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CHAPTER 1

Introduction

The theory of currents was developed during the 50’s in response to the difficulty of
solving via the classical parametric methods [Cou50| the Plateau problem for surfaces
of dimension higher than two in the Euclidean space. The first contributions to weak
notions of surfaces came from Caccioppoli [Cac52| and De Giorgi [DG54, DG55],
who developed the concepts of sets of finite perimeter and BV function and provided
existence of solutions to the minimal surface problem in codimension one. In their 1960
fundamental paper [FF60| Federer and Fleming presented the general theory of normal
and integral currents, solving the minimal surface problem in arbitrary dimension and
codimension.

Following an intuition of De Giorgi [DG95| the theory of currents has been extended
to nonsmooth spaces by Ambrosio and Kirchheim in [AKO0Oa|, where the duality with
smooth differential forms available in the Riemannian setting is replaced by the duality
with Lipschitz functions (see also [Lan1l| for a friendly exposition and a local variant
of the theory). This framework, available in a fairly general class of metric spaces,
allows to prove again existence of solutions to Plateau’s problem for integral currents,
and more generally the existence of mass-minimizing currents in a fixed homology class
(see [Wen07|). A general summary of these works is proposed in the first sections of
chapter

If we move from normal currents to flat currents with finite mass, other remarkable
extensions of the classical theory have been obtained among others by Fleming in [Fle66],
and White in [Whi99a, Whi99b|, dealing with Euclidean spaces and general group
coefficients, and by De Pauw and Hardt [DPH12|, dealing with general spaces and
general group coefficients at the same time. In particular the theory of flat G-chains
presented in [DPH12| relaxes the requirements on the metric space by isometrically
embedding E in larger Banach spaces. In this connection see also [AW11l, [AK11],
where coefficients in Z, are dealt with also in metric spaces, using the idea of taking the
quotients of integral currents.

In [DLO02|, De Lellis proved in the metric framework the rectifiability of the “lowest
dimensional part” of a flat chain with finite mass and real coefficients. As an example,
one might consider the distributional derivative Du of a BV function in R", that can
canonically be viewed as a flat (n — 1)-dimensional current with finite mass. In this case
only the restriction of Du to the so-called jump set of u provides a (n — 1)-rectifiable
measure, while the remaining part of Du might be diffuse.

In chapter [2] we further generalize the aforementioned results with the introduction
of a new quantity called size, motivated by the definition of a Mumford-Shah energy
in higher codimension, introduced in chapter [} This size quantity, which essentially
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is the Hausdorff measure of the set where the lower dimensional part of the current is
concentrated, needs to be defined for general currents with possibly infinite mass. The
space of flat k-currents Fy(F) in the metric context, thoroughly presented in section
proves to be the right class to treat such general objects: in particular we show how
many useful properties enjoyed by normal currents extend to this larger space.

Section [2.6] is devoted to the definition of the concentration measure pr for flat cur-
rents and the size functional S(T") = pr(E), the main objects of our investigation. They
are defined through an integral-geometric approach that involves only the 0-dimensional
slices of the current which are required, in the case of finite size, to have a finite sup-
port (and, as a consequence, finite mass, according to Theorem . Then, we prove
lower semicontinuity of size with respect to flat convergence, obtaining in particular a
closure property for sequences of currents with equibounded size, Theorem In
the Euclidean setting different notions of size, constructed for instance by relaxation or
implementing the techniques of multiple valued functions, have been studied by several
authors, and can be found in [AIm86, DPHO03, Mor89, DLS11]| together with the
properties of currents satisfying suitable size bounds.

In Section we introduce a quantity G(T,T"), called hybrid distance, in the class
By (E) of flat boundaries with finite mass: it takes into account all representations 7' —
T' = 9(X + R), with X having finite mass and R having finite size. This results in
a smaller distance, compared to the classical one where no R term is present, which
allows to extend the BV estimates for the slice operator from currents with finite mass
to currents with finite size. Here we use the flexibility of these BV estimates, namely
the possibility to adapt them to several classes of “geometric” distances (see for instance
[PR11]). The distance G, though weaker than the classical flat distance, will be proved
to be still sufficiently strong to control the oscillations of the atoms of the slices. In
order to show the separability of (Bo(E),G), we will use some results from the theory of
optimal transportation in geodesic spaces, see for instance [AGS08).

Since we aim to prove a rectifiability result, we recall in Section [2.8] the concept of
rectifiable set and the main features of the theory of functions of bounded variation taking
values in metric spaces introduced in [Amb90b]. In particular we will extensively use
the concept of approximate upper limit of the difference quotient as a tool to measure the
slope of a function: along the lines of [AW11l, Whi99b| we can turn pointwise control
of this slope into Lipschitz estimates on a family of sets which exhaust almost all the
domain (see Theorem for the precise statement).

The new main result regarding flat chains with finite size is described in the following
rectifiability Theorem, proved in Section of chapter

THEOREM (Rectifiability of currents of finite size). For every flat current T €
F1.(E) with finite size the measure pr is concentrated on a countably % -rectifiable set.
The least one, up to F*-null sets, is given by

B,
set(T):=qz e E: limsuka(x)) >0p.
rl0 r

This result is established first for 1-dimensional currents, and then extended to the general
case via an iterated slicing procedure, along the lines of [AW11l, [Whi99b| but using
the distance G adapted to our problem. This rectifiability property is accompanied, in
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the Section by a comparison between pr and % set(T). Similarly to [AK0Oal,
AKOODb|, we are able to describe the density A(x) of ur with respect to J#* set(T)
in terms of the geometry of the approximate tangent space Tan(k)(set(T),:U). In the
Euclidean case, the factor X is equal to 1.

The results obtained in the first chapter allow to study the fine properties of properly
integrable Sobolev maps u : 2 C R™ — R", via the concept of distributional jacobian,
which can be interpreted as a flat current of dimension m—n > 1. The space BV of func-
tions of bounded variation, consisting of real-valued functions u defined in a domain of R™
whose distributional derivative Du is a finite Radon measure, may contain discontinuous
functions and, precisely for this reason, can be used to model a variety of phenomena,
while on the PDE side it plays an important role in the theory of conservation laws
[Daf10, Bre00|. In more recent times, Ambrosio and De Giorgi introduced the distin-
guished subspace SBV of special functions of bounded variation, whose distributional
derivative consists of an absolutely continuous part and a singular part concentrated on
a (m — 1)-dimensional set, called (approximate) discontinuity set S,. See [AFPO00| for
a full account of the theory, whose applications include the minimization of the classical
Mumford-Shah functional [MS89| and variational models in fracture mechanics. In a
vector-valued setting, also the spaces BD and SBD play an important role, in connec-
tion with problems involving linearized elasticity and fracture (see also the recent work
by Dal Maso on the space GSBD [DM11]).

