {2 with Hausdorff
dimension at most m — 2, at most countable if m = 2.

Then, we also consider the open set

Q/ = Q\ZQJ.

Since f is continuous, we can find countable open balls By such that €' = U, B, and
/i 5, Can be decomposed as the sum of two multiple-valued Dir-minimizing functions

f|Bk = kaan]] + [[fk,Q2H
with Ql < Q, QQ < Q and
supp (fr.0, (x)) Nsupp (fr.g,(x)) =0  for every x € By. (2.1.53)

From (2.1.53) we have that Xy N By = Xy, o, UXj, . . Note further that fi o, and fi g,
are Dir-minimizing and, by inductive hypothesis, ¥, , and ¥y, , are closed subsets of
By with Hausdorff dimension at most m — 2. We conclude that

5r=%asUJ (Efm1 U ka,@2>
keN
has Hausdorff dimension at most m — 2 and it is at most countable if m = 2. O
2.1.96. Remark. As a result, by the simple induction argument shown above, we man-

aged to reduce the whole proof of Theorem 2.1.82 to its analogous verison for highest
multiplicity points only.
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The need of centering

In this final part we are going to prove Lemma 2.1.94 in the simplified planar case (for
the general case m > 3 we refer to [42, Section 3.6.2], even if the main ideas of blow-up
and dimension reduction arguments are the same as in the planar case). As we have
already mentioned, one of the main issues in the blow-up analysis of the singularities is
the persistence of such singularities in the limiting function. Even if Almgren’s frequency
function guarantees nontrivial blow-ups, this still does not ensure the singularity does
not vanish in the limiting object. Consider the following complex variety:

== {(z,w) €eC?: (2 - w2)2 = w2021} cC. (2.1.54)
It is simple to see that = is the graph of the 2-valued function f given by

w s Z [w® +n**'] € A(C) = A, (R?).

n:ni=w

By Theorem 2.1.74 the function f is Dir-minimizing in any compact set of R? and by
direct computation it is easy to verify that the rescaled functions f, in (2.1.52) converge
uniformly to a regular 2-valued function. This shows regularity of the limiting blow-up
even if the origin was a singular point for f, hence excluding the possibility to estimate
the size of the singular set of f by means of its tangent functions. In other words, = is
just an “almost indistinguishable perturbation” of the (smooth) current 2[{z = w?}],
see Figure 2.3.

(- P =

Figure 2.3

The solution to such a problem is to perform a sort of “change of coordinates”,
averaging out the regular first expansion of the blow-up, on top of which the singular
branching behavior happens. In particular, in the previous example the regular part was
exactly the smooth complex curve {z = w?}, while the singular branching is due to the
determinations of the square root of 202!,

Hence, it becomes clear why one should look for parametrizations of = as a multiple-
valued function defined on {z = w?}, so that the singular map to be considered reduces
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to
w Z [77%%'] € A, (R?).
n:in?=w
The blow-up of such map is the map itself, and the singular point 0 persists in the limit.

The regular surface {z = w?} is called center manifold by Almgren, because it be-
haves like (and in this case it is exactly) the average of the sheets of the current in
a suitable system of coordinates. In general, the determination of the center manifold
is not as immediate as in this linearized problem of Dir-minimizing functions. For the
nonlinear case of area-minimizing currents the construction of the center manifold and
the parametrization of the current on its normal bundle actually represent one of the
main difficulties in the analysis of singularities?.

We now give just a glimpse of how to deal with the case of Dir-minimizing functions,
stating two lemmas (see [42, Section 3.6.1] for a proof) that will allow to conclude the
proof of (the planar case of) Lemma 2.1.94 (and so, Theorem 2.1.82).

In order to state the first lemma, we introduce the function n : Ag (R") — R”
mapping each measure 7= > .[F;] to its center of mass,

_ b
= &

Lemma 2.1.97. Let f: Q — Ag (R"™) be Dir-minimizing. Then,

n(T) :

i) the function no f:Q — R™ is harmonic,
it) for every ¢ : Q@ — R™ harmonic, g :== >, [fi + (] is Dir-minimizing.

2.1.98. Remark. Note that, in particular, we have that

g(x) = Z[[fi(x) —no f(z)]

is still Dir-minimizing. The proof is basically an integration by parts computation.

2.1.99. Remark. Note that
29 = 2f

but now X, = {z : g(z) = Q[0]}, telling us that we managed to reduce Lemma
2.1.94 to the case where all points of multiplicity @ are of the form Q[0]. In this
situation, the collapse to one single sheet in the blow-up analysis means that this collapse
should happen at 0, which is forbidden by the estimates on the frequency function.
Hence, this “subtracting the average”-procedure tackles the problem of very high-order
perturbations.

25In Almgren’s theory for the nonlinear problem the construction of the center manifold takes almost
three quarters of his Big Regularity Paper [6]. De Lellis and Spadaro [42, 44, 43, 45, 46] managed to
reduce the whole argument, but still takes a fair half of the whole work.
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The second lemma we need is a technical lemma on cylindrical blow-ups of homoge-
neous functions.

Lemma 2.1.100. Let g : By — Ag (R") be an a-homogeneous Dir-minimizing function
with [ |Dg|*> 0 and set B := I1,,4(0). Suppose also that g(z) = Q[0] for z = e1/2.
Then, the tangent functions h to g at z are B-homogeneous with Dir (h, By) = 1 and
satisfy:

i) h(se;) = Q[O0] for every s € R,

i) h(x1, @0, ..., Tm) = h(Ta,...,Tm), where h : R™ — Ag (R™) is Dir-minimizing
on any bounded open subset of R™1.

We can finally prove Lemma 2.1.94, concluding the proof of Theorem 2.1.82 in the
case m = 2.

Proof. Note that, as we remarked above, by Lemma 2.1.97 it is sufficient to consider a
Dir-minimizing function f such that no f = 0 so that,

Yo.5 = {x: f(z) = QO]}.

We prove that Y r consists of isolated points, except for the case where all sheets
collapse. Without loss of generality, let 0 € g ¢ and assume that f # Q0] in a
neighborhood of 0.

Suppose by contradiction that there exist a sequence z — 0 such that f(x) = Q[0].
By Proposition 2.1.92, the blow-ups f|,;,| converge uniformly, up to a subsequence, to
some homogeneous Dir-minimizing function g, with

/ |Dg|*’=1and nog=0.
By

Since f(zy) are Q-multiplicity points, we also deduce that there exists w in the unit circle
St such that g(w) = Q[0]. Up to a rotation, we can assume that w = e;. Considering
the blow-up of g in the point e;/2, by Lemma 2.1.100, we get a new tangent function
h with the property that h(0,z) = h(zs) for some function i : R — Ag which is
Dir-minimizing on every interval, n o h = 0 and 2(0) = Q[0]. Moreover, since

|Dh|*= 1,
By
then
/|Dﬁ|2> 0 for I = [~1,1], (2.1.55)
I

which is a contradiction. Indeed, by means of a comparison argument, one can prove
that every Dir-minimizing 1-dimensional function A is an affine function of the form

() = 3 [Li(a)]
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with the property that either L;(z) # L;(z) for every x or L;(z) = L;(x) for every x.
Since h(0) = Q[0], we would conclude that h = Q[L] for some linear L. On the other
hand, by 7o h = 0 we would conclude L = 0, contradicting (2.1.55).

We conclude that if x € ¥ then either z is isolated, or U C X for some
neighborhood U of z. Since by assumption 2 is connected we obtain that either ¥ ¢
consists of isolated points, or ¥g y = €2, concluding the proof. n

2.1.101. Remark. The proof of Lemma 2.1.94 is a very standard motiv in geometric
measure theory: one fixes a singular point, by contradiction the singular set is assumed
to be “too large” (like in this case where we assumed accumulation of other singular
points) and then by blow-up procedure one derives a contradiction.

In [42, Chapter 5], the authors improved Theorem 2.1.82 proving the following re-
finement in the planar case. One of the most important tools is the uniqueness of the
tangent function to a Dir-minimizer. Thanks to this, the authors succeeded in devel-
oping a better description of the behavior of a Dir-minimizing function around singular
points.

Theorem 2.1.102. Let f be Dir-minimizing and m = 2. Then, the singular set Xy of
f consists of isolated points.

About more recent studies of fine properties of the singular set of Dir-minimizing
function, it is worth mentioning the result in [40]. The main result proved by the
authors is that if f is a Dir-minimizing function, then X is countably (m — 2)-rectifiable
(and hence H™ % o-finite).

Hints to the nonlinear case

So far, we showed the analogous of Almgren’s partial regularity theorem, Theorem 2.1.2,
in the very special case of parametrizations minimizing the (generalized) Dirichlet energy,
which correspond to the linearized version of the whole problem. Unfortunately (or,
depending on the point of view, luckily), the full proof of Almgren’s partial regularity
theorem for area-minimizing currents in higher codimension is way longer.

In fact, the analytic and geometric issues of the linear case can be simplistically
summarized as follows:

a) The problem of dealing with multiple-valued functions,
b) The problem of getting trivial blow-ups due to a possible infinite order of contact,
¢) The need of a centering to ensure persistence of the singularity in the limit.

In the linear case, everything is very clean and the theory is fairly easy to understand.
Nevertheless, many technical and convoluted difficulties need to be tackled in exporting
all the aforementioned techniques to the general nonlinear problem, see [43, 45, 46].

The first major difficulty is that it is not known any a priori estimate telling whether
the area-minimizing current is a graph of a suitable function in higher codimension.
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Hence, a whole theory of approximation needs to be developed to pass from the graphical
case to the general one.

2.1.103. Remark. At this point, differently from the linear case, the average of the differ-
ent sheets of a current does not solve in general any given partial differential equation,
thus not allowing any simple translation or reparametrization argument.

As in the linear case, the proof of Theorem 2.1.2 is done by contradiction, where
the contradiction assumption is the following: there exist numbers m > 2,n>1,a >0
and?® an area-minimizing m-dimensional integer rectifiable current 7" in R™™" such that

H™T*(Sing(T)) > 0.

The aim of the proof is now to show that there exist suitable points of Sing(7") where
we can perform the blow-up analysis in the same spirit of the linear case.

This process consists of several different steps: we list here the most important ones
in the proof of Theorem 2.1.2, following the neat description given by Spadaro in [100].

1. Find a point xy € Sing(7") and a sequence of radii (1), with 7, — 0 such that:

e The currents T}, ., = (Luyr, )1 converge to a flat tangent cone,

o H™ 2 (Sing(Ty, . ) N By) >n > 0 for some n > 0 and for every k € N.

Note that both conclusions hold for suitable subsequences, which in principle may
not coincide. What we need to prove is that we can select a point and a subsequence
satisfying both.

2. Construction of the center manifold M and of a normal Lipschitz approximation
F: M — Ag(U), see [45, Definition 2.3], where U is a (kind of) tubular neigh-
borhood of M.

3. The center manifold that one constructs in step 2 can only be used in general for
a finite number of radii r, of step 1. The reason is that, in general, its degree of
approximation of the average of the area-minimizing currents 7" is under control
only up to a certain distance from the singular point under consideration. This
leads to the definition of the sets where the approximation works, called intervals
of flattening, and to the construction of an entire sequence of center manifolds
which will be used in the blow-up analysis.

4. Next, one has to deal with the problem of the infinite order of contact and this
is done in two substeps. In the first substep, an almost monotonicity formula
is derived for a slight variation of Almgren’s frequency function, deducing that
the order of contact remains finite within each center manifold of the sequence

26Note that the hypothesis m > 2 is justified because, for m = 1, an area-minimizing current is locally
the union of finitely many nonintersecting open segments.
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described in step 3. In the second substep, one needs to compare different center
manifolds and to show that the order of contact still remains finite. This is done by
exploiting a deep consequence of the construction in step 3, which is called splitting
before tilting phenomenon®’, where the terminology was borrowed by [91].

5. With all this hard analysis at disposal, one can finally pass to the limit and conclude
the convergence of the rescaling of the normal part of F' to the graph of a Dir-
minimizing ()-valued function u.

6. In conclusion, one can use a delicate capacitary argument leading to the persistence
of the singularities to show that the function u in step 5 must have a singular set
with positive H™2*%measure, thus contradicting the partial regularity estimate
for @)-valued Dir-minimizing functions in Theorem 2.1.82.

Future research directions

2.1.104. Remark. One could hope to be able to further investigate if Almgren’s partial
regularity theorem (Theorem 2.1.2) can be improved (for m > 3) to derive fine properties
of the interior singular set of any area-minimizing integral m-dimensional current in
R™+7 above all if it is m — 2-countably rectifiable and with locally finite H™~2-measure.
Moreover, in the process of digging deeper in the above analysis of the singular set, this
study would possibly shed light on at least some partial cases of Open problem 1.

At the moment, the following questions are still open:

Open problem 2. Consider an area-minimizing integral current T' of dimension m in
R™" . s Sing(T') m — 2-rectifiable?

The fine structure of the singular set (hence, a fortiori, Open problem 2) shares many
deep connections with the uniqueness of the tangent cone. In particular, Open problem
2 seems to be relying on the following simpler tangent cone uniqueness question:

Open problem 3. Consider an area-minimizing integral current T' of dimension m in
R™*™ and let p € Sing(T) be a point where one tangent cone is flat. Is the latter the
unique tangent cone to T at p?

By the results obtained in the forthcoming work [41]®®, the authors suggest that a
positive answer to the previous question, together with the additional information of a
polynomial convergence rate, would imply m — 2-rectifiability of Sing(T).

About the possibilities to go beyond Almgren’s theory it is worth mentioning the case
of currents equipped with special calibrated structures. Specific instances are complex

2TWhich is, roughly speaking, a multivalued version of what is known as tilt-lemma, that is an estimate
of the L?-deviation from a tangent plane by means of the excess: the analogous of a reverse Poincaré
inequality for elliptic partial differential equations.

28Where the authors study, among other things, how to subdivide singularities based on the value of
the frequency function.
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integral currents of arbitrary dimension and codimension in C¢, where the regularity
analysis of [65] fully characterized them as integrations over a pure k-dimensional alge-
braic variety (known as “holomorphic k-chains”). Another more recent example is the
one of special Lagrangian 3-d cones in RS, proved in [11] to be smooth except for a finite
number of half-lines, emanating from the vertex of the cone; a priori, Almgren’s result
ensures that area-minimizing integer rectifiable 3-currents are smooth outside of a set of
Hausdorff dimension 1 that, in the case of a cone, roughly translates into having radial
lines of singularities, possibly accumulating onto each other. Strongly relying on the
special Lagrangian calibrated geometry, Bellettini and Riviere established in [11] that
there can only be a finite number of such lines.

Open problem 4. Is it possible to derive refined properties of Sing(T') in Almgren’s
theorem (Theorem 2.1.2) when special structures are assumed on calibrated currents?

2.2 Regularity theory for optimal transport paths

Once an existence theory has been developed for the optimal branched transport prob-
lem, the natural following question is to ask whether such optimal transport paths with
finite costs enjoy finer regularity properties. In general, one cannot hope for smooth min-
imizers, as it happens (for some dimensions) in the regularity theory for area-minimizing
currents, because of the intrinsic nature of the networks. Nevertheless, an interior regu-
larity theory has been developed starting from the work by Xia [111], where an optimal
transport path of finite cost is proved to be made by a finite union of line segments near
each interior point of the path.

The main strategy to prove such a statement deeply relies on ideas borrowed from
the theory of generalized area-minimizing surfaces. The key step is a blow-up procedure,
studying tangent cones of minimizers at an arbitrary point; the main tools to perform
such a blow-up analysis are the monotonicity formulae, as already widely discussed in
Section 2.1. In analogy with area-minimizing currents, in optimal branched transport
one should expect a monotonicity formula given by a suitable ratio involving the specific
“cost” of this Plateau-type problem: the a-mass. Indeed, this is the case as shown in
the following proposition.

Proposition 2.2.1. [111, Corollary 3.1] Let T = [E,7,0] be a transport path such
that T € OTP(OT). Then for any x € supp(T) \ supp(0T) and any 0 < p <
dist(x, supp(9T)), the quantity

[ l0ledH LE
p

(2.2.1)

1s a nondecreasing function of p.

2.2.2. Remark. As it always happens for monotonicity formulae, once the monotone ratio
has been “discovered”, then the proof relies on some straightforward (and usually not
so enlightening) computations.
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As soon as a monotonicity formula for the a-mass is available, one can start the
usual blow-up procedure studying the existence of tangent cones. Given the blow-up
sequence Tj, as in Definition 2.1.8, we need to prove that for r, — 0 as k — oo we have
the following uniform bound:

s%p (M(Tb,,) + M(0Tp,,)) < 00. (2.2.2)

Then, by Proposition 1.2.13, Tp, converges (up to subsequences) in the sense of currents
to the tangent cone T

2.2.8. Remark. Note the analogy with (for instance) Lemma 2.1.93, where one would
like to prove uniform bounds to gain a suitable notion of (sequential) compactness and
deduce convergence of the blow-ups.

Notice that by Proposition 2.2.1 we have

sup M*(Ty,,,) < oo.
k

Moreover, since for every k we have Tp,, € OTP(91},,), we conclude that

sup M(Tp,,,, ) < sup M*(Tp,,) < oo.
k k

One can also prove sup, M*(91p,,) < oo. The main idea of this proof is done by
slicing, deriving a formula of the following type for the a-mass of a current S (see, [30,
Proposition 2.9]):

Jmes) <cmes)

2.2.4. Remark. In the same spirit of point i) of Proposition 2.1.92; the fact that tangent
cones are proved to be minimizers is of fundamental importance. Hence, also in the
optimal branched transport problem one would like to conclude that the limiting object
is a minimizer for the a-mass, which is a priori not granted at all. Moreover, in analogy
with point i7) of Proposition 2.1.92, one wants to understand if the limiting object has
some extra symmetries or finer properties: we would like to say that such a cone cannot
have infinitely many segments spreading out of the object.

More formally, we would like to prove the following lemma.

Lemma 2.2.5. Let T = [E,7,0] be a transport path such that T € OTP(IT). Then
for any x € supp(T') \ supp(91') there exists a tangent cone C, of T' at p. Moreover, C,
s again a minimizer for the a-mass.

2.2.6. Remark. To prove Lemma 2.2.5, which is a key step in the regularity theory for
optimal branched transport, the author in [111, Proposition 3.3] introduces the so-called
“Whitney flat norm”. Roughly speaking, the Whitney flat norm mimicks the definition
of the flat norm F as in Definition 1.2.29, substituting the mass with the a-mass. In
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the proof [111, page 290, line 28| the author hints at the possibility to generalize the
compactness theorem for area-minimizing currents [94, Theorem 34.5] to the case of
equibounded a-masses and a-masses of the boundaries. This argument seems rather
convoluted and would deserve some care in the delicate passages. We remark here that,
in fact, Lemma 2.2.5 is a straightforward application of stability of minimizers, which is
valid for any « € (0, 1), see Theorem 1.3.33 and [29].

More in general, we can conclude the following interior regularity theorem for tangent
cones as a consequence of the stability property of minimizers. This is the fundamental
step in order to prove Theorem 2.2.10.

Theorem 2.2.7. Let T = [E, 1,0] be a transport path such that T € OTP(OT). Then
for any p € supp(T) \ supp(0T) there exists a tangent cone C, of T at p which is a
mainimizer for the a-mass. Moreover we have that

k
CpLBl = Zmi[[ei]], (223)
i=1

where
a) k< C=0C(a,d),
b) e; are segments of the form p;,0 for some p; in the unit d — 1-sphere ST,

c) m; are real-valued multiplicities satisfying
k Eoo
Zmi =0 and Z ——p; = 0. (2.2.4)
i=1 =1 "l

2.2.8. Remark. Theorem 2.2.7 ensures that the tangent cone is a finite (real) polyhedral
current where the number & of (nonoverlapping) segments is uniformly bounded above
by a geometric constant depending only on « and the dimension d. Moreover, note
that since the point p has been chosen in supp(7’) \ supp(9T), then Zle m; = 0 follows
immediately. Property Zle —=p; = 0 is a “balancing equation” coming, instead, from

a first order condition of the minimal cone C), relating the m;’s and the vectors p;’s.

Proof. The existence of a tangent cone C), comes from Lemma 2.2.5. C,, is optimal by
Theorem 1.3.33 (or, more generally, Theorem 1.3.35) and so, by a standard computation
in analogy with Proposition 1.3.7 one can show that the minimal angle between two
vectors e; and e; is a strictly positive quantity depending only on « (and the dimension
d). This uniform lower bound forces the number of segments e;’s to be finite. Hence, C,,
must be of the form (2.2.3). By optimality of C,,, the balancing conditions (2.2.4) follow
immediately, concluding the proof. m
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2.2.9. Remark. More precisely, to be able to conclude, one would need to rule out the
possibility that the vertices are not accumulating in the interior, which would require
some other results. For the sake of the exposition, we assume this technical passage to
be true.

Finally we can state the following interior regularity theorem for optimal transport
paths as a corollary of Theorem 2.2.7.

Theorem 2.2.10 (Interior regularity). Suppose T € OTP(OT) is an optimal transport
path such that M*(T) < oo. For any point p € supp(T') \ supp(9T) there is an open
neighborhood U of p such that T U is a polyhedral current.



Chapter 3

Uniqueness results

The main goal of Chapter 3 is to present the uniqueness theory for the Plateau’s prob-
lem and for the optimal branched transport problem. After a brief discussion about
the main uniqueness and nonuniqueness theorems for solutions of these two geometric
variational problems, we will pass to the most original contributions of this thesis: in
Section 3.1 we exploit the regularity theory in higher codimension of Theorem 2.1.2 to
prove that, generically (in the sense of Baire categories), every integral (m — 1)-current
without boundary spans a unique minimizer in R™*”. In Section 3.2 we prove the generic
uniqueness of minimizers of the optimal branched transport problem.

3.1 Generic uniqueness of minimal surfaces

Arguably, the very innocent question of “how many minimal surfaces can be spanned
by a given closed Jordan curve” turns out to be one of the most challenging questions
that can be raised in connection with the Plateau’s problem. Indeed, the answer to this
question is still not known in full generality and goes back at least to the first decades of
the twentieth century, to the works by Radé, Courant, Tromba, Nitsche, Tomi and many
others, see [53] for a beautiful survey. Indeed, the problem of uniqueness still deserves
some attention even considering the more modest question of asking how many minimal
surfaces of the type of the disk' can be spanned in a given closed Jordan curve I'. Many
examples of minimal surfaces have been developed in the literature that warn us not to
expect uniqueness even for disk-type solutions of the Plateau’s problem. Hence, we may
ask whether additional geometric conditions for I'" are known to ensure this uniqueness.
We mention here two pioneering uniqueness results.

Theorem 3.1.1 (Radd’s Theorem). [87] If I has a one-to-one parallel projection onto
a planar convex curve vy, then I' bounds at most one disk-type minimal surface.

Theorem 3.1.2 (Nitsche’s Theorem). [83] If I' is a real analytic, reqular Jordan curve
with a total curvature less than or equal to 4w, then I' bounds only one disk-type minimal

!For a precise definition we refer the reader to [53, Section 4.2, Definition 1].

7
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surface. Moreover, the solution can be continued analytically across I' as a minimal
surface?.

To understand why the uniqueness question in the Plateau’s problem is so com-
plicated one should consider the following observation. Remarkably enough, Courant
outlines in his famous book “Dirichlet principle, conformal mappings and minimal sur-
faces”, see [32], an argument showing that there might exist a rectifiable Jordan curve
I’ which bounds uncountably many minimal surfaces (of the type of the disk). In fact,
Courant did not prove a fundamental step of his construction called strong bridge theo-
rem, which roughly tells about the possibility to connect two Jordan curves by a bridge
consisting of two arcs, giving rise to many disk-type minimal surfaces, see Figures 3.1
and 3.2. The validity of his example strictly depends on the validity of this result, which
was rigorously proved by White in fairly general and strong versions, see [106, 107]. More
recently, Morgan [77] gave an example of a smooth curve in R* that bounds a whole
continuum of (unoriented) area-minimizing analytic manifolds. The author proved the
theorem relying on a generalization of the theory of currents called theory of currents
modulo p, see [57] for a more detailed discussion. Hence, from these examples it is clear
that uniqueness is highly unexpected in Plateau-type problems.

r

Figure 3.1: Application of Courant’s bridge theorem. (Adapted from [53]).

Consequently, other approaches have been developed to study uniqueness questions.
Arguably, the most fruitful was by means of Baire categories. Indeed we state here one
of the first satisfactory partial answers to the finitness question by Bohme and Tromba,
see [14].

2The unique solution in Nitsche’s theorem is not just immersed: it is also embedded.
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= = = -
ny D) Iy

Figure 3.2: Construction of a curve I' bounding uncountably minimal surfaces. (Adapted
from [53]).

Theorem 3.1.3. [14] Generically®, the number of disk-type solutions of the Plateau’s
problem s finite.

3.1.4. Remark. Despite the generic finiteness result by Bohme and Tromba, the question
whether a (reasonably smooth) curve I' bounds only finitely many disk-type solutions
of the Plateau’s problem is widely open.

More recently, Morgan [78] proved in the context of geometric measure theory that
almost every curve (with respect to a suitable geometrically meaningful measure) in R?
bounds a unique area-minimizing surface. More formally, Morgan considered the space
of parametrizations

¢ = {f . f c CQ’Q(SI,RS)},

where S! is the unit circle and o < 1 equipped with the C?>-norm. A measure on the
space of curves € is constructed by defining a countably infinite product of standardized
Gaussian measures in R?® measuring the Fourier coefficients of the embeddings in €.
Almost every such formal series converges uniformly to an element of % and the resulting
measure p has the fundamental geometric property that open balls in 4" with respect to
the C2-norm are measurable and with positive measure*. Morgan’s result can be stated
as follows:

Theorem 3.1.5 (Morgan’s generic uniqueness). [78] u-almost every b € € bounds a
unique area-minimizing surface.

We highlight two key passages of the proof of Theorem 3.1.5. The first result is a
unique continuation theorem assuring that two area-minimizing surfaces with the same
boundary which have the same tangent space along a stretch of positive length of the
boundary are indeed the same surface. By the interior regularity (in fact, analyticity)

3We remark that by generically the authors mean that there exists an open dense subset of boundaries
for which there exists only a finite number of disk-type solutions of the Plateau’s problem.
4Due to this property Morgan’s result holds in the sense of Baire’s categories as well.
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of the surfaces, it is enough to prove this step only locally at a boundary point where
the two surfaces can be parametrized as graphs of functions f,g : R? — R satisfying
the minimal surface equation; in this setting the problem becomes a straightforward
application of the theory of elliptic partial differential equations.

The second fundamental ingredient is a wuniform boundary reqularity theorem for
integral currents that allows the author to conclude that if the tangents to two area-
minimizing surfaces with the same boundary are “close together”, then the two surfaces
are “close together”. The author deeply relies on a result by Allard telling that if an
oriented submanifold I' is contained in the boundary of a uniformly convex set, then
every boundary point p € I' is regular and has density 1/2. By regular we mean that
the support of the current is a regular submanifold with boundary in a neighborhood of
the boundary point®.