It is well know that | Du| vanishes on #"~1-negligible sets, hence BV and all related
spaces can’t be used to describe singularities of higher codimension. For this reason,
having in mind application to the Ginzburg-Landau theory (where typically singularities,
e.g. line vortices in R® have codimension 2, [SS07]) Jerrard and Soner introduced in
[JS02| the space B,V of functions of bounded higher variation, where n stands for the
target dimension: roughly speaking it consists of Sobolev maps u : @ — R"™ whose
distributional Jacobian Ju (well defined, at least as a distribution, under appropriate
integrability assumptions) is representable by a vector-valued measure: in this case the
natural vector space is the space A,,—,R™ of (m — n)-vectors. Remarkable extensions of
the BV theory have been discovered in [JS02], as the counterpart of the coarea formula
and of De Giorgi’s rectifiability theorem for sets of finite perimeter. Even before [JS02],
the distributional jacobian has been studied in many fundamental works as [Mor66,
Bal77, (GMS98, |Sves8, MS95| in connection with variational problems in nonlinear
elasticity (where typically m = n and u represents a deformation map), e.g. to model
cavitation effects.

As a matter of fact, since Ju can be equivalently described as a flat (m — n)-
dimensional current, an important tool in the study of Ju is the well-developed machinery
of currents, both in the Euclidean and in metric spaces, see [Fed69), [Fle66, [AKO00a,
Whi99b|. The fine structure of the measure Ju has been investigates in subsequent
papers: using precisely tools from the theory of metric currents [AKO0Oa|, De Lellis in
IDLO2| characterized Ju in terms of slicing and proved rectifiability of the (measure
theoretic) support S, of the (m —n)-dimensional part of Ju, while in [DLG10] De Lellis
and the author characterized the absolutely continuous part of Ju with respect to £ in
terms of the Sobolev gradient Vu. Also, in [DLO02| the analog of the space SBV has been
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introduced, denoted SB,V: it consists of all functions © € B,V such that Ju = R+ T,
with ||R|| < £™ and ||T|| concentrated on a (m — n)-dimensional set.

The main goal of chapter [3]is to study the compactness properties of SB,, V. Even
in the standard SBV theory, a uniform control on the energy of Mumford-Shah type

/ lunl® + [Vupl? dL™ + 27 (S,,)

(with s > 0, p > 1) along a sequence (up) does not provide a control on Duy,. Indeed,
only the /™ l.dimensional measure of S,, does not provide a control on the width
of the jump. This difficulty leads [DGAS89]| to the space GSBV of generalized special
functions of bounded variation, i.e. the space of all real-valued maps u whose truncates
(=N)VuAN are all SBV. Since both the approximate gradient Vu and the approximate
discontinuity set .S,, behave well under truncation, it turns out that also the energy of
uhN := (= N)VupAN is uniformly controlled, and now also \DuhN |; this is the very first step
in the proof of the compactness-lower semicontinuity theorem in GSBYV', which shows
that the sequence (uy) has limit points with respect to local convergence in measure,
that any limit point u belongs to GSBV, and that

/ uf* + |Vl dm < limhinf/ lup|* + [Vup|P d2™,
28, < lim inf A (S,,).
In the higher codimension case, if we look for energies of the form
/ [uf* + [ValP + [MVulY dL™ + 27 (S,) (1)

(with 1/s+(n—1)/p <1,y > 1) now involving also the minors M (Vu) of Vu, the same
difficulty exists, but the truncation argument, even with smooth maps, does not work
anymore. Indeed, the absence of S, namely the absolute continuity of Ju, may be due
to very precise cancellation effects that tend to be destroyed by a left composition, thus
causing the appearance of new singular points (see Example and the subsequent
observation). Also, unlike the codimension 1 theory, no “pointwise” description of S, is
presently available.

For these reasons, when looking for compactness properties in SB,V, we have been
led to define the space GS B,V of generalized special functions of bounded higher variation
as the space of functions u such that Ju is representable in the form R + T, with R
absolutely continuous with respect to £ and T having finite size, according to the
theorems contained in chapter [2 (in the same vein, one can also define GB,V, but
our main object of investigation will be GSB,V). In particular, for u € GSB,V the
distribution Ju is not necessarily representable by a measure. The similarity between
GSBV () and GSB,V () is not coincidental, and in fact we prove that in the scalar
case n = 1 these two spaces are essentially the same; on the contrary for n > 2 their
properties are substantially different. In order to study the 7" part of Ju, which might
possibly have infinite mass, we use the rectifiability Theorem [2.9.1]

The chapter is organized as follows: after posing the definition of distributional ja-
cobian, and present some key examples of singular maps, we briefly review in section [3.2]
the space B,V studied in [JS02, DLO02, [DLO3| and present the pointwise description
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of the absolutely continuous part of Ju obtained in [Miil90, [DLG10]. We proceed to
the analysis of the crucial slicing Theorem [3.2.9] and it application to the SB,V closure
Theorem [3.2.11] In section [3.3 we define our new space of functions GSB,V and show its
simplest properties. The main result of the chapter is presented in section [3.4] where with
the help of the slicing theorem we will generalize to our setting the compactness theorem
of GSBV, as well as the closure theorem in SB,V due to De Lellis in [DL02, [DLO03].
We apply the compactness theorem for GSB,V functions to show the existence of
minimizers for a general class of energies that feature both a volume and a size term.
More precisely we look at energies involving an unknown function as well as a set:

Au, K;Q) = f(z,u, MVu) dx—l—/ gd™ ",
Q\K QNK
Here  C R™ is a bounded open set of class C', u € C*(Q \ K,R"), MVu is the
vector of minors of Vu of every rank and K is a sufficiently regular closed set. The
main novelty in this type of energies with respect to the classical Mumford-Shah energies
IMS89, [AFP00, DGCL89, [Amb90al, Dav05| is the presence of a “free discontinuity”
set of codimension higher than one.

The model problem is a new functional of Mumford-Shah type that we introduce
in section of chapter {4, in the spirit of [DGCL89|. The study of this family of
energies stems from some problems in image restoration and denoising, whose study
culminated in the groundbreaking paper [MS89| where the authors introduced a new
functional which became universally known as the Mumford-Shah functional. A rigorous
variational treatment of the minimization problem was undertaken in [DGCL89]|, where
the existence of minimizers and their regularity is addressed.