The main reason why Morgan’s result (and his later generalizations, see [79, 80]) can
be improved is that he strongly relies on Allard’s assumptions in [2]. Indeed, what was
missing was a boundary regularity theory for higher codimension integral currents with-
out any assumption on the multiplicity of the boundary. Indeed, before the fundamental
work by De Lellis, De Philippis, Hirsch and Massaccesi [39] one could not even exclude in
general that the set of regular boundary points was empty, see [6, Section 5.23] and [39,
Corollary 1.10]. In [39] the authors prove the first general boundary regularity theorem
without any restrictions on the codimension and on the geometry of I', showing that the
set of regular boundary points is dense. After [39], it is reasonable to consider further
studies than the ones initiated by Morgan in [78, 79, 80].

3.1.1 Generic uniqueness of higher codimension area-minimizing
currents

In the remaining part we will prove an original result which is based on a joint work with
A. Marchese, see [23]. We prove that generically (in the sense of Baire categories) and
with respect to the flat norm, every integral (m — 1)-current without boundary spans
a unique minimizer in R™*", The techiniques we adopt have strong analogies with the
(more complicated) proof of the generic uniqueness for the optimal branched transport
problem we will present in the next section.

Given K C R™™™ a compact set we denote

E(B) := inf{M(T) | T € Z,,(K) : 0T = B}.

Moreover, we denote the set of solutions to the generalized Plateau’s problem with
boundary B as

AMC(B) := {T € T,,(K) : 9T = B and M(T) = £(B)}.

°In fact, [78, 79] and their later generalization to any dimension and codimension [80] all rely on a
more general theorem developed by Allard, see [2], telling that (among other things) if p € T is a point

where the density ©(T, p) is 1 (in any dimension and codimension), then p is a regular boundary point.
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We denote the set of (m — 1)-boundaries by
B,-1(K):={B € D,_1(K): 0B =0}.
Fix an arbitrary C' > 0 and define
Ac :={B € B, 1(K) :M(B) < C and M(T) < C for every T € AMC(B)}. (3.1.1)

Lemma 3.1.6. The space (Ac,dy) is a nontrivial complete metric space, where dy is
the distance induced by the flat norm Fy.

We prove that Ag is Fx-closed, then completeness follows from F-compactness of
integral (m — 1)-currents (without boundary) with support in K and mass bounded by
C, see Theorem 1.2.24.

Proof. Let (Bj);en be a sequence of elements of A¢ and let B be such that for j — oo we
have F (B; — B) — 0. By the lower semicontinuity of the mass (with respect to the flat
convergence), we have M[(B) < C. Forany j € N, let T; € AMC(B,). Note we also have
M(T};) < C. By Theorem 1.2.24, there exists T" € Z,,(K) such that, up to (nonrelabeled)
subsequences, Fx(T; — T) — 0. By the continuity of the boundary operator we have
OT = B and by the lower semicontinuity of the mass, we have M(7) < C' and hence
B e Ac. ]

The main result we prove can be stated as follows.
Theorem 3.1.7 (Generic uniqueness). The set of boundaries B € Ag, for which
AMC(B) is a singleton, is residual®.

Consider the following subset of A, which denotes the set of boundaries admitting
nonunique minimizers:

NUc :={B € Ac : there exist T', T? € AMC(B) such that T" # T?}.
Lemma 3.1.8. Assume that the set Ac \ NUc is Fx-dense in Ac. Then it is residual.
Proof. For m € N\ {0}, consider the sets

NUZ = {B € Ac : there exist {T',T?} C AMC(B) with F (T — T") > m™'}.

Since NUZ C NUc, then (Ac \ NUX) D (Ac \ NUc) and hence, by assumption,
Ac \ NUZ is F-dense in Ag for every m. Therefore NUZ' has empty interior in Ag
for every m. By proving that NUZ is closed for every m we conclude.
Consider a sequence (B;)jey of elements of NUZ and let B € Ac be such that
Fyr(B; — B) — 0. For every j € N, take
{T!,T?} c AMC(B;) with Fx(T} —=T})>1/m.
As in the proof of Lemma 3.1.6, we deduce that there exist T%,7? € Z,,(K), such
that 07" = 0T® = B and, up to (nonrelabeled) subsequences, Fx(T; — T) — 0,
Fr (T} —T%) — 0 as j — oo. Clearly Fg(T? — T') > 1/m. By Theorem 1.2.24 and
Theorem 1.2.27, we have {T1,To} C AMC(B), hence B € NUZ. O

6Recall that a set is residual if it contains a countable intersection of open dense subsets.
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To prove Theorem 3.1.7 we are left to prove that the set of boundaries B € A¢ for
which AMC(B) is a singleton is dense in the metric space (A¢, d}).

The main idea is to consider the following argument: we first reduce to a polyhedral
boundary P by suitably applying Theorem 1.2.31, see Lemma 3.1.9. Then we fix an area-
minimizing current S with S = P and, by Theorem 2.1.2, we can find xy € Reg(5).
Starting from such interior regular point, a simple perturbation argument proves the
density of boundaries with unique minimizer.

Lemma 3.1.9. For any B € A¢ and € > 0 there exist a 6 > 0 and a polyhedral boundary
Pe Ac sNP,,_1(K) such that

Fx(B— P) <.

Proof. Without loss of generality and up to rescaling, we can assume C' = 1 and write A
instead of A¢x. Consider B € A and T' € AMC(B). Now define the following rescalings

T.:=(1—-¢/2)T
with B, := 0T, = (1 — ¢/2)B and note T. € AMC(B.) with
M(T.) <1—¢/2 and M(B,) <1—¢/2. (3.1.2)
Since we have M(B — B.) < ¢/2 then we also have
Fr(B — B.) <¢/2. (3.1.3)

By Theorem 1.2.31 there exists a polyhedral m-current Tp € P,,,(K) such that, denoting
P := 0Tp, we have

Fr(Tp —1T:) <e/4, M(Tp) < M(T:)+¢e/4 and M(P) < M(B;) + /4. (3.1.4)
In particular we get
Fr(P— B.) <e/4. (3.1.5)

By (3.1.4) and (3.1.2) we get
M(Tp) < 1. (3.1.6)

Combining (3.1.3) and (3.1.5) we get Fgx(P — B) < ¢ and by (3.1.4) and (3.1.2) we
conclude that
M(P)<1—-¢g/4<1. (3.1.7)

Hence by (3.1.6) and (3.1.7) we have P € A;_sNP,,_1(K) for some § > 0. O

Now consider an area-minimizing m-current S such that 0S = P, which exists by
Theorem 1.2.26, and fix zg € Reg(S).

3.1.10. Remark. Note that by Theorem 2.1.2 and by the fact 95 € P,,_1(K) we have
Reg(S) # 0. Indeed P is of the form (1.2.3), hence supp(P) cannot be dense in supp(.S)
since it is made by a finite number of (m — 1)-dimensional simplexes.
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Recall the definition of interior regular point: we say that zo € supp(S) \ supp(05)
is an interior regular point if there is a positive radius 7 > 0 and a ball Bx(z¢) C
R™™ " a smooth embedded submanifold ¥ C R"™™ and a positive integer ) such that
T'L By () = Q[X].

Proof (Theorem 3.1.7). For some radius r such that r < 7, define
S":=5—SLB,(x) and B := 95"

Note further that by Lemma 3.1.9, for r small enough, B’ € As. Note that " €
AMC(B'), since otherwise we would find S with S = B’ and M(S) < M(S’). This
would lead to the contradiction 9(S + SLB,(x0)) = P but M(S 4+ SLB,(z)) < M(S).
Hence, if we are able to prove that AMC(B’) = {5}, then we prove Ac \ NUc is
Fx-dense in Ac.

Suppose there exists S” € AMC(B') such that S’ # S”. Denote S := S"+SLB, (o).

~

By the minimality of S one immediately sees that supp(S) D supp(S) N B,(z). By

Theorem 2.1.2 there exists z; € 0B, (z9) N Reg(S) N Reg(S). For a sufficiently small
radius p such that p < dist(z1,0B7), we can write

SLB, (1) = Q1[Z1] L B,(z1) and SLB,(z1) = Qa[Sa] L B,(z1).

By the same argument, the tangents to ¥; and 35 coincide on supp(S) N B,.(zo) locally
around x1. By a unique continuation argument for the minimal surface system, see [80,
Lemma 7.2], the two submanifolds ¥, ¥ must coincide locally around z;. By Theorem
2.1.2 this equivalence can be extended to the full regular parts of S and S. This easily
implies the contradiction S = S. O

The initial approximation argument by means of polyhedral currents is motivated
by the following remark.

3.1.11. Remark. Given an integral (m — 1)-current without boundary T € Z,,, {(R™"")
and an area-minimizing m-current S such that 7" = 95, it is not possible to conclude
Reg(T') # (0. In other words, it is possible that the interior regularity theorems may be
empty theorems, as the following example shows.

Example 3.1.12. In R?, consider a sequence of positive real numbers (r;); such that
>, 75 < oo and a sequence (g;); that is dense in R?. Consider the balls B, (¢;) and the

2-current defined as
7= [B,(4)].
jEN
Note that

OT = 0 (Z[[&A%)]]) = ZaﬂBrj(CIj)]]

j€EN jeN
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since the intersection between two circumferences with different centers has H!-measure
equal to zero. Moreover it is easy to check that

M(T") :WZT? < oo and M(9T) :27T2Tj < 00.

J J

Fix z € R?, ¢ > 0 arbitrary and consider the ball B.(z). Then there exists ¢;, € B.(z)
such that r;, < dist(g;,, 0B:(z)). Hence, supp(0T)NB.(x) # 0, showing that supp(9T') =
R2. Since 9T is integral, by Theorem 1.2.26 there exists an area-minimizing current 7}
such that 97; = 0T but now

Reg(T}) C supp(T}) \ supp(9T) = 0.

Note further that the interior regularity theorem for area-minimizing currents is still
valid, but it trivializes to an empty theorem since Reg(77) = (). The same argument can
be easily generalized in any dimension.

3.2 Generic uniqueness of optimal transport paths

This section is based on a joint work with A. Marchese and S. Steinbriichel, see [24].

It is well-known that there are boundaries b such that OTP(b) contains more than
one element of finite a-mass; for instance one can exhibit a nonsymmetric minimizer
T for which 0T is symmetric, so that the network 7" symmetric to T is a different
minimizer (see Figure 3.3).

Figure 3.3: The boundary 0T is symmetric (with respect to the horizontal axis) and
T € OTP(9T) is not symmetric, hence the symmetric copy 7" is a different minimizer.

We prove that for the generic boundary, in the sense of Baire categories, there exists
a unique minimizer of the associated optimal branched transport problem. Slightly
improving upon the main result of [29], see Theorem 1.3.35, we advance on the study of
the well-posedness properties of the optimal branched transport problem, as we establish
the first result on the generic uniqueness of minimizers and in full generality, namely in
every dimension d and for every exponent a € (0,1). Prior to our work, we are aware of
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only one elementary result on the uniqueness of minimizing networks. It appeared in the
original paper by Gilbert [62] and says that there exists at most one discrete minimum
cost communication network with a given Steiner topology.

Recall we denoted the set of boundaries by

PBo(K) :={b € Dy(K) : there is an S € D;(K) with 95 = b},
we fixed an arbitrary constant C' > 0 and we defined
Ac :={be HBy(K) : M(b) < C and M*(T') < C for every '€ OTP(b)}.  (3.2.1)

We metrize Ac with the flat norm Fg and we observe that the set Ao endowed with
the induced distance is a nontrivial complete metric space, see Lemma 3.2.3. Our main
result is the following.

Theorem 3.2.1 (Generic uniqueness of optimal transport paths). The set of boundaries
b e Ac, for which OTP(b) is a singleton, is residual.

Several variants and generalizations of the optimal branched transport problem were
proposed and studied by many authors in recent years, see for instance [13, 16, 17, 18,
19, 20, 21, 22, 28, 72, 73, 84]. For the sake of simplicity, we prove the generic uniqueness
of minimizers only for the Eulerian formulation introduced in [110].

Strategy of the proof

Using Theorem 1.3.35, we show that in order to prove Theorem 3.2.1, it suffices to prove
the density of the set of boundaries b € A¢ for which OTP(b) is a singleton, see Lemma
3.2.4. A similar reduction principle is used in [78, 79, 80] to prove that the generic
(higher dimensional) boundary spans a unique solution to the Plateau’s problem.

The proof of the density result is based on the following perturbation argument.
Firstly, we prove that we can reduce to a finite atomic boundary b whose multiplicities
are integer multiples of a fixed positive number, exploiting the fact that such boundaries
are dense in Ag, see Lemma 3.2.5. For these boundaries, we prove that the solutions to
the optimal branched transport problem are multiples of polyhedral integral currents,
see Lemma 3.2.6. Then we improve the uniqueness result of [62] to suit the discrete
optimal branched transport problem, obtaining as a byproduct that for every finite
atomic boundary b as above the set OTP(b) is finite, see Lemma 3.2.11. We deduce
the existence of a set of points {p1,...,pn} in the regular part of the support of a fixed
transport path 7' € OTP(b) with the property that 7" is the only element in OTP(b)
whose support contains {pi,...,pn}, see Lemma 3.2.12.

Next, we aim to “perturb” the boundary b close to the points py,...,py in order to
obtain boundaries with unique minimizers, keeping in mind the fact that the perturbed
boundaries should not escape from the set Ac. More in detail, we define a sequence
(bp)n>1 € Ac of boundaries for the optimal branched transport problem with the prop-
erty that Fg (b, —b) — 0 as n — oo. Moreover, each b, has points of its support (with
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small multiplicity) in proximity of pi, ..., ps, so that every minimizing transport path
S, with boundary 9S,, = b, is forced to have such close-by points in its support. Ex-
ploiting again the stability property of Theorem 1.3.35, we deduce that for every choice
of S, € OTP(b,) there exists S € OTP(b) such that, up to subsequences, it holds
Fr (S, —S) — 0 and we can infer the Hausdorff convergence of the supports of the S,’s
to the union of the support of S and the points py, ..., pp, see Lemma 3.2.14. Notice
that at this stage we cannot deduce from Lemma 3.2.12 that S = T, since the portion of
S, which is in proximity of some of the p;’s might vanish in the limit. In order to exclude
this possibility, we perform a fine analysis of the structure of the network S,, around the
points p1, ..., pn, see Section 3.2.3: this allows us to exclude all possible local topologies
except for two, see (3.2.32), proving that py, ..., pp, are contained in the support of S (so
that in particular S = 7" by Lemma 3.2.12) and that OTP(b,,) = {S,.}, for n sufficiently
large, see Lemma 3.2.15, which concludes the proof of Theorem 3.2.1.

3.2.2. Remark. It is much easier to prove just density in (J,.,Ac of the boundaries
b for which OTP(b) is a singleton. Indeed, it is significantly simpler to perform the
strategy outlined above if one is allowed to choose b, simply satisfying Fg (b, —b) — 0
and M?*(S,) < C, but possibly with M(b,) > C: for instance it suffices to choose the
perturbation b, as in (3.2.15) with k& = 1, in which case it is easy to prove that OTP(b,,)
is a singleton. Obviously such type of perturbation is not admissible in order to prove
the residuality result of Theorem 3.2.1, since such boundaries b, do not belong to Ac.
One of the challenges in our proof is therefore to find suitable perturbations b, of b
which are internal to the set Ac and such that for the boundary b, there exists a unique
minimizer of the optimal branched transport problem, for n sufficiently large.

Preliminaries

Through the section K C R denotes a convex compact set. Let Ao be the set of
boundaries defined in (3.2.1). Due to the Baire category theorem, the next lemma
ensures that a residual subset of Ac is dense.

Lemma 3.2.3. The set Ac is Fi-closed. In particular (Ac,d,) is a complete metric
space.

Proof. The second part of the statement follows from the first part and from the FFy-
compactness of O-currents with support in K and mass bounded by C| see [57, 4.2.17].

In order to prove that A is Fy closed, let (b;)jen be a sequence of elements of Ax
and let b be such that Fg(b; —b) — 0 as j — oo. We want to prove that b € Ac.
By the lower semicontinuity of the mass (with respect to the flat convergence), we have
M(b) < C. For any j € N, let 7; € OTP(b;). By [27, Proposition 3.6], we have
M(T;) < C**M*(T};) < C*~“. By the compactness theorem for normal currents, there
exists T' € Ny (K) such that, up to (nonrelabeled) subsequences F (7; —T') — 0. By the
continuity of the boundary operator we have 9T = b and by the lower semicontinuity of
the a-mass, see [31], we have M*(T") < C and hence b € A¢. O
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Consider the following subset of A¢, which represents the set of boundaries admitting
nonunique minimizers:

NUg :={b€ Ac : 3 T', T? € OTP(b) such that T" # T?}.
Notice that since b € Ac then M®(T') = M*(T?) < C. We have the following.
Lemma 3.2.4. Assume that the set Ac \ NU¢ is Fi-dense in Ac. Then it is residual.
Proof. For m € N\ {0}, consider the sets

NUZ ={be Ac : 3{T*,T?} c OTP(b) with F(T* — T") > m™'}.

Since NUX C NUg, then (Ac \ NUZ) O (Ac¢ \ NU¢) and hence, by assumption,
Ac\ NU® is F-dense in A¢ for every m. Therefore NUX has empty interior in A for
every m.

To conclude, it is sufficient to prove that NU{ is closed for every m. Consider a
sequence (b;);jen of elements of NUZ and let b € Ac be such that Fg(b; —b) — 0. We
need to prove that b € NUX. For every j € N, take

{T},T7} C OTP(b;) with Fx(T; —T;)=>m".

J77)

As in the proof of Lemma 3.2.3, we deduce that there exist T, 7% € N;(K), such
that OT" = 9T? = b and, up to (nonrelabeled) subsequences, Fx (T} — T") — 0 and
Fr(T7 —T?) — 0 as j — oo. Clearly Fg (7% —T") > m~"'. By Theorem 1.3.35, we have
{T1,T5} € OTP(b), hence b € NUJ'. O

Preliminary reductions

Lemma 3.2.5. For any b € Ac and € > 0, there exist § > 0 and a boundary b" € Ac_s
with
Fr(b—-10")<e and b = nb;

for some n > 0 and by € Zy(K).

Proof. Without loss of generality and up to rescaling, we can assume C' = 1 and write
A instead of Ac. Let b € A and T € OTP(b) and define T, := (1 — ¢/4)T. Then
b :=0T. = (1 —¢/4)b and T, € OTP(b.) satisty

M*T.) < (1—¢/4)* and M(b,) <1-—¢e/4. (3.2.2)
Since we also have M(b — b.) < ¢/4, we deduce that
Fr(b—b.) < e/d. (3.2.3)

Now apply a polyhedral approximation theorem by combinig [74, Lemma 9] and [25,
Theorem 1.2] to obtain, possibly after rescaling, a current 77 € P;(K), such that, de-
noting b, := 077, we have

MO (7)) < M*(T.), M() < M(b.) and Fr(T! —Ti) < ¢/4, (3.2.4)
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and in particular Fg (b, —b.) < e/4. We can write

N
T! =) 6ioi]
=1

as in (1.2.3). Up to changing the orientation of [o;], we may assume 6, > 0 for every i.
Fix n:=¢/(16/N) and denote 0/ :=n L%J (where |x] is the largest integer smaller than
or equal to x) so that

3

<O -0 < — ' : 2.
0< 6, —6; < 6N for every 1 € {1,...,N} (3.2.5)
Define
N
T":=> 0/[oi]
i=1

and denote b” = 9T". Observe that by (3.2.5) and (3.2.4) we have
M*(T") < MY(TY) < M*(T:) < 1. (3.2.6)

For every i € {1,..., N}, we denote by x; and y; respectively the first and second
endpoint of the oriented segment o;, so that we can write

N
1=1

which we can rewrite as
M
/ /
ba = E Bjdzw
j=1

where all points z; are distinct and

B=| > 6— >

{tyi=2;} {t:wi=2;}
Analogously, we define
p-(T - ¥ a)
{iyi=2;} {t:wy=2;}

so that we can write

M
V'=>"Bs.,.
j=1
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Thus we obtain

M
(32.5) ¢ € €
MY — b)) = " _ B« n_ o n__ o _ — ==
" =b) =D I8 -Bls| . @ -0+ > OI-0) < F+iT3
j=1 {i:wi=2;} {iyi=2;}
(3.2.7)
and by (3.2.2) and (3.2.4) we deduce
M(b") < M(b.) + M(b" — L) < 1. (3.2.8)

Combining (3.2.7) with (3.2.3) and (3.2.4), we get Fx(b—b") < €. The conclusion follows
denoting b; := n~'0” and observing that b; € Zo(K) (as the 0! are multiples of ) and
that by (3.2.6) and (3.2.8) we have b € A;_; for some § > 0. O

Lemma 3.2.6. Ifb € Zy(K) and T € Ny(K) is in OTP(b) then T € Py(K) NZ;(K).

Proof. Combining the good decomposition properties of optimal transport paths, see
Proposition 1.3.30 and their single path property, see Proposition 1.3.31 with the as-
sumption 07T € Py(K), we deduce that there are finitely many Lipschitz simple paths
Y1, ...,y of finite length such that T’ can be written as a T = . | a;[], where a; > 0
for every ¢ and [v;] € Z;(K) is the current (Im(~;),~:/|7i|,1). Moreover, again by Propo-
sition 1.3.31, one can assume that Im(v;) N Im(y;) is connected for every 4, j, which in
turn implies that 7' € P;(K). Hence we can write

N
T .= Z 9@[[0’@]],
/=1

where o, are non-overlapping oriented segments and 6, € R. We want to prove that
0, € Z, for all ¢.
Denote
S ={le{l,...,N}:0, ¢ R\ Z}

and let T := > ves Oeloe]. Assume by contradiction that T # 0. Note that T — T €
7,(K) and therefore, since b € Zy(K), we have 9T = b — (T — T) € Zy(K). Hence, for

every point x in the support of OT there are at least two distinct segments oy, and oy,
having x as an endpoint. This implies that the support of 7', and in particular also the

support of T, contains a loop, which contradicts [12, Proposition 7.8]". O

3.2.1 Finiteness of the set of minimizers for integral boundaries

Definition 3.2.7. Let b € Zy(K) and let T,7" € P(K) with 0T = 017" = b. We say
that 7" and T have the same topology if there exist two ordered sets, each made of
distinct points, {z1,..., 2y} and {z},..., 2, } with the following properties:

"This proposition can be considered as the continuous analogue of Proposition 1.3.4.
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(i) for every p € supp(b) there exists ¢ such that x; = p = i;

(ii) denoting oy; the segment with first endpoint z; and second endpoint x; and o;; the
segment with first endpoint x; and second endpoint 2, T and T" can be written
respectively as

T = Zaij loil, T' = Z ag;[o};],  for some ay, aj; € R. (3.2.9)

1<J 1<j

(ili) the representations in (3.2.9), restricted to the nonzero addenda, are of the same
type as (1.2.3). In particular, if i and ay (respectively a;; and aj,;) are nonzero,
then oy; and oy (respectively oj; and o},) have disjoint mterlors Moreover, the
number of nonzero addenda in the representation of 7' (respectively 7”) given in
(3.2.9) coincides with the smallest number N for which T' (respectively 7”) can be
written as in (1.2.3).

(iv) ai; = 0 if and only if aj; = 0. In particular, the number N of the previous point is
the same for 7" and T".

One can check that the above conditions define an equivalence relation on the set of
polyhedral currents. We call the topology of a polyhedral current T' the corresponding
equivalence class. Notice that the number M depends only on the equivalence class and
for every T' the (unordered) set {z1,...,x)} is uniquely determined, by property (iii).
The set {z1,...,xp} \ supp(d) is called the set of branch points of T and denoted by
BR(T'). By Lemma 3.2.6, for every T' € OTP(b) the topology of T and the set BR(T)
are well-defined.

Lemma 3.2.8. Let 0 # b € Zy(K) and T € OTP(b). Then H°(BR(T)) < H°(supp(b))—
2.

Proof. Suppose without loss of generality that H°(BR(T)) > 0. Assume by contra-
diction that the lemma is false and let n be the minimal number such that there exist
b e Zy(K) and T € OTP(b) such that

HO(BR(T)) + 2 > n = H°(supp(d)).
Notice that n > 2. Fix p € BR(T') and let € > 0 be such that

(B=(p) \ {p}) N (supp(b) UBR(T)) = 0.

Denote by 11, ..., T, the restriction of T" to the connected components of supp(7")\ B:(p).
We notice that m > 3. Indeed, if m = 1 we would have the contradiction p € supp(b)
and if m = 2, writing T as in (3.2.9), the only two segments with nonzero coefficient
having p as an endpoint cannot be collinear by property (iii): this contradicts the the
fact that 7' € OTP(b). Observe that for every i we have that supp(97;)\supp(b) consists
of exactly one point p;, so that

Z (H"(supp(0T;)) — 1) . (3.2.10)

=1
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By minimality of n and the fact that m > 3, we have
HO(BR(T})) < H (supp(9T})) —2 foralli € {1,...,m}. (3.2.11)
Since m > 3, the combination of (3.2.10) and (3.2.11) leads to a contradiction. O

Lemma 3.2.9. Let b € Zy(K) and let T, T" € Py(K) with 0T = b= 01" have the same
topology. Assume moreover that supp(T') and supp(T”’) do not contain loops. Write
T and T as in (3.2.9) with properties (i)-(iv) and with the same orientation on each
segment. Then a;; = a;; for every i, j.

Proof. By contradiction, let T\, T” be nonzero currents with the same topology, 0T = b =
OT’, and minimizing the quantity M in Definition 3.2.7 among all pairs for which the
lemma is false. We claim that there exists a point p € supp(b) and (up to reordering)
indexes i,j € {1,..., M} such that

(a) aij = 0 = ay; for every | # i;

(b) z; =p =2 and a;; # aj;, with a;, aj; € R\ {0}.
The validity of (a) follows from the absence of loops. On the other hand, if a point
p as in (a) violated (b), one could restrict the currents 7' and 7" respectively to the
complementary of ¢;; and o7;, thus contradicting the minimality of M. The validity of
(a) and (b) is a contradiction because the multiplicities a;; and aj; correspond to the
multiplicity of p as point in the support of b. O

Lemma 3.2.10. Let b € Zy(K) and S,T € OTP(b) with supp(S) = supp(T'). Then
S=T.

Proof. Assume by contradiction S # T. By Lemma 3.2.6, S —T € P1(K)NZi(K) is a
nontrivial current with 9(S —7') = 0 and by assumption supp(S —7T") C supp(.S). As in
the proof of Lemma 3.2.6 we deduce that supp(S —7T') contains a loop. In particular, so
does supp(S), which contradicts [12, Proposition 7.8]. ]

Lemma 3.2.11. Let b € Zy(K) be a boundary. Then OTP(b) is finite.