The main idea, in the special case m = n, is that u is a vector-valued map regular
outside a finite number of points where the map covers a set of positive measure, thus
imposing a singularity to its jacobian. The functional penalizes maps with an excessively
large area factor M, Vu = det Vu as well as the creation of too large singular sets S,.
Note that the p-th power of the gradient helps smoothing possible wild oscillations of w,
however if p < n the map might still have a singular jacobian.

As a motivation for the study of such energies involving weak notions of area defor-
mation we recall the many results obtained in nonlinear elasticity, where the deformation
u of a material is driven by the energy minimization of a functional depending on the
minors of Vu. The groundbreaking work |[Bal77| has been followed by a rich litera-
ture, where several theories treating possible formation of fractures and cavitations are
described, see [MS95, [GMS98, [ADM94, Sve88, FH95].

We analyse the minimization of , provided by Theorem together with suit-
able Dirichlet boundary conditions, in the first section of the chapter: we also address the
problem both in the interior and in the closure of Q. In particular in section [£.2] we show
that minimizers must be nontrivial (i.e.: S, # ), at least for suitable boundary data;
we also compare our choice of the energy with the classical p-energy of sphere-valued
maps, see [GMS98, HLW98|, BCL86|. We present also some calculations related to
this specific non-triviality property, implying a density lower bound for the singular set
Suy:

(S, N Br(xp))

r,'-’rI’L*TL

>60>0 for every » < rp and x € S,.

Wm—n
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This property, far from being straightforward, whenever proved would be the first step
in the analysis of the regularity of minimizers, compare [DMMS92, DGCL89|. Un-
fortunately we are not able to prove such important result for general boundary data.
Regarding the problem in Q the higher codimension of the singular set allows concen-
tration of the jacobian at the boundary, providing some interesting examples that we
briefly include in section The dependence of the jacobian Ju on the boundary values
is analysed, and under weak summability assumptions on the trace we are able to prove
a generalization of Stokes’ Theorem for jacobians. Similar variational problems in the
framework of cartesian currents [GMS98| have been considered in [Muc10], where the
author proves existence of minimizers in the set of maps whose graph is a normal cur-
rent. The boundaries of these graphs are assumed to have equibounded mass and enjoy a
decomposition into vertical parts of integer dimension, inherited from general properties
of integral currents, which relates to the space B,V. Our result avoids however such
stringent finiteness hypothesis which does not seem to be a consequence of the finiteness
of the energy.

In the final chapter |5 we show how the Mumford-Shah energy can be approxi-
mated, in the sense of I'-convergence, by a family of functionals defined on maps with
absolutely continuous jacobian, a result presented in [Ghil3| following the literature
[AT90, [AT92, ABOO05, MMT77al. We are concerned with the simpler energy

B(u,Q) = / IVl + | My Vuldz + 0. N Su)
Q

defined for maps v € GSB,V (). We are motivated by the centrality of the distri-
butional jacobian in the literature of Ginzburg-Landau problems, where the defects of
constrained Sobolev maps are detected via the appearance of a singularity in Ju, and
where approximation results similar to ours have been obtained, see [BBH94, [ABOO03|,
ABOO05, [SS07, DF06, [GMS98|.

The variational approximation of E will take place via I'-convergence by (asymptoti-
cally degenerate) elliptic functionals E., in the spirit of [AT90), [AT92|. These densities,
being absolutely continuous, are easier to handle from the numerical viewpoint. Sim-
ilarly to the scalar Mumford-Shah functional, we are able to approximate the defect
measure, which is singular, via a family of bulk functionals (although not uniformly el-
liptic), a phenomenon already outlined in the pioneering papers by Modica and Mortola
IMMT77a, MMT77b|. Our choice of approximating functionals is

w1 —v)d

e, (2)

E.(u,v,Q) = / |VulP + (v + k)| M, Vu|"dz + / e Vo|? +
Q Q

and the limit takes place for ¢ — 0. Since we want to approximate the maps u €
GS B,V with functions u. possessing “better regularity”, is defined for maps u having
absolutely continuous jacobian. Moreover v plays the role of a control function for the
pointwise determinant M,,Vu, ranging in the interval [0, 1], and depends on the singular
set Sy; k. is an infinitesimal number apt to guarantee coercivity of FE.. The second
integral, referred to as the Modica-Mortola term because of the similarity with the phase
transition energies contained in [AT90|, contains a nonnegative convex potential W
vanishing in 0. The variable v dims the concentration of M (Vu): the price of the
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transition between 0 and 1 is captured by the Modica-Mortola term which detects (m—n)-
dimensional sets.

After a brief analysis on the existence of minimizers for F., we summarize in sec-
tion main properties of I'-convergence. In particular the fundamental Theorem for
such convergence yields:

(ue,ve) minimizes Fe, (ue,ve) — (u,v) = (u,v) minimizes E.

In section we analyse the asymptotic of the sequence (v.), in the case m —n = 0,
which is shown to converge towards a precise profile wg there studied. In particular
using a slicing argument the Modica-Mortola term concentrates around the singular set
Sy proportionally to its S~ ™"-measure.

The proof of the approximation will be carried out in two steps: first we show

liminf E. (ue, ve, Q) > E(u, Q)
e—0

whenever (u.,v:) — (u,1). This step is achieved first in codimension m —n = 0, where
Sy is a discrete set, and then generalized to every codimension with the help of the slicing
Theorem. The second part of the proof concerns the upper limit: here we construct (u.)
truncating the function u around the singularity 5, and we use the optimal profile wg to
build functions v. such that (ue,v:) — (u,1) and
lim sup E: (ue, ve, Q) < E(u, Q).
e—0

In order to make this construction we will assume a mild regularity assumption on the
singular set, namely

. L ({x € Q:dist(z, Sy) <r})
e 2B

In order to conclude the proof of the I'-convergence of E. to E we would need to know
the density in energy of the set of GSB,V maps satisfying . In the codimension 1
case this property was deduced by the regularity of minimizers of the Mumford-Shah
energy, for which a lower bound on the (m — 1)-dimensional density of the singular set
is available. The analogous density property as well as a regularity result for minimizers
of F is still under investigation.

In section [5.6] we prove an analog approximation result where we impose a fixed
boundary condition to both u and the approximating sequence (u.). In the case S,NOQ #
() then the transition made by v takes place partially outside the domain €2, which
translates in a loss of mass in the limit energy.

Finally in the last section we discuss a possible generalization to general Lagrangians,
featuring a polyconvex integrand for the bulk part and where the size term is weighted
by a continuous density. Growth and convexity assumptions will be crucial to extend the
results of the previous sections to this broader class of energies.