Proof. By Lemma 3.2.8 the range of the integer M of Definition 3.2.7 among all T €
OTP(b) is finite. In turn this implies that the set of possible topologies of currents
T € OTP(b) is finite. Indeed the topology of a polyhedral current 7' as in Definition
3.2.7, up to choosing the order of the points {x1, ...,z }, is uniquely determined by the
M x M matrix A := (|sign(a;;)|);;- Hence it is sufficient to prove that if 7" and 7" are
in OTP(b) and have the same topology, then 7" = 7", and by Lemma 3.2.10 it suffices
to prove that supp(T') = supp(7”).

By [12, Proposition 7.8] the support of 7" and T" does not contain loops, hence we
can apply Lemma 3.2.9 and we can assume that 7" and 7" can be written as in (3.2.9)
with a;; = aj; for every 4,5 = 1,..., M. This means that the set of competitors for
the optimal branched transport problem with boundary b and a given topology can
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be reduced to a family of polyhedral currents 7' € P;(K) whose only unknown is the
position of the points {x1, ..., 2} \ supp(b). Accordingly, we denote n := H°(supp(b))
and we order the points {xy, ...,z } in such a way that BR(T") = {z1,...,2p—n}. The
a-mass of such T' is computed as

M*(T) =) Jay|*H (0;)

i<j
and by the previous discussion, since the vector (xp_py1,...,2) is fixed, this is a
functional of the vector (xi, ...,z —,) only, which can be written as

M-n M
MQ(T) = F(SCl, ce ,.Z'M,n) = Z|aij]a\xj — 513'1’: C+ Z Z \aij|a]:cj — LCZ'|, (3212)

i<j i=1 j=i+1

where C' = Zi]\iM_nH > icjlaij|®lz; — 2i]. One can immediately see that F' is convex,
being a sum of convex functions. Moreover each term |a;;|*|z; — x;] in (3.2.12), as a
function of the variable x;, is strictly convex on a segment [s, t] whenever x;, s and t are
not collinear.

Assume by contradiction that T # T" € OTP(b) have the same topology and con-
sider the corresponding sets

BR(T) = {z1,...,2m 0}, BR(T)={z},...,2 .}

By Lemma 3.2.9 there exists j € {1,..., M — n} such that z; # 2. As in the proof of
Lemma 3.2.8 we infer that z; is an endpoint of at least three segments in the support of
T which are not collinear. We deduce by the discussion after (3.2.12) that the function

F' is strictly convex in the j-th variable. Since F(xy,...,2yp—p) = F(2},...,2%_,) we
deduce that there exists a point (yi,...,yy—yn) With

F(yr, ..., ypm—n) < Fa1, ... 20-0). (3.2.13)
Denote

x; otherwise

{yi fi<M-—n
Zi =

and let S be the current
S = Z a,-j[[éij]], (3214)
1<J
where 7;; is the segment with first endpoint z; and second endpoint z;. Notice that in
principle it might happen that S does not have the same topology as T and T", since
(3.2.14) might fail to have property (iii) of Definition 3.2.7. However we have 0S = b
and by (3.2.13)

M*(S) < Fyr, . yYsr—n) < F(z1,...,2p-pn) = M(T),

which contradicts the assumption 7' € OTP(b). O
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Lemma 3.2.12. For every boundary b € Zo(K) and T € OTP(b), there is a set of
distinct points {p1,...,pn} Csupp(T) \ (BR(T') Usupp(b)) such that

{S € OTP() : {p1,...,pn} Csupp(S)} ={T}.

Moreover, the p;’s can be chosen so that if p; € supp(T) N supp(S) for some S €
OTP(b), then there exists p > 0 such that supp(T") N B,(p;) = supp(S) N B,(p;).

Proof. By Lemma 3.2.11 we have that OTP(b) consists of finitely many polyhedral
currents T, ..., T" and, by Lemma 3.2.10, the symmetric difference supp(T*) A supp(77)
is a relatively open set of positive length for every ¢ # j. Up to reordering, we assume
T' = T and for every i € {2,...,h} we consider the set U; := supp(T) \ (supp(T*) U
BR(T)). We observe, recalling that BR(7') is finite by Lemma 3.2.8, that each U; is
relatively open with positive length. Define the subset

Vi=UN <U BR(T7) U {p € U; : supp(1”) intersects U; transversally at p})
J#

and observe that V; is finite since every T” is polyhedral. Then choose p; € U; \ V;.
Clearly p; € supp(T) \ (BR(T') Usupp(b)) and p; & supp(T*); moreover if p; € supp(77)
then locally supp(77) agrees with supp(T). O

3.2.2 Perturbation argument
Construction of the perturbed boundaries

Let us fix a boundary b € Zy(K), an integer polyhedral current 7' € OTP(b), see
Lemma 3.2.6, and points {p1,...,pr} as in Lemma 3.2.12. For a fixed k € N\ {0} and
forn=1,2,... we denote

T, =T —

T =

h
Z TLBn*1 (pz) 9
- (3.2.15)

b, = JT, .
Observe that by Proposition 1.3.30, the multiplicity of 7" is bounded from above by

27'M(b) and moreover, for n sufficiently large, the closed balls B,-1(p;) are disjoint and
do not intersect supp(b) U BR(T'), so that we have

M(b,) = M(b) + kY M(3(TL B, (p;))) < M(b) + hk™"M(b) (3.2.16)

i=1
and

Fr(b, —b) < k™* Xh: M(TL B,-1(p;)) < h(nk) *M(b). (3.2.17)

=1
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For every n, we choose S,, € OTP(b,) and we apply Lemma 3.2.6 to the boundaries kb,
to deduce that kS, € Py(K)NZ;(K). By (3.2.15) we have

M(S,) < M*(T,,) < M*(T"). (3.2.18)
The aim is to prove the following proposition.

Proposition 3.2.13. There ezists kg = ko(a) such that for (b,), as in (3.2.15) with
k > ko and for n sufficiently large, OTP(b,,) = {T,}.

In the next lemma, for any set A and p > 0 we denote B,(A) := U, 4 By(a).

Lemma 3.2.14. Forn € N\ {0} let b, be as in (3.2.15) and S,, € OTP(b,). For every
subsequence (Sy,)jen and current S such that Fg(S,, —S) — 0 as j — oo we have S €
OTP(b) and moreover for every p > 0 we have supp(Sy,,;) C B,(supp(S)U{p1, ..., pon}),
for j sufficiently large.

Proof. The first part of the proposition is a direct consequence of Theorem 1.3.35. To-
wards a proof by contradiction of the second part, assume that there exists » > 0 and,
for every j, a point

q; € supp(Sy,) \ Bar(supp(S) U {p1,...,pn}). (3.2.19)

By [31, Proposition 2.6]* we have

limjinfMo‘(Snj L B,(supp(S) U{p1,...,pn})) > M*(S). (3.2.20)

On the other hand, by (3.2.15) and (3.2.19) the current S,,, has no boundary in B,(g;),
for j sufficiently large. Moreover, by Proposition 1.3.31 the restriction R; of S, B,(g;)
to the connected component of its support containing ¢; has nontrivial boundary, and
more precisely applying Proposition 1.2.43 with f(x) = |z — ¢;| we deduce that (} #
supp(OR;) C 0B,(g;). We conclude that supp(R;) contains a path connecting ¢; to a
point of 0B,(g;). By Lemma 3.2.6 such path has multiplicity bounded from below by
k=1, This allows to conclude that

M*(S,, L B, (q;)) > rk™. (3.2.21)
Combining (3.2.19),(3.2.20), and (3.2.21), we conclude

lim inf M%(S,,,) > M*(S) +rk™* = M*(T) +rk™°,
j

which contradicts (3.2.18). O

We now prove the following main lemma.

8This proposition is a polyhedral approximation theorem (similar to Theorem 1.2.31) for more general
notions of the a-mass.
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Lemma 3.2.15. There exists ko = ko(a) with the following property. LetT and (T,), be
as in (3.2.15) with k > ko and let S and (Sy,,); be as in Lemma 3.2.14. Then S,, =T,,,

for 7 sufficiently large and in particular S =T.

Proof. We divide the proof in three steps. First we prove that locally in a box around
each point p € {p1,...,pr} Nsupp(S) for j sufficiently large the current S, is a mini-
mizer of the a-mass for a certain boundary whose support is a set of four almost collinear
points. Then, we analyze all the possible topologies for the minimizers with such bound-

ary and we are able to exclude all of them except for two. Finally, we combine the local
analysis with a global energy estimate to conclude.

Local structure of S, ..

Let p be sufficiently small, to be chosen later (see (2a), (3a) and (3b) in Section 3.2.3).
For everyi =1,...,h and for p; € supp(S), by Lemma 3.2.12 we can choose orthonormal
coordinates (z,y) € R x R?~! such that, up to a dilation with homothety ratio ¢ with

8
~ dist(ps, supp(b) U BR(S))’

Cc

denoting @ := [-8, 8] X Bg_l(O) and B; := (—cnj’l,()), C; = (cnj’l,O), for j=1,2,..
the following holds:

(i) pi = (0,0);
(ii) SLQ = 0[], where § € Z and o := [—8,8] x {0}¢7! is positively oriented;
(i) {p1,...,pat No = {pi};
(iv) for j sufficiently large we have b, L Q = k™'0(dp, — d¢;).
By Lemma 3.2.14, for this p, we may choose j large enough such that
supp(Sy,,) N Q C B,(0). (3.2.22)

For x € R we recall the notation Sﬁj for the slice of S, L Q at the point x with respect

to the projection 7 : R x Rt — R. We infer from the flat convergence of Sp, to S that
for H'-a.e. z € [—8, 8] we have
Fi(SE —0820) =0 asj— oo (3.2.23)

nj

and moreover by Lemma 3.2.6 the multiplicities of Sﬁj are integer multiples of k1.
We aim to prove that for j sufficiently large there are points yj-c € Bgil(O) such that

Syt =06, gty (3.2.24)
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To this aim we seek points x1(j) € [—6, 5], z2(j) € [—2, —1], 23(j) € [1,2] and z4(j) €
[5, 6] such that for i = 1,2, 3,4 we have

S5 9 = 082,15 7)): (3.2.25)

for some points ;(j) € B4~1(0). If so, by Proposition 1.2.43, (3.2.25) and (3.2.22) imply,
denoting

Q= (a1(4),72()) x BEH0) and Q) = (a(j), 7a()) x BL(0).

that
O(Sn, L Q) = 520 — 81100 and  9(S,, L Q) = S5iV) — 5l

In turn, by Proposition 1.3.31, the latter implies (3.2.24).
In order to prove (3.2.25), we focus on the interval I := [1,2] as the argument for
the remaining intervals is identical. Firstly, we observe that by (3.2.23) we have

liminf(M(S? ) > 6 for H'-ae. z € 1. (3.2.26)

j J

Next, denoting €2 := [ x Bg_l(O), we claim that for j sufficiently large and for every
C' > 0 it holds that

H'({z e I:M(S;) <6+ C}) >0, (3.2.27)

where for a O-current Z := ), 6¢6., we denoted M*(Z) := 3, .|0¢|.
Assume by contradiction that (3.2.27) is false for infinitely many indices j. By
Corollary 1.2.42, for those indices we have

M*(S,,LQ) > 6+ C =M*(SLQ) + C. (3.2.28)
The latter, combined with (3.2.18), implies that for the same indices we have
M*(S,, LR\ ) < M*(SL(R?\ Q) — C,

which contradicts [31, Proposition 2.6]. From (3.2.26) and (3.2.27) we deduce that for j
sufficiently large there exists x1(j) € I such that

M(S51 D) >0 and M*(S;0)) < 6%+ C. (3.2.29)
Lastly we prove that if C' is sufficiently small, then (3.2.29) implies
St ? = 082, 5)n (1) (3.2.30)
for some point y1(j) € B'(0), thus completing the proof of (3.2.25).

Towards a proof by contradiction of (3.2.30), observe that for every 0-current Z =
S0 060, with M > 2, 6,] > k' and z, distinct, satisfying M(Z) = 3,6/ > 6,
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the strict subadditivity of the function ¢ +— ¢* (for ¢ > 0) yields the existence of a
C' = C(a,0,k) > 0 such that

M
M*(Z) = |62+ ) 166|*> min{(mk™")* + (0 = mk™")* :m =1,...,kf — 1} > 6” + C.
(=2

This contradicts (3.2.29), by the arbitrariness of C'.
It follows from (3.2.24) and Proposition 1.2.43 that, denoting

Q/ = (_474> X Bgil(o% Aj = (-4,]{;) and Dj = <4’yj+)’

we have

(S, LQ") =0 (6p, —6a, + k™' (5, — bc;)) (3.2.31)
for j sufficiently large (see Figure 3.4).

{—4} x R¢-1 {4} x RI—1

B s
| .
______ . ,
| _As., B G D s
Q" Q

Figure 3.4: Representation of parts of S, Q.