= (S, (3)



CHAPTER 2

Metric currents and rectifiable sets

In this chapter we present the general theory of currents in metric spaces. After recalling
in the first five sections the fundamental results obtained by Ambrosio and Kirchheim in
JAKOOa| and their relation with the Riemannian construction of currents [Fed69], we
will develop a rectifiability theory for chains of possibly infinite mass via the concept of
size, as in [AG13b]|. The use of purely metric tools will not prevent us from relating the
main theorems to the Euclidean setting, as in the last section where the size measure is
characterized.

2.1. Metric currents

In this chapter (E,d) will be a complete metric space, and starting from section
we will make the further assumption that F is a locally compact and length space, namely
that for every z,y € F it holds

d(z,y) = inf {L(v) : v € Lip([0,1], E),7(0) = z,7(1) = y}. (4)

Recall that the metric version of the Hopf-Rinow Theorem [BBIO1) 2.5.28| implies that
a complete and locally compact length space is boundedly compact, that is bounded
closed subsets of E are compact. As a consequence FE is separable; moreover the infimum
in is a minimum: for every pair of points in F there exists a Lipschitz curve of
minimal length connecting them. The symbol B(E) will wenote the o-algebra of Borel
subsets of E, and B*°(E) will be the space of real-valued bounded Borel functions.
M(FE) will be the space of nonnegative Borel measures on E. In a general metric space
without differentiable structure the maximum regularity we can ask for a function is to
be Lipschitz. We set Lip.(E), Lip,(E) and Lip,,.(E) to be respectively the spaces of
compactly supported, bounded and locally Lipschitz functions; moreover Lip, (E) will be
the space of 1-Lipschitz functions.

Recall the notions of k-dimensional Hausdorff (outer) measure: given B C E we let

k IR PR Wk : AL - di )
H(B) = lgiglnf {Qk zi:[dlam(BZ)] :BC LZJBz7 diam(B;) < (5} .

The upper and lower k-dimensional densities of a finite Borel measure p at x are respec-
tively defined by

*k — u(Br(z)) K o (Br(2)
0™ (u, ) = hn;foup ok O (p, ) :== h%%)nf ot
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Recall pointwise bounds on these densities imply a comparison between p and J#%: given
B e B(E)

O*(u,z) >t YereB = pu>t#"_B,
O*(u,x)<t YereB = pulLB<2¢% B.
Our test forms are be defined as follows:
DEFINITION 2.1.1. We let D*(E) denote the space of Lipschitz k-forms
(f,7,...,7%) € DX(E) := Lip,(E) x [Lip(E)]".

A metric current is a functional on k-forms: our definition slightly differs from the
original one in [AKO0O0a, 3.1|, since we do not require T to have finite mass yet.

DEFINITION 2.1.2 (Metric currents Dy (E)). A metric k-current T in E is a map
T:D*E)—-R

satisfying the following properties of multilinearity, continuity and locality:

(i) T is multilinear in (f,n* ,77’“), '
(ii) lim; (f, i) = (f, ,o oo, ) whenever w1 — w pointwise in E with
Lip(m}) < C,
(iii) (f,7r yoo o, ™) =0 if for some i € {1,...,k} the function ; is constant in a

neighborhood of {f # 0}.
The action of T on a form w will be interchangeably denoted by T(w) or (T, w).

We could replace the space D¥(E) by D¥(E) := Lip.(E) x [Lip.(F)]*, giving rise to
the space of local currents D, 1oc(F): according to [Lan11l, 2.1] the continuity assumption
(ii) needs to be changed in:

(i) lim; T(fi, w}, ..., 7F) = T(f,7,...,7%) whenever f; — f and 7Tj — 7/ point-

wise in F with Lip(f;), Lip(m ) < C and spt(f;) C K for some K € E.

We will not use this generalization in the sequel. The exterior differentiation in D¥(E)
is defined as

d(f, =", ..., 7" =@, f, 7, ..., 7" e DM(E).
Since Lipy(F) and Lip.(FE) are both algebras the exterior product between forms
(f?wlﬂ" * ’Wk) /\ (g’,r/l?' ° "nl) = (fg77rl"' * 77Tk7171"' * 7"7l)
is well defined in D*(E) and D¥(E).
DEFINITION 2.1.3 (Boundary). Let k > 1. The boundary of a current T € D

a (k — 1)-current defined as the adjoint of the exterior differentiation: 0T (w) :
for every w € DFY(E).

18

k(E)
T(dw)

PROPOSITION 2.1.4. If T is a current, then 0T is a current.

PROOF. The locality property (iii) is the only non-obvious one. We need to show that,
if f € Lip,(F) and (7!, 7') € Lip(E) x Lip(F)*~! and 7! is constant in a neighborhood
of spt(f) then

(1, f,=',7') =0.
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Assume that 7! is constant in a e-neighborhood of spt(f): let ¢ be this constant value.
It is easy to use the distance function to construct ¢ € Lip,(F) such that

e ¢y =1 in a §-neighborhood of spt(f);

e ¢ =0 in a $-neighborhood of {x! # c}.
Then by locality T'(1, f,nt, ') = T'(+, f, 7', 7’) because f is constant in a neighborhood
of 1 —4, and T'(¢, f, 7!, 7") = 0 because 7! is constant in a neighborhood of spt(z/). The
general case can be obtained by the continuity assumption (ii), approximating 7! with
the compositions Tr,ll =6, o', where

1 1
O (t) := min {¢ + 7> max {e,t — E}} :
77111 — 7! uniformly and with equibounded Lipschitz constants. O
Given two metric spaces E, F, ¢ € Lip(E,F) and w = (f,7',...,7"%) we let

P w = (fo¢,7rlo<b,...,7rko¢).
DEFINITION 2.1.5 (Push forward). The push forward of T € Dy(FE) via a Lipschitz
map ¢ € Lip(E, F) is defined as (p4T)(w) := T(¢p7w) for every w € D*(F).
Notice that the push-forward and the boundary operator commute.

DEFINITION 2.1.6 (Restriction). Let T € Di(E) and w = (g,7%,...,7™) for some
m < k. The restriction of T to w is defined as

(TLw)(f,nt, ... 7™ =T (fg, 7%, ..., 7™ =t .. 7b™™).
for every (f,n',...,7F=™) € DF"(E).
ExAMPLE 2.1.7. The functional
T:CR)x C}R) =R,  T(f )= (0)
cannot be extended to a metric current in R, since the continuity axiom fails.
We now introduce our first norm on the space of current: the mass.