3.2.3 Analysis of the possible topologies

Now we study the possible topologies of S, L Q'. Since S,, € OTP(b,,) we must have
Sp,LQ" € OTP(9(S,,LQ’")). In general, we will denote by opr the oriented segment
from the point P to the point R. We aim to prove that for k& > ky(«) and for p < p(k)
sufficiently small it holds that S, Q" € {W}, Z;}, for j large enough, where

W; =0 (HUAJ'BJ']] + loc,p,] + i I ! [[UBjCj]]) and  Z; =0 <[[‘7Aij]] + %[[OC]'B]']]) ’
(3.2.32)
see Table 3.1. We will do this by excluding every other topology comparing angle
conditions which are given by the multiplicities of the segments (which depend on k)
and contradict the choice of p. Thus, when we say for p small enough, we mean implicitly
to choose j large enough such that, by Lemma 3.2.14, for the desired p we have

supp(Sn;) C B,(supp(S) U {p1, .-, pn})-
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Write S, L Q" = >, _; aij[oi;] as in (3.2.9) and observe that by Lemma 3.2.8, since
H(O(Sn, L Q")) = 4, then HO(BR(S,,,L Q")) € {0,1,2}. We thus analyze the three cases
separately and we recall that, by Lemma 3.2.10, in order to prove (3.2.32) it suffices to
prove that

supp(Sy, LQ') = 04,8, Uop,c, Uoc,p, or supp(Sp,LQ") =0a,p, Uop,c,.

Table 3.1: Representation of W; and Z;. From now on § := 6/k and we remove the
subscript j from the points.

Case 1: BR(S,,L Q') = (). Recalling Proposition 1.3.31, supp(Sy, L Q') must be one
of the following sets, sorted alphabetically:

(1a) 04,8, Uoa;c; Uoa,p;,
(1b) oa;8,U0a,c, Uos;p,,
(1c) 04,8, Uoa,c;, Uog;p;,
(1d) oa;8,U0ca,p, Uos,c,,
(le) oa,;8,Uoa,p; Uoc;p,,
(1f) 04,8, UoB,c; Uos;D;,
(1g) 04,8, Uop,c, Uog,p,,
(1h) 04,8, Uos,p, Uoc,p;,

(1i) 04,8, Uog,p,,
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(1]
(1k

oa,c; Uoa;p, Uop;c;,
oa;c; Yoa;p, Uop,p;,

(11

o4;0; UoB,c; UoB;p;,

(Im) o4,c, Uop,c; Uog,p,,

(111 UAjCj UUBij7

(
<]'p O-Aij U UBjCj?

lq) oa,p; Uop,c; Uog;p;,

)
)
)
)
)
lo) 04,0, Uop,p, Uog,p,,
)
)
) 04,0, U0B,c; Uoc,p,,
)

(
(1r
(

1s O'Aij UUBij UO’CJ.DJ..

Observe that we omitted the cases

(i 04,8, U040, U0B;c;,
(ii

)

) oa;8,U0a,p, U0s;p,,
(iii) 04,0, Uoa,p, Uog,p,

)

(lV UB]-C’J- U O’Bij U UC’ij

because, independently of the position of the points, the support either contains a loop
or does not contain one of the four points in the support of the boundary. The only
exceptions to this behavior are (ii) and (iii) only when the four points are collinear,
which is not relevant, as we discuss in Sub-case 1-1 below.

Sub-case 1-1. Firstly we observe that when the points A;, B;, C; and D, are collinear
the only admissible competitor is Z;.

Sub-case 1-2. Next, we analyze the case in which no triples among the points
A;, B;,C; and D; are contained in a line.

We immediately exclude those cases for which the corresponding set is not the sup-
port of any current with boundary 9(S,;LQ"). Hence we can exclude (1i) and (In),
because the endpoints of the two segments in the support have different multiplicities.
Moreover we exclude (1d), (1j), (1q) and (1r) as well, because the segment o4, p, should
have multiplicity 6, being either for A; or D; the only segment in the support containing
it. On the other hand, the remaining point (respectively D; or A;) is an endpoint also
for a different segment of the support, from which we deduce that the multiplicity of the
latter segment should be 0 (see Table 3.2).



100

3. Uniqueness results

/ B C D
1d / 1i
B _—D
./é
1 4 In
1q 4 1r

Table 3.2: Representation of (1d), (1i), (1j), (In), (1q), (1r).

We exclude the following cases by direct comparison with the a-mass of Z;, for j
sufficiently large (see Table 3.3):

e (la), whose corresponding a-mass is

ea(Hl(UAij) + k_a(Hl(aAij) + Hl(UAjCj)) > Ma(zj)'

e (1b), whose corresponding a-mass is

0*((L+ k™ ")*H (0a,5,) + H'(0p,0,) + k™ *H' (04,c;)) > M*(Z;).

e (1f), whose corresponding a-mass is

ea(Hl(O'Aij) + HI(UBJ.D].) —+ kiar}‘[l(O'BjCj)) > Ma(Zj).

e (1k), whose corresponding a-mass is

90‘((1 —+ k?_l)arHl(UAjD].) + k_a(Hl(UAjCj) —+ HI(O'Bij))) > MQ(ZJ).

e (11), whose corresponding a-mass is

Ga((l + k_l)aHl(O'BjCj) + 'H1<0'Ajcj) + 'HI(UBJ.D].)) > Ma(Zj).

e (1m), whose corresponding a-mass is

ea(Hl(UAjCj) + Hl(UCij) + k:_aHl(UBjCj)) > Ma(zj)'

e (1o), whose corresponding a-mass is

904((1 + k_l)aH1<0—Cij) + Hl(UAjCj) + k_a/}-[l(o—Bij)) > Ma(Zj)‘
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e (1s), whose corresponding a-mass is

ea(Hl(aAij> + k_a(Hl(o-Bij) + Hl(UCij)) > Ma(Zj>'

la

1b

1f

1k

11
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1m

lo

1s

Table 3.3: Representation of (1a), (1b), (1f), (1k), (11), (1m), (1o), (1s).

For j sufficiently large and for k > ko(a), the a-mass corresponding to (1c) is (see
Table 3.4)

0% (H'(oc,p,) + (1 — 71)0‘7{1(0,4 o)+ kﬁa}ll(UAij))

> 0%(H'(0c,p;) + (1= k71 + ) '(oa;8,))

1 (3.2.33)
> 0%(H'(oc,p,) + H'(oa,8,) + —H' (04,8,))
> Qa(Hl(achJ) (UAJBJ> + k- aH (UB c; )) MO‘(I/VJ.).

Also, for j sufficiently large and for k& > ko(a), the a-mass corresponding to (1h) is (see
Table 3.4)

0“(H'(0a,8,) + (1 = k™)) H (0p,p,) + k~*H' (00,1,))

> 0%(H (oa,8,) + (1= k)" + k=) (0¢,p,))

> Qa(/Hl(O'A].B].) + 'HI(UC’J-DJ-) + %HI(UCJD]-))

> 0%(H'(oa,5,) + H' (0¢,p,) + k~“H (05,c;)) = M*(W;).

) Vi)

(3.2.34)
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lc

1h 4

Table 3.4: Representation of (1c), (1h).

Lastly, we exclude case (le) by direct comparison with the a-mass of Z;. For j
sufficiently large and for k& > ko(«r), the a-mass corresponding to (le) is (see Table 3.5)

0((1 = K1) (0a,0,) + K~ (H}(0,5,) + H'(00,1,)))

1
> Qa((l — k_1>aH1(O'Aij) + ]f_a§’H1(0'Aij))
1
> 0%(H'(0a,p,) + Zk_O‘?-[l(JA,D,))

770

> ea(Hl(JAij) + k'_aHl(UB-C-)) = Ma<Zj)'

)

(3.2.35)

le

Table 3.5: Representation of (le).

Sub-case 1-3. The last situation we need to take into account is when exactly three
points are collinear. We will discuss the case in which the collinear points are A;, B;
and C; or A;,C; and D;. The remaining cases in which the collinear points are B;, C;
and D; or A;, B; and D; are symmetric and can be treated analogously, therefore we
leave the analysis to the interested reader.

Sub-case 1-3-1: A;, B; and C; are collinear.



104 3. Uniqueness results

The cases (1d), (1i), (1j), (1q), (1r) can be excluded for the same reason as in the
Sub-case 1-2 (see Table 3.6). We exclude cases (1b), (1f), (11), (1n), which are coincident
(see Table 3.7), by direct comparison with the a-mass of Z;. For j sufficiently large, the
a-mass corresponding to the above cases is

QQ(HI (UAij) + Hl(aBij) + k_a?-[l (UBjCj)) > Ma<Zj)'

D D
1d A B C A B C 1
D D
1j A B C A B 1q
D
A B C

1r

Table 3.6: Representation of (1d), (1i), (1j), (1q), (1r) in the collinear case.

Table 3.7: Representation of (1b), (1f), (11), (In) in the collinear case.

We exclude case (1a), since it coincides with case (1j), which we have already excluded
and we exclude cases (1k) and (1o) because they contain a loop (see Table 3.8).

D ’
1k 4 4 ') lo

Table 3.8: Representation of (1k) and (1o) in the collinear case.
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We do not need to exclude cases (1c) and (1m), since the current coincides with Z;
(see Table 3.9).

Table 3.9: Representation of (1c), (1m) in the collinear case.

Lastly, cases (le), (1h), (1s) can be excluded with the same argument used in Sub-
case 1-2, since the segments in the corresponding support are in general position also
when A;, B;, and C} are collinear (see Table 3.10).

'/D v—//)
le A B C A B 1h

D

1s A B

Table 3.10: Representation of (1le), (1h), (1s) in the collinear case.

Sub-case 1-3-2: A;, C; and D; are collinear.
The cases (1d), (1i), (1n), (1q) can be excluded for the same reason as in the Sub-case
1-2 (see Table 3.11).

./Bg/b B Q/b

1d 4 ’il/. 1l
B _—D B D

1n 1q

Table 3.11: Representation of (1d), (1i), (1n), (1q) in the collinear case.

We exclude cases (1k), (1o), (1s), which are coincident (see Table 3.12), by direct
comparison with the a-mass of Z;. For j sufficiently large, the a-mass corresponding to
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the above cases is

9(1((1 + k?_l)a'Hl(O'chj) + HI(O'A].CJ.) + kJ_aHl(O'Bij)) > Ma(Zj).

Table 3.12: Representation of (1k), (1o), (1s) in the collinear case.

We do not exclude cases (1j), (1m) and (1r), since the current coincides with Z; (see
Table 3.13).

Table 3.13: Representation of (1j), (1m), (1r) in the collinear case.

We exclude cases (1a), (1c), (le), which are coincident (see Table 3.14), by direct
comparison with the a-mass of W;. For j sufficiently large and for & > ko(«), the a-mass
corresponding to the above cases is

HQ(H1<JCij) +(1- k_l)aHl(UAjCj) + k_aﬂl(aAij))

> 0%(H'(oc,p,) + (1 — k™) + k~*)H' (04,8,))

> QQ(Hl(aijj) + (1 —+ %k_a)’]_[l(O'Aij))

> Qa(Hl(ac'D') + Hl(aAij) + k:_aﬂl(o—BjCj>) = MQ(I/VJ)

Van¥)

(3.2.36)

Table 3.14: Representation of (1a), (1c), (le) in the collinear case.

Lastly, cases (1b), (1f), (1h), (11) can be excluded with the same argument used in
Sub-case 1-2, since the segments in the corresponding support are in general position
also when A;, C;, and D; are collinear (see Table 3.15).
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s
/M/

1h

Table 3.15: Representation of (1b), (1f) in the collinear case.

Case 2. BR(S,;L Q") = {E;}. Recalling that E; is the endpoint of at least three
segments in the support of S, 1 Q', see the proof of Lemma 3.2.8, the only possibilities
are that supp(Sy, L Q') is one of the following sets (see Table 3.16):

2a) op;p, Uopp, Uog,p, Uo, Wltha#aDE,

(
(2b) 04,5, Uop,p, Uop,p, Uo, with 0 # o¢;g;,
(

2d

)
)

(2¢) 04,8, Uoc,p, Uop,g, Uo, with o0 # op,5,,
) 0B;5; Uoc;g;, Uop,g; Uo, with o # 04,5,
)

(26 O'AE UO’BE UO'CE UO'DE

We exclude case (2a), indeed by Propositions 1.3.6 and 1.3.7, E; € conv({4;, B;,C;}),
hence we have for p small and j sufficiently large

This contradicts Proposition 1.3.7 for p < p(k), since the modulus of the multiplicity
of 0a,p,,08,8, and og,c, belongs to [k~', M(b,,)], which by (3.2.16) is contained in
(k=L (1 + hE=1)M(D)].

Cases (2b), (2c¢) and (2d) are excluded with a similar argument as in case (2a),
where the angle /A, E;C; in (3.2.37) is replaced respectively by /A, E;D;, /A;E;D; and
/B,E;D;.

We exclude case (2e) by direct comparison with the a-mass of Z;. The a-mass
corresponding to (2e) is

6a<H1(UAjEj) + HI(UE]'D]') + k_a(Hl (JBjEj) + 1 (UEJ‘C]')))

> 0%(H (0a,p,) + k~H (05,c,)) = M*(Z;), (3.2.38)

where the inequality is strict unless {E;} = o A;0; N 0B, c;, namely unless the current is
Zj, which of course we do not need to exclude.
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2a

2b

2c

2d

2e

Table 3.16: Representation of (2a), (2b), (2¢), (2d), (2e). In (2a), (2b), (2¢), (2d)
we do not represent the segment o.