DEFINITION 2.1.8 (Mass). We say that T' € Di(E) is a current of finite mass if there
exists a finite Borel measure p in E such that

k
st ) < [Tt () [ 1fld, (5)
=1

for every (f,n',...,7%) € Lip.(E) x [Lip(E)]*. The total variation of T is the minimal
W satisfying and is denoted by ||T||. As customary we let My(E) be the Banach space
of finite mass k-dimensional currents endowed with the norm M(T) := | T||(E).

By the density of Lip,(E) in L'(E, ||T||), which contains the space B> (E) of bounded
Borel functions, every T' € My(F) can be uniquely extended to k-forms in B*(E) x
[Lip(E)]*. Recall the following characterization of the mass measure as a supremum
among test forms: this property is essential to establish lower semicontinuity.

PROPOSITION 2.1.9 (Characterization of Mass, [AKQOal, 2.7]). A current T € Dy(E)
ha finite mass if and only if
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(a) there exists a constant M such that
o0
S T(fimt, 7 <M
=0

whenever Y, | fil <1 and Lip(n?) < 1;
(b) f = T(f,x', ..., %) is continuous along equibounded monotone sequences (fz),
i.e. sequences (f) C Lip,(E) such that (fn(x)) is monotone for every x € E,

sup{|fa(x)], = € B, h € N} < o

and the pointwise limit x — limy, fr(x) belongs to Lipy(E).
If T € My(FE) then for every Borel set B

oo

ITII(B)ZSHP{ZIT(XBi,W3>---7ﬂf)\}, (6)
i=0

where the supremum runs among all Borel partitions (B;) of B and all 1-Lipschitz maps

J

™

The proof of the following Theorem is contained of [AKO0O0al, 3.5| (see Proposition
2.4 of [Lan11] for the analogous statement for local currents). We remark that the proof
shows that every T € Dy (E) is alternating in the k-tuple (7', ..., 7%), even if it has not
finite mass. We therefore adopt the exterior algebra notations fdr' A --- A dx* and fdr
in place of (f,n!,...,@*).

THEOREM 2.1.10 (Product, chain rule and locality in My (E)). Let T € My(E) be
eatended to B®(E) x [Lip(E)]*. Then

e (product rule) T(fdm'A---Adr®)+T (xldf A---Adr*) = T (1d(fr')A- - - Adr*)
whenever f,mt € Lip,(E);

e (chain rule) T (fdy!(m)A---AdyF(m)) = T(f det Vop(m)dm'A- - -Adm*) whenever
Y € C1(R*, RF) N Lip(R*, R¥);

e (locality) T(fdm' A--- Adr*) = 0 if {f # 0} = U;B; with B; Borel and '
constant on B;.

The strengthened locality property allows to extend the restriction operator to forms
gdr with ¢ € B¥(E) and 7 € [Lip(E)]*: in particular given a Borel set B we let
TLB:=TLxp.

ExXAMPLE 2.1.11. Among the simplest finite mass currents we find the following:
given a € E and v € Lip([0, 1], E') we let

[a] € Do(E).  [al(f) = (a),
1
4 [0.1] € DI(E), 4]0, 1](fdm) = /0 Fr() (0 )/ (1) dt.

An important example of finite mass metric current in the Euclidean space is the
following:
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EXAMPLE 2.1.12. Any function g € L'(R™) induces a top dimensional current [g] €
M,,,(R™) given by

(B g)(fdr' A--- A drt) ;_/

By Hadamard’s inequality |det(vi,...,vm)| < [i%; |vi| we have that E™ L g € M,,(R™)
and [|[E™L g|| = |g|-£™; moreover the continuity property is ensured by the w*-continuity
of determinants of maps in W1 (Reshetnyak’s theorem, see [Dac08, (GMS98]). More
generally given k <m, g € L'(R™) and 7',...,7" % € Lip(R™) we can construct

gfdrt, A Ada™ _/ gf det Vr de.

m m

(E™Lgdrt A---Adr™ F)(fdrt A AdrF) = fgdrt A+ ANdr™F AdTt A A da
Rm

In dimension m = 2 the previous example is optimal: for f € B>®(R?) and 7!, 72 ¢
Lip(R?) N C*(R?) the functional
T(f, 7', 7% ::/ fdetVmdu
RQ

satisfies the continuity axiom (ii) only if u < #2. This follows from a deep result on
null sets in the plane by Preiss:

THEOREM 2.1.13 (Preiss). If u is a finite Borel measure not absolutely continuous
with respect to £, then there exists a sequence of maps g, € Lip;(R?, R?) N C1(R% R?)
such that Lip(gn) < C, gn — g pointwise where g(z,y) = (z,y) and

lim/ det Vg, dp < pu(R?).
h JRr2

It is still unknown if this theorem can be generalized to higher dimensions. We remark
that for m = 1 there is an easy proof: is p is singular with respect to .Z?, let
gn(t) =t = L (Ap N (=00, 1)),

where Ay is a sequence of open sets such that .Z'(A;) — 0 and A contain a Lebesgue
negligible set where p is concentrated.

Conversely we have the following description of top dimensional finite mass currents
in the Euclidean space:

PrOPOSITION 2.1.14 (JAKOOa, 3.8]). A current T € M,,(R™) is representable as
E™L g for some g € LY(R™) if and only if ||T| < £L™.

In light of the Preiss’ Theorem and the subsequent example if k& = 1,2 then every
finite mass current T has an absolutely continuous total variation ||T°]].
The space Di(FE) can be endowed with a weak* topology:

DEFINITION 2.1.15 (Weak™* convergence of currents). We say that a sequence (Ty) C
Di(E) converges to T € D(E) if

liinTh(fdwl Ao Adrk) =T(fdx' A--- A dr®)

for every fdm' A --- Adr* € D¥(E). Weak* convergence is denoted by Tj, = T.
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Given an open set A the map T +— ||T||(A) is lower semicontinuous with respect to
the weak™ convergence, since by Proposition m applied to T'L A we can write

oo o0
[T (A) = sup {Z T (fidmi)|, > 1fil < xa, supLip(r]) < 1} :
=0 i=0 i
Recall that the existence of the pointwise limit does not automatically give a metric
current, since the continuity property (ii) in Definition would require the sequence
(T, L f) to be equicontinuous on bounded subsets of [Lip(E)]* for every f € Lip,(E),
while the second condition in Proposition would require for (Tj,l dm) the same
property on bounded subsets of Lip,(E) for any fixed 7 € Lip(E)*. We remark that
in the notations of [AKO0Oa| this convergence is called weak, while when E is a w*-
separable Banach space weak® convergence denotes pointwise convergence against k-
forms fdr € DF(E) with f,7 w*-continuous. For metric currents induced by L'(R™)

functions in R™ like in Example we underline the following:

fr — f weakly in L' = E™Lf, ~E™Lf.
Let us recall the definition of supremum of a family of measures.

DEFINITION 2.1.16. Let {p;}ier be a family of Borel positive measures on E. Then,
for every Borel subset of E, we define

\/ wi(B) = sup {Z wi(B;) : B; pairwise disjoint and Borel, U B; = B} , (1)
i€l ied icJ

where J runs through all countable subsets of I.

The set function \/,c; it; is a Borel measure, and it is finite if and only if there exists
a finite Borel measure ¢ > u; for any i¢. Notice that in it would be equivalent to
consider finite partitions of B into Borel sets By, ..., By.

Finally we present a technical lemma, whose proof can be found in [AKO0Oal 5.4]:

recall that E begin boundedly compact, the closed balls By(zp) are compact, hence
every finite mass current is concentrated on a o-compact set.

LEMMA 2.1.17. Let T € My(E): there exists a countable set D C Lip;(FE) N Lipy(E)
such that

T = \/ |TLdx]|.
weD

2.2. Normal currents

In this section we outline the main property of the class of normal currents, which
together with the theory rectifiable sets and currents exposed in the following sections
provide the main compactness Theorem in the solution of Plateau’s problem.

DEFINITION 2.2.1 (Normal currents). We let Ny (E) be the subspace of normal cur-
rents:

Ni(E), endowed with te norm M(T) + M(9T) is a Banach space.
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Similarly to Example 2.1.12] and Proposition 2.1.14] we have the following character-
ization of top dimensional normal currents in R™:

ProposITION 2.2.2 (JAKO0O0a, 3.7]). For any T € N, (E) there exists a unique
g € BV(R™) such that T = E™L_g. Moreover ||0T|| = |Dg|.

Moreover the total variation of a normal k-current does not charge #*-null sets:

THEOREM 2.2.3 ([AKO00al 3.9]). Let T € Ni(E) and let N € B(RF) be a L*-
negligible Borel set. Then

|TLdr|(m7'(N)) =0  Vx € Lip(E,R").
Moreover ||T|| vanishes on Borel s*-null subsets of E.
PROOF. Let L :=n1(N) and f € Lip,(E): since
(TLdm)(fxe) = TL(fdm)(xr) = m4(TL f)(xnda' A--- A da®)

and 4 (TL f) € Ny (R¥), we obtain by Proposition (TLdm)(fxr) =0.If L € B(E)
s A %-null and 7 € Lip(FE,R¥) then 7(L) is contained in a Borel .#*-negligible set
N C RF, hence |TLdr||(L) < [|[TLdr|(r~'(N)) = 0. Taking into account () we have
the thesis. O

The following Proposition shows the equicontinuity property of normal currents with
equibounded norm:

PROPOSITION 2.2.4 (JAKOOaQ, 5.1]). Let T € Ny (E): the following estimate

[ T(fdm) = T(f,dr")] S;/EIMW - \dH(?THJrLIID(J”)/E\Tr — = d|T]

holds whenever f,n', 7" € Lip(E) and Lip(r*) < 1, Lip(7"%) < 1.
PROOF. Assume f,, " are bounded and set dmg := dm? A --- A dr®. Then
T(fr' Admg) — T(fdn' A dmg)
= T(1d(fr') A dmy) — T(1d(fr'") A dmg) — T(xtdf A dmg) + T(x" df A dmg)
= OT(frtdmo) — OT(fr' dmo) — T(wtdf A dmo) + T(x' df A dmy),

hence using the locality property |T'(fm! A dmg) — T(fdn'* Admp)| can be estimated with

/E Fllat = 21d|OT| + Lip(f) /E e — 21| 7.

Repeating the same argument for the other £ — 1 components we obtain the desired
estimate. In general the boundedness hypothesis can be discharged by the continuity
property of T" and OT'. O

The equicontinuity property just stated yields the main compactness Theorem for
normal currents:
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THEOREM 2.2.5 (Compactness, [AKO00a, 5.2]|). Let (1) C Ny(E) be a bounded
sequence and assume that for every p > 1 there exists a compact set K, C E such that

IThl[(EN Kp) + [OTh|[(E\ ) <119 Vh e N. (8)

Then there exists a subsequence (Ty(,)) weak™ converging to some T' € Ny (E) satisfying

o (0.9}
ITI(EN | &) + 10T ((E\ | Kp) = 0.
p=1 p=1
PRrROOF. The proof follows a classical argument of extracting via a diagonal process
a subsequence pointwise converging on a dense set, and then using equicontinuity to
deduce the full convergence. Up to the extraction of a subsequence we can assume that
there exist finite measures p, v € M(E) such that

1Tl =y 1OTH] = v

weakly™ in the sense of measures. It is not difficult to see that (u+v)(E\ U, Kp) = 0.
We first show that (7},) has a pointwise converging subsequence (Tj(,)): to this aim by
a diagonal argument we only need to check that for any integer ¢ > 1 there exists a
subsequence (T},y)) such that

Hmsup |Tj,(n) (fdm) — Thmy (fdm)| <
m,n— 00
whenever fdr € DF(E), |f| < ¢, Lip(f) < 1 and Lip(n?) < 1. To this extent by the
equi-tightness expressed by we can truncate with a compactly supported Lipschitz
function g so that

QW

1
sup M(Thn) — Thin) L g) + M(O(Th(ny — ThinyL 9)) < Z

and prove the asserted convergence for (Tj,)Lg)(fdm). Let D C Lipy(U, Kp)) be
a countable set dense for the uniform Convergence then there exists a subsequence

Th(ny such that Ty, L g(fdm) converges whenever f,ml,...,7% € D. We claim that

ThnyL g(fdr) converges whenever f,ml, ..., 7% € Lip;(E): in fact for any f,7L ... w7k

we can use Proposition to obtain
limsup |Tpn) L g(fdm) = Th(my L g(fdm)| < 2 li]rlnsup Tl g(fdm) — Thlg(fd7)]
— 00

m,n— 00

k
< limsup )~ [E (IF] + Dl = #[d[ITLgll + [9(ThLg)l] + /E 1 = fldIThLg]
—oo T

<Z/

sptg

(Ifl+ 1)’ —frlldlﬂr/(|f|+1)\g\l7r —ﬁl\dV++/ |f = Fllgl dps.

Since f, 7" are arbitrary, this proves the convergence of Thny L g(fdm).