Case 3: BR(S,,.Q") = {Ej, Fj}. Recalling Proposition 1.3.31 and the fact that
both E; and Fj are the endpoints of at least three segments in the support of S, @',
see the proof of Lemma 3.2.8, up to switching between E; and F}, the only possibilities
are that supp(S,; Q') is one of the following sets (see Table 3.17):

(3a) op,F;, Uoa,p, Uop,p, Uoc,r, Uop,F;,
(3b) og;r, Uoa,g, Uoc,p, Uop,r, Uop,F,,

(3C) OFE;F; UUAjEj UUDjEj UO'Bij UUCij.
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(3a) Denote by m, the affine 2-plane passing through A;, B; and F; (and therefore
containing E; as well). By Proposition 1.3.7 the line ¢ containing og,r, divides 7o \ ¢
into two open half-planes 7, and 7§ containing respectively 4; and B;. Let C% and D/
denote the orthogonal projections onto my of C; and D, respectively and observe that
C]’» € 7. This follows from the fact that by Proposition 1.3.7 there exists a positive
constant £ (depending on k) such that /A;E;F; <7 — x and assuming C ¢ 7y would
lead to

which is a contradiction, for p sufficiently small with respect to k, since, due to the fact
that ZAJ‘B]‘C]‘ Z %7

On the other hand, the fact that C} € 74 implies that D’ € my, hence
ZAjEjD;» < [AE;F; <m— K,
which is a contradiction for p sufficiently small with respect to k, since, as above,
LAJE; D > [A;E;D; > m — O(p).

(3b) By Proposition 1.3.7 applied at the branch point £; we deduce that the angle
between the oriented segments 04,5, and og;r, tends to 0 as k& — oo. By the same
argument applied at the branch point F; we deduce the same property for the angle
between the oriented segments op;r, and or,p,. As a consequence, the angle between
the oriented segments o4,p, and og,r, tends to 0 as k& — oo. Again, by Proposition
1.3.7, the angles /C;E;F; and /E;F;B; are equal to § 4 C(k) where C(k) tends to 0 as
k — oo.

Next, using that the angle /FE;F;D; differs from 7 by a positive constant which
depends only on k, we observe that the plane containing A;, C;, F; (and therefore also
E;) is obtained from the plane containing D;, B;, E; (and therefore also F}) by a rotation
O around the line containing og,r, such that, for any fixed k, [|O — Id||< f(p), where
f(p) tends to 0 as p — 0. This implies that the angle between the oriented segments
op;c; and 04,5, is larger than § — c(k), where c(k) tends to 0 as & — oo. This is a
contradiction for p sufficiently small and k sufficiently large, since for any k the angle
between the oriented segments op.c; and 04;p; tends to 0 as p — 0 and for any p the
angle between the oriented segment o4,p; and the oriented segment o4;p; tends to 0
(independently of p) as k — oo.

(3c) We exclude this case as the corresponding set is not the support of any current
with boundary G(SnjLQ’ ), because both the segments 04,8, and og,p, should have
multiplicity 6, thus the multiplicity of og, 7 would be zero.
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3a
3b
A E
3¢ D
Table 3.17: Representation of (3a), (3b), (3c).
Conclusion.

Let p € {p1,...,pn} \ supp(S) and take r > 0 such that
p & Bs:(supp(S) U ({p1, - -, pn} \ {P}))- (3.2.39)

Applying Lemma 3.2.14, for j sufficiently large we have

supp(Sn,) C B,(supp(S) U {p1,...,pn})
= B, (supp(S) U {p1,...,pn} \ {p}) U B:(p).

By (3.2.39) we have that B, (supp(S)U{p1,...,pr} \{p}) and By, (p) are disjoint. Define
Sp, 1= Sn;LBy,.({p}). By Proposition 1.2.43 with f(z) = dist(x, {p}) and (3.2.40), we
have that for j sufficiently large

(3.2.40)

05, = b, L Bor({p}) = —%3(TLan—1(p)), (3.2.41)

which is supported in exactly two points. Since necessarily S’nj € OTP(@gnj), we deduce
that

. 1
S, = =7 TL By (p), (3.2.42)

for j sufficiently large.
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Combining (3.2.42), (3.2.32) and (3.2.18), we obtain that, for j sufficiently large and
for k > ko(«)

h

1
M +=N"TLB _i(p
(Snﬁk?l n (pz)>

=M(S,)+ Y (1= (1= k))MATLB,, (p)

iS5, L Q=W
- ) ECMMTLBu(p) - Y. kK M*(TLB,,-(p)) (3.2.43)
i:Sn; L Q'=2; i:p;¢supp(S)
<SMYT,)+ Y. (=1 =k ))M(TLB, - (p:))
i:Sn; LQ'=W;

< MO(T) + 3 (1= (1= k™)*)M(TL By, 1 (pi) = M*(T).

=1

Observe that the first inequality is strict unless
{i:pi gsupp(S)} =0={i:S,,LQ =Z;}. (3.2.44)

On the other hand, the inequality cannot be strict, since 9(Sy, +1 Z?:l T\ By,-1(p;)) =b
by (3.2.15) and T" € OTP(b). We deduce that (3.2.44) holds, which by Lemma 3.2.12
implies that S =T and S, + ¢ 2?21 TL B,,~1(pi) = T and therefore, recalling (3.2.15),
Sn; = Ty, for j sufficiently large. O]

Proof of Proposition 3.2.13. Since the conclusion of Lemma 3.2.15 holds for every con-
verging subsequence S,,,, we deduce that S, = T,, and therefore OTP(b,) = {7}, for
n sufficiently large. m

3.2.4 Proof of Theorem 3.2.1

Recall that by Lemma 3.2.4 it suffices to prove that the set Ac \ NUc¢ is Fg-dense in
Ac. Fixb e Ac and € > 0. Let § > 0 and b” € Ac_s be obtained by Lemma 3.2.5. In
particular let by € Zy(K) be such that b” = nb; for some n > 0.

Fix T € OTP(b;) and let py,...,pn be obtained applying Lemma 3.2.12 to the
current 7. Observe that h depends on 7. Let k € N\ {0} be such that k > ko(«) given
by Proposition 3.2.13 and moreover hk~*C' < n~16. For n =1,2,..., let b, be obtained
as in (3.2.15), where b is replaced with b;. By (3.2.16), for every n we have

M(nba) = nM(bn) < 1(M(br) +hk™C) < n(n~(C = 8) +n~'6) = C.

Moreover, letting S,, € OTP(b,), by (3.2.18) we have M*(nS,) < M*(nT) < C — 4,
which allows to conclude that nb, € A¢ for every n € N\ {0}. By Proposition 3.2.13
we deduce that nb, € Ac \ NU¢ for n sufficiently large, and by (3.2.17), we have

FK(ﬁbn — b) < IFK(nbn — Ub]) + FK(b” — b) < 26,
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for n sufficiently large. By the arbitrariness of ¢ we finish the proof of the density
of Ac \ NU¢ and hence the proof of Theorem 3.2.1, concluding generic uniqueness of
optimal transport paths. 0



Bibliography

1]

2]

[10]

[11]

W. Allard, On the first variation of a varifold, in “Annals of Mathematics”, 95
(3), 417491, 1972.

W. Allard, On the first variation of a varifold: boundary behavior, in “Annals of
Mathematics”, 101 (3), 418-446, 1975.

F. Almgren, Some interior reqularity theorems for minimal surfaces and an exten-
sion of Bernstein’s theorem, in “Annals of Mathematics”, 84 (2), 277-292, 1966.

F. Almgren, Q-valued functions minimizing Dirichlet’s integral and the regularity
of area minimizing rectifiable currents up to codimension two, in “Bulletin of the
American Mathematical Society (N.S.)”, 8 (2), 327-328, 1983.

F. Almgren, Deformations and multiple-valued functions, in “Proceedings of Sym-
posia in Pure Mathematics”, 44, 29-130, 1986.

F. Almgren, Almgren’s Big Regularity Paper, World Scientific Monograph Series in
Mathematics, 1, World Scientific Publishing Co. Inc., River Edge 2000.

L. Ambrosio, Metric space valued functions of bounded variation, in “Annali della
Scuola Normale Superiore di Pisa - Classe di Scienze”, 17 (3), 439-478, 1990.

L. Ambrosio, C. De Lellis and T. Schmidt, Partial reqularity for area minimizing
currents in Hilbert spaces, in “Journal fiir die reine und angewandte Mathematik”,
734, 99-144, 2018.

L. Ambrosio and B. Kirchheim, Currents in metric spaces, in “Acta Mathematica”,
185, 1-80, 2000.

L. Ambrosio and P. Tilli, Topics on Analysis in Metric Spaces, Oxford Lecture
Series in Mathematics and its Applications, 25, Oxford University Press, Oxford
2004.

C. Bellettini and T. Riviere, The regularity of Special Legendrian integral cycles, in
“Annali della Scuola Normale Superiore di Pisa - Classe di Scienze”, 11 (5), 61-142,
2012.

113



114 Bibliography

[12] M. Bernot, V. Caselles and J.-M. Morel, Optimal transportation networks, Lecture
Notes in Mathematics, 1955, Springer, Berlin-Heidelberg 2009.

[13] M. Bernot and A. Figalli, Synchronized traffic plans and stability of optima, in
“ESAIM: Control, Optimisation and Calculus of Variations”, 14 (4), 864-878, 2008.

[14] R. Bohme and A. Tromba, The number of solutions to the classical Plateau problem
is generically finite, in “Bulletin of the American Mathematical Society”, 83 (5),
1043-1044, 1977.

[15] E. Bombieri, E. De Giorgi and E. Giusti, Minimal cones and the Bernstein problem,
in “Inventiones Mathematicae”, 7, 243268, 1969.

[16] A. Brancolini, G. Buttazzo and F. Santambrogio, Path functionals over Wasserstein
spaces, in “Journal of the European Mathematical Society”, 8 (3), 415-434, 2006.

[17] A. Brancolini and B. Wirth, Fquivalent formulations for the branched transport

and urban planning problems, in “Journal de Mathématiques Pures et Appliquées”,
106 (4), 695-724, 2016.

[18] A. Brancolini and B. Wirth, General transport problems with branched minimizers
as functionals of 1-currents with prescribed boundary, in “Calculus of Variations
and Partial Differential Equations”, 57, 82, 2018.

[19] L. Brasco, G. Buttazzo and F. Santambrogio, A Benamou-Brenier approach to
branched transport, in “SIAM Journal on Mathematical Analysis”, 43 (2), 1023—
1040, 2011.

[20] A. Bressan, S. Gatlung, A. Reigstad and J. Ridder, Competition models for plant
stems, in “Journal of Differential Equations”, 269 (2) 1571-1611, 2020.

[21] A. Bressan, M. Palladino and Q. Sun, Variational problems for tree roots and
branches, in “Calculus of Variations and Partial Differential Equations”, 59, 7,
2020.

[22] A. Bressan and Q. Sun, On the optimal shape of tree roots and branches, in
“Mathematical Models and Methods in Applied Sciences”, 28 (14), 2763-2801,
2018.

[23] G. Caldini and A. Marchese, Generic uniqueness of higher codimension area-
minimizing currents, in preparation.

[24] G. Caldini, A. Marchese and S. Steinbriichel, Generic uniqueness of optimal trans-
portation networks, preprint arXiv:2205.05023.

[25] A. Chambolle, L. Ferrari and B. Merlet, Strong approzimation in h-mass of rectifi-
able currents under homological constraint, in “Advances in Calculus of Variations”,
14 (3), 343-363, 2019.



Bibliography 115

[26]

[27]

[28]

[30]

[31]

[34]

[35]

[36]

[37]

S. Chang, Two-dimensional area minimizing integral currents are classical minimal
surfaces, in “Journal of the American Mathematical Society”, 1 (4), 699-778, 1988.

M. Colombo, A. De Rosa and A. Marchese, Improved stability of optimal traffic
paths, in “Calculus of Variations and Partial Differential Equations”, 57, 28, 2018.

M. Colombo, A. De Rosa and A. Marchese, Stability for the mailing problem, in
“Journal de Mathématiques Pures et Appliquées”, 128, 152-182, 2019.

M. Colombo, A. De Rosa and A. Marchese, On the well-posedness of branched
transportation, in “Communications on Pure and Applied Mathematics”, 74 (4),
833-864, 2020.

M. Colombo, A. De Rosa, A. Marchese, P. Pegon and A. Prouff, Stability of optimal
traffic plans in the irrigation problem, in “Discrete and Contintinuous Dynamical
Systems”, 42 (4), 1647-1667, 2022.

M. Colombo, A. De Rosa, A. Marchese and S. Stuvard, On the lower semicontinuous

envelope of functionals defined on polyhedral chains, in “Nonlinear Analysis”, 163,
201-215, 2017.

R. Courant, Dirichlet’s principle, conformal mapping and minimal surfaces, Inter-
science, New York 1950.

E. De Giorgi, Su una teoria generale della misura (r—1)-dimensionale in uno spazio
ad r dimensioni, in “Annali di Matematica Pura ed Applicata”, 36 (4), 191-213,
1954.

E. De Giorgi, Nuovi teoremi relativi alle misure (r — 1)-dimensionali in uno spazio
ad r dimenstoni, in “Ricerche di Matematica”, 4, 95-113, 1955.

E. De Giorgi, Frontiere orientate di misura minima, in Seminario di Matematica
della Scuola Normale Superiore di Pisa A.A. 1960-1961, Editrice Tecnico Scien-
tifica, Pisa 1961, 1-56.

E. De Giorgi, Una estensione del teorema di Bernstein, in “Annali della Scuola
Normale Superiore di Pisa - Classe di Scienze”, 19 (3), 79-85, 1965.

E. De Giorgi, Problema di Plateau generale e funzionali geodetici, proceedings of
Nonlinear Analysis - Calculus of Variations (Perugia 9-12 May 1993) in “Atti del
Seminario Matematico e Fisico dell’Universita Di Modena”, 43, 285-292, 1995.

C. De Lellis, The size of the singular set of area-minimizing currents, lectures given
at Conference on Geometry and Topology (Cambridge, MA 13-14 September 2014)
in “Surveys in Differential Geometry”, 21, 1-83, 2016.