Since T,ny(w) converge to T'(w) for any T' € DF(E), T satisfies conditions (i) and
(iii) in Definition [2.1.2] Passing to the limit n — oo in the definition of mass we obtain
that both T" and 0T have finite mass, and that ||T'|| < p, ||0T|| < v. In order to check the
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continuity property (ii), by the finiteness of mass we can suppose that spt(f) is compact:
passing to the limit as h — oo in Proposition [2.2.4] we get

k
T(fdr) —T(fdr")| < 7t — 7' du + Li 7t — 7' dv,
T(fdr) — T(fdn")| ;[Em\ |d p(f)/spt(f)! |

whenever Lip(7?) < 1, Lip(n’") < 1. This estimate yields the continuity property. O
The following slicing Theorem will be crucial in the definition of currents of finite
size:

THEOREM 2.2.6 (Slicing, [AKO00al 5.6|,|[Fed69] 4.2.1]). Let T € Ni(E), £ < k and
7 € Lip(E, RY).

e There exist a weak*-measurable map R® 3 x — (T, 7, z) € Ny_¢(E) such that

(T,7,x) and O(T,7,x) are concentrated on 7w '(x); (9)
/ (T, m,x)p(z)de =TL(Yonm)dn Vi € Lip,(E); (10)
R¢

17 adlde = | T L] ()

o if { =1 then for £ -almost every t it holds:
(T, 7, t) = 0(T 1 {m < t}) — (OT) L {m < t}.

We will sometimes write T,, = (T, 7, z) to shorten the writing and to emphasize the
dependence of the slice on the variable x. Several properties of the slices of a normal
current will be outlined in section directly for flat currents. Remark finally that if
LM Ap € My(R™) is a finite mass current for some p € L*(R™, AyR™), and 7 : R™ — R¥
is an orthogonal projection, then by Fubini’s theorem the slices are simply the restrictions
of the current to vectorfields tangent to the fiber, i.e.:

(LA p,my ) =" a7 () A (pLdr) (12)

for Z*-almost every = € R,

2.3. Rectifiable sets and currents

This section is devoted to the presentation of rectifiable sets and currents in the metric
context. Such class of currents is the closest one to the classical concept of submanifold,
because its elements are indeed concentrated on rectifiable sets of dimension equal to
the dimension of the current. Key compactness properties connected with the slicing
theorem allow to prove the existence of minimal area (or more generally minimizers
of parametric functionals).

2.3.1. Rectifiable sets. We begin by recalling the definition of countably J#*-
rectifiable set:
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DEFINITION 2.3.1 ([Fed69]). A #*-measurable set &> C E is called countably *-
rectifiable if there exist countably many sets A; C R* and Lipschitz maps fi+Aj = FE
such that

A5 S\ f4) ] =o. (13)

For k = 0 we define a countably 7#°-rectifiable set to be a finite or countable set.

We recall that since E is complete and boundedly compact, the sets A; can be
assumed to be closed or compact; moreover one can suppose that the images f;(A4;) are
pairwise disjoint (see [Kir94, Lemma 4|).

In order to prove a rectifiability result it is often necessary to prove that a certain
parameterization function is Lipschitz. Among the many ways to measure the slope of
a function, the following notion is quite flexible, since it is local and behaves well under
slicing:

DEFINITION 2.3.2. Let A C R* Borel and f : A — E a Borel map. For x € A we
define 0, f as the smallest N > 0 such that
d(f (), f(x))
r

1
lim —2*({y € AN B,(z) :

i - > N}) =0.

This definition is a simplified version of Federer’s definition of approximate upper limit
of the difference quotients, where |y — x| is replaced by r in the denominator. The
next theorem, proved in [AW11] Theorem 5.1] (actually a simplified version of [Fed69,
Theorem 3.1.4]), is the weak version of the total differential theorem that implements
the local slope 4, f defined above instead of the classical differential:

THEOREM 2.3.3. Let A C R* Borel and f : R¥ — E be Borel.

(i) Let k = n+m, x = (z,y), and assume that there exist Borel subsets Ay, As
of A such that 0.(f(-,y)) < oo for all (z,y) € A1 and §y(f(2,)) < oo for all
(2,9) € As. Then 6,f < oo for L*-a.e. x € A; N Ay;

(ii) if 0o f < oo for L*-a.e. x € A there exists a sequence of Borel sets B, C A
such that L*(A\ U,By,) = 0 and the restriction of f to B, is Lipschitz for all
n.

PROOF. For real-valued maps this result is basically contained in [Fed69, 3.1.4], with

slightly different definitions: here, to simplify matters as much as possible, we avoid to
mention any differentiability result.
(i) By an exhaustion argument we can assume with no loss of generality that, for some
constant N, 6,f < N in Ay and §,f < N in Ay. Moreover, by Egorov theorem (which
allows to transform pointwise limits, in our case as r | 0, into uniform ones, at the
expense of passing to a slightly smaller domain in measure), we can also assume that

d(f(z,v'), f(z,9))

r

1
lim —.2™({y' € B["(y) :

m > N}) =0 uniformly for (z,y) € Ao.
T r

(14)




2.3. RECTIFIABLE SETS AND CURRENTS 18

We are going to show that d,f < 2N Z*-a.e. in A; N As. By the triangle inequality, it
suffices to show that

lim —2*({(',4/) € By((,9)) -

d(f(Z/,y)7f<Z7y)) > N}) =0 (15)

and

d(f(,y), f(z',9))

r

lim ~ 2% ({(',y/) € B,((.9)) - > N}) =0 (16)

for Z*-ae. (z,y) € Ay N Ay. The first property is clearly satisfied at all (z,y) € Ay,
because the sets in are contained in

(2 € B,(2) : d(f(z/’yi’f(z’y)) > N} x B,(y).

In order to show the second property we can estimate the quantity therein by
L™ (B (y)L™ (B (2))

pm+n ’

i igm({y/ c Br(y) . d(f(zlay/)vf(zlvy)) > M}) dZ,+

n m
T Bl(z) r r

where Bl(z) = {2/ € B.(2) : (#',y) € A2} and B2(2) := B,(2) \ B}(2). If we let | 0,
the first term gives no contribution thanks to ; the second one gives no contribution
as well provided that z is a density point in R" for the slice (As), := {7z : (y,2’) € Aa}.
Since, for all y, £"-a.e. point of (Az), is a density point (Asz),, by Fubini’s theorem we
get that Z*-a.e. (y,2) € Ay has this property.