116 Bibliography

[39] C. De Lellis, G. De Philippis, J. Hirsch and A. Massaccesi, On the boundary behav-
tor of mass-minimizing integral currents, to appear in “Memoirs of the American
Mathematical Society”.

[40] C. De Lellis, A. Marchese, E. Spadaro and D. Valtorta, Rectifiability and upper
Minkowski bounds for singularities of harmonic Q-valued maps, in “Commentarii
Mathematici Helvetici”, 93 (4), 737-779, 2018.

[41] C. De Lellis and A. Skorobogatova, in preparation.

[42] C. De Lellis and E. Spadaro, Q-valued functions revisited, in “Memoirs of the
American Mathematical Society”, 211 (991), 2011.

[43] C. De Lellis and E. Spadaro, Regularity of area minimizing currents I: gradient LP
estimates, in “Geometric and Functional Analysis”, 24, 1831-1884, 2014.

[44] C. De Lellis and E. Spadaro, Multiple valued functions and integral currents, in
“Annali della Scuola Normale Superiore di Pisa - Classe di Scienze”, 14 (5), 1239
1269, 2015.

[45] C. De Lellis and E. Spadaro, Regularity of area minimizing currents II: center
manifold, in “Annals of Mathematics”, 183 (2), 499-575, 2016.

[46] C. De Lellis and E. Spadaro, Regularity of area minimizing currents I11: blow-up,
in “Annals of Mathematics”, 183 (2), 577-617, 2016.

[47] C. De Lellis, E. Spadaro and L. Spolaor, Regularity theory for 2-dimensional almost
minimal currents II: Branched center manifold, in “Annals of PDE”, 3, 18, 2017.

[48] C. De Lellis, E. Spadaro and L. Spolaor, Regularity theory for 2-dimensional almost
minimal currents I: Lipschitz approximation, in “Transactions of the American
Mathematical Society”, 370 (3), 1783-1801, 2018.

[49] C. De Lellis, E. Spadaro and L. Spolaor, Regularity theory for 2-dimensional almost
minimal currents I11: Blowup, in “Journal of Differential Geometry”, 116 (1), 125-
185, 2020.

[50] G. de Rham, Relations entre la topologie et la théorie des intégrales multiples, in
“L’Enseignement mathématique”, 35, 213228, 1936.

[51] G.de Rham, Uber mehlfache Integrale, in “Abhandlungen aus dem mathematischen
Seminar der Hansischen Universitat”, 12, 313-339, 1937.

[52] G. Devillanova and S. Solimini, On the dimension of an irrigable measure, in
“Rendiconti del Seminario Matematico della Universita di Padova”, 117, 1-49,
2007.



Bibliography 117

[53]

[54]

[55]

[56]

[59]

[60]

[61]

U. Dierkes, S. Hildebrandt and F. Sauvigny, Minimal Surfaces, Grundlehren der
mathematischen Wissenschaften, 339, Springer, Berlin-Heidelberg 2010.

J. Douglas, Solution of the problem of Plateau, in “Transactions of the American
Mathematical Society”, 33 (1), 263-321, 1931.

H. Federer, Some theorems on integral currents, in “Transactions of the American
Mathematical Society”, 117, 43-67, 1965.

H. Federer, The singular sets of area minimizing rectifiable currents with codimen-
sion one and of area minimizing flat chains modulo two with arbitrary codimension,
in “Bulletin of the American Mathematical Society”, 76 (4), 767-771, 1970.

H. Federer, Geometric measure theory, Classics in Mathematics, Springer, Berlin-
Heidelberg 1996.

H. Federer and W. Fleming, Normal and Integral Currents, in “Annals of Mathe-
matics”, 72 (3), 458-520, 1960.

A. Figalli, X. Ros-Oton and J. Serra, Generic reqularity gf free boundaries for the
obstacle problem, in “Publications mathématiques de 'THES” | 132, 181-292, 2020.

W. Fleming, On the oriented Plateau problem, in “Rendiconti del Circolo Matem-
atico di Palermo”, 11 (1), 69-90, 1962.

M. Giaquinta, G. Modica and J. Soucek, Cartesian Currents in the Calculus of
Variations I, Ergebnisse der Mathematik und ihrer Grenzgebiete, 37, Springer,
Berlin-Heidelberg 1998.

E. Gilbert, Minimum cost communication networks, in “Bell System Technical
Journal”, 46 (9), 22092227, 1967.

S. Granlund and N. Marola, On a frequency function approach to the unique con-
tinuation principle, in “Expositiones Mathematicae”, 30 (2), 154-167, 2012.

R. Hardt and J. Pitts, Solving Plateau’s Problem for Hypersurfaces Without the
Compactness Theorem for Integral Currents, proceedings of Geometric Measure
Theory and the Calculus of Variations (Arcata, CA July 16-August 3 1984) in
“Proceedings of Symposia in Pure Mathematics”, 44, 255-259, American Mathe-
matical Society, Providence 1986.

F. Harvey and B. Shiffman, A characterization of holomorphic chains, in “Annals
of Mathematics”, 99 (3), 553-587, 1974.

J. Heinonen, P. Koskela, N. Shanmugalingam and J. Tyson, Sobolev classes of
Banach space-valued functions and quasiconformal mappings, in “Journal d’Analyse
Mathématique”, 85, 87-139, 2001.



118 Bibliography

[67] J. Hirsch, Partial Hélder continuity for Q-valued energy minimizing maps, in
“Communications in Partial Differential Equations”, 41 (9), 1347-1378, 2016.

[68] D. Joyce, Riemannian Holonomy Groups and Calibrated Geometry, Oxford gradu-
ate texts in mathematics, 12, Oxford University Press, Oxford 2007.

[69] S. Krantz and H. Parks, Geometric integration theory, Cornerstones, 8, Birkhauser,
Boston 2008.

[70] H. Lawson and R. Osserman, Non-ezxistence, non-uniqueness and irreqularity of
solutions to the minimal surface system, in “Acta Mathematica”, 139, 1-17, 1977.

[71] F. Maddalena, J.-M. Morel and S. Solimini, A wariational model of irrigation
patterns, in “Interfaces and Free Boundaries”, 5 (4), 391-416, 2003.

[72] A. Marchese, A. Massaccesi, S. Stuvard and R. Tione, A multi-material transport
problem with arbitrary marginals, in “Calculus of Variations and Partial Differential
Equations”, 60, 88, 2021.

[73] A. Marchese, A. Massaccesi and R. Tione, A multi-material transport problem and
its convez relaxation via rectifiable G-currents, in “SIAM Journal on Mathematical
Analysis”, 51 (3), 1965-1998, 2019.

[74] A. Marchese and B. Wirth, Approzimation of rectifiable 1-currents and weak-*
relaxation of the h-mass, in “Journal of Mathematical Analysis and Applications”,
479 (2), 2268-2283, 2019.

[75] G. Monge, Mémoire sur la Théorie des Déblais et des Remblais, in “Historie de
I’Académie Royale des Sciences”, 666704, 1781.

[76] J.-M. Morel and F. Santambrogio, The reqularity of optimal irrigation patterns, in
“Archive for Rational Mechanics and Analysis”, 195 (2), 499-531, 2010.

[77] F. Morgan, A smooth curve in R* bounding a continuum of area minimizing sur-
faces, in “Duke Mathematical Journal”, 43 (4), 867-870, 1976.

(78] F. Morgan, Almost every curve in R3 bounds a unique area minimizing surface, in
“Inventiones Mathematicae”, 45 (3), 253-297, 1978.

[79] F. Morgan, Generic Uniqueness for Hypersurfaces Minimizing the Integral of an
Elliptic Integrand with Constant Coefficients, in “Indiana University Mathematics
Journal”, 30 (1), 29-45, 1981.

[80] F. Morgan, Measures on Spaces of Surfaces, in “Archive for Rational Mechanics
and Analysis”, 78 (4), 335-359, 1982.

[81] C. Morrey, Second Order Elliptic Systems of Differential Equations, in “Proceedings
of the National Academy of Sciences”, 39 (3), 201-206, 1953.



Bibliography 119

[82]

[83]

[84]

[85]

[36]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

A. Naber and D. Valtorta, The singular structure and regularity of stationary
varifolds, in “Journal of the European Mathematical Society”, 22 (10), 3305-3382,
2020.

J. Nitsche, A new uniqueness theorem for minimal surfaces, in “Archive for Rational
Mechanics and Analysis”, 52 (4), 319-329, 1973.

E. Paolini and E. Stepanov, Optimal transportation networks as flat chains, in
“Interfaces and Free Boundaries”, 8 (4), 393-436, 2006.

P. Pegon, On the Lagrangian branched transport model and the equivalence with its
FEulerian formulation, in “Radon Series on Computational and Applied Mathemat-
ics”, 17, 281-303, 2017.

T. Radé, On Plateau’s Problem, in “Annals of Mathematics”, 31 (3), 457469,
1930.

T. Radé, Some Remarks on the Problem of Plateau, in “Proceedings of the National
Academy of Sciences”, 16 (3), 242-248, 1930.

Y. Reshetnyak, Sobolev-type classes of functions with values in a metric space, in
“Siberian Mathematical Journal”, 38 (3), 567-583, 1997.

Y. Reshetnyak, Sobolev-type classes of functions with values in a metric space. 11,
in “Siberian Mathematical Journal”, 45 (4), 709-721, 2004.

Y. Reshetnyak, To the theory of Sobolev-type classes of functions with values in a
metric space, in “Siberian Mathematical Journal”, 47 (1), 117-134, 2006.

T. Riviere, A lower-epiperimetric inequality for area-minimizing surfaces, in “Com-
munications on Pure and Applied Mathematics”, 57 (12), 1673-1685, 2004.

L. Schwartz, Généralisation de la notion de fonction, de dérivation, de transfor-
mation de Fourier et applications mathématiques et physiques, in “Annales de
I’Université de Grenoble”, 21, 57-74, 1945.

L. Simon, Asymptotics for a class of nonlinear evolution equations, with applications
to geometric problems, in “Annals of Mathematics”, 118 (3), 525-571, 1983.

L. Simon, Lectures on geometric measure theory, Proceedings of the Centre for
Mathematical Analysis, 3, Australian National University, Canberra 1984.

L. Simon, Rectifiability of the singular sets of multiplicity 1 minimal surfaces and
energy minimizing maps, proceedings of the Conference on Geometry and Topology
(Cambridge, MA 23-25 April, 1993) in “Surveys in Differential Geometry”, 2, 246—
305, 1995.



120 Bibliography

[96] J. Simons, Minimal varieties in Riemannian manifolds, in “Annals of Mathemat-
ics”, 88 (1), 62-105, 1968.

[97] S. Smirnov, Decomposition of solenoidal vector charges into elementary solenoids,
and the structure of normal one-dimensional flows, in “Algebra i Analiz”, 5 (4),
206-238, 1993.

[98] B. Solomon, A New Proof of the Closure Theorem for Integral Currents, in “Indiana
University Mathematics Journal”, 33 (3), 393418, 1984.

[99] E. Spadaro, Complex varieties and higher integrability of Dir-minimizing Q-valued
functions, in “manuscripta mathematica”, 132 (3-4), 415-429, 2010.

[100] E. Spadaro, Regularity of higher codimension area minimizing integral currents, in
“Publications of the Scuola Normale Superiore, CRM Series”, 17, 131-192, Edizioni
della Normale, Pisa 2014.

[101] E. Stein and G. Weiss, Introduction to Fourier analysis on Fuclidean spaces,
Princeton Mathematical Series, 32, Princeton University Press, Princeton 1971.

[102] C. Villani, Optimal Transport, Grundlehren der mathematischen Wissenschaften,
338, Springer, Berlin-Heidelberg 2009.

[103] B. White, Tangent cones to two-dimensional area-minimizing integral currents are
unique, in “Duke Mathematical Journal”, 50 (1), 143-160, 1983.

[104] B. White, The least area bounded by multiples of a curve, in “Proceedings of the
American Mathematical Society”, 90 (2), 230-232, 1984.

[105] B. White, A new proof of the compactness theorem for integral currents, in “Com-
mentarii Mathematici Helvetici”, 64, 207-220, 1989.

[106] B. White, The bridge principle for stable minimal surfaces, in “Calculus of Vari-
ations and Partial Differential Equations”, 2 (4), 405-425, 1994.

[107] B. White, The bridge principle for unstable and for singular minimal surfaces, in
“Communications in Analysis and Geometry”, 2 (4), 513-532, 1994.

[108] B. White, Rectifiability of flat chains, in “Annals of Mathematics”, 150 (1),
165-184, 1999.

[109] H. Whitney, Geometric integration theory, Princeton University Press, Princeton
1957.

[110] Q. Xia, Optimal paths related to transport problems, in “Communications in
Contemporary Mathematics”, 5 (2), 251-279, 2003.

[111] Q. Xia, Interior regqularity of optimal transport paths, in “Calculus of Variations
and Partial Differential Equations”, 20 (3), 283-299, 2004.



	Introduction
	Existence results
	Preliminaries
	The Federer-Fleming theory of integral currents
	Currents
	Existence for the generalized Plateau's problem

	Optimal branched transport theory
	The discrete model
	The variational formulation
	Existence for the optimal branched transport problem


	Regularity results
	Regularity theory for area-minimizing currents
	Area-minimizing currents in codimension one
	Area-minimizing currents in higher codimension

	Regularity theory for optimal transport paths

	Uniqueness results
	Generic uniqueness of minimal surfaces
	Generic uniqueness of higher codimension area-minimizing currents

	Generic uniqueness of optimal transport paths
	Finiteness of the set of minimizers for integral boundaries
	Perturbation argument
	Analysis of the possible topologies
	Proof of Theorem 3.2.1


	Bibliography