(ii) Let eg € E be fixed. Denote by Cy the subset of A where both 4, and d(f,eq) do not
exceed N. Since the union of Cy covers Z*-almost all of A, it suffices to find a family
(B,,) with the required properties covering .Z*-almost all of Cly. Let Xz be a geometric
constant defined by the property

LF(Blyy—a9) (1) N By, gy (12)) = XL (Bl —1/(0)).

We choose B,, C C and 7, > 0 in such a way that .Z*(Cy \ U,B,) = 0 and, for all
x € By, and r € (0,7,), we have

d(f(y), f(x))

r

L*({y € By(x) : >N+1}) < %g’f(&(w)). (17)
The existence of B,, is again ensured by Egorov theorem.

We now claim that the restriction of f to C), is Lipschitz. Indeed, take x1, x2 € By,: if
|z1—x2| > 7, We estimate d(f(z1), f(x2)) simply with 4, ' supg_ d(f,eo)|z1—z2|. If not,
by at x = x; with r = |z — z2| and our choice of xj we can find y € B,(x1) N B, (x2)
where

WS gy g W) S()

It follows that d(f(x1), f(xz2)) < 2(N + 1)|z1 — 22| O

<N+1
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2.3.2. Rectifiable Currents.
DEFINITION 2.3.4 (Rectifiable currents, [AKO00a, 4.2]). A current T € My(E) is
said to be rectifiable if

(a) ||T|| is concentrated on a countable % -rectifiable set;
(b) ||T|| vanishes on S*-negligible Borel sets.

The space of (real) rectifiable currents is denoted by Ry (F).

In particular for £k = 0 a rectifiable current is a finite or countable sum of Dirac’s
masses, with finite total mass. Thanks to the locality property of metric currents ev-
ery rectifiable k-current enjoy a parametric representation as a sum Lipschitz images of
Euclidean metric currents:

PROPOSITION 2.3.5. A metric current T' belongs to Ri(E) if and only if there exist
a sequence of compact sets K; C RF, functions 0; € LY(RF) with spt(0;) C K;, and
bi-Lipschitz maps f; : K; — E such that

T=Y fulol,  M@) =Y Myl

Moreover if E is a Banach space T can be approximated in mass by normal currents.

Note how the previous Proposition implicitly attaches an orientation to the concen-
tration set of T', via the parametrizing maps f;. Observe also that the locality property
excludes from Ry (E), and even from Dy (E) a current like

1
T(fdr) = /O f(:z:,O)gZ(:U,O) do

in R?: the orientation of J#11([0,1] x {0}) must be e;. According to [Fed86] in the
Euclidean context the mass closure of images of finite mass k-currents in R¥ consists

of flat currents with positive densities, see section Finally the space of currents
representable as >, f;x[0;] with 6; € L*(R*,Z) is denoted by Zy(E); the intersection

Li(E) := Ii(E) N Nk(E)

is the space if integral current, which possesses crucial compactness properties.
Given T' € Ry (F) there exists a canonical set where 7' is concentrated:

THEOREM 2.3.6. Let T € Ri(E) and let
set(T) := {x € E: 0*(|T||,z) > 0}.

Then set(T) is countably S*-rectifiable and ||T|| is concentrated on set(T). Moreover
set(T) is unique up to H*-negligible subsets of E.
We let
S(T) := " (set(T))

be the size of T € Ry(E). Note in particular that if T € T(E) then % (set(T)) <
M(T).
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THEOREM 2.3.7 (Slices of rectifiable current,[AKO0Oal, 5.7|). Let T € Ry(E) (resp.
€ I1(E)), an let m € Lip(E,R"), with 1 < £ < k. Then there exist currents (T, 7, x) €
Ri_e(E) (resp (T,m,x) € I_¢(E)), concentrated on set(T) N n~1(z) and satisfying

9. D,

(TLA,mt,z) = (T,m,xz) A VA € B(E)
for Lt-a.e. x € R and

¢
y S((T,m,x)) dx < c(k,m) | [ Lip(")S(T).
=1

For the sake of completeness we report the fundamental compactness and boundary
rectifiability Theorems for rectifiable and integral currents. The proofs of these state-
ments require some tools developed in the next sections, but we present them here for
continuity with the argument of the section.

THEOREM 2.3.8 (Closure Theorem, [AKO0Oal 8.5]). Let (Tj,) C Ni(E) be a sequence
weakly converging to T' € Ny (E) such that

Ty € Rk(E), sup M(Th) + M(9Ty) + S(Th) < 00.
h

Then T € Ry (E).
THEOREM 2.3.9 (Boundary rectifiability). Let T' € Ix(E). Then 0T € I(E).

These two theorems allow to solve the Plateau’s problem in w*-separable dual Banach
spaces (see section satisfying the following isoperimetric inequality: there exists a
constant y(k,Y’) > 0 such that for any S € I (Y) with 95 = 0 there exists T' € I41(Y)
such that 0T = S and

k4l
M(T) < ~(k, Y)[M(S)] + .
This assumption on the ambient space is necessary to show the equicompactness of the
support of every minimizing sequence, with the help of a lower density bound on their
masses provided by the cone construction.

THEOREM 2.3.10 (Plateau’s problem, [AKO00a, Theorem 10.6]). Suppose Y is a w*-
separable dual satisfying the isoperimetric inequality: then for every S € Ix(Y) with
compact support the problem

min{M(7T) : T € I;;11(Y),0T = S}
has a solution.

The isoperimetric inequality is clearly not needed if one assumes that Y is a Hilbert
space, since the projection on the convex hull co(spt(S)), which is compact [Dei77,
Lemma 2.2|, is 1-Lipschitz, hence the minimizing sequences can be chosen with support
in such compact set.
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2.4. Flat currents

The flat norm plays an important role in the contest of metric currents, as it gives rise
to a topology much more flexible than the mass convergence, but stronger than the weak*
convergence. Recall also that the space of normal currents Ny (E) is complete, but hardly
separable: the push forwards of a normal current via two neighboring maps can have very
large mass distance. To this extent the following definition proves advantageous:

DEFINITION 2.4.1 (Flat norm). The flat norm of a current T € Dy(E) is defined as
F(T)=inf{M(T -0Y)+M(Y): Y € Mj11(E)}. (18)
It is a straightforward calculation to show that F is a norm on My(FE), and that
F(0T) <F(T) <M(T). (19)
Our primary space of currents is the following:

DEFINITION 2.4.2. We define the space of flat currents Fi(E) as the F-completion
of the space of normal currents:

—F

Fi(E) = Ng(E) .

The first inequality in immediately implies that if 7' € Fi(E) then 0T € F_(E).
Recall also that any flat current T of finite mass can be approximated by a sequence (Z3)
of normal currents in mass norm. In fact, by definition there exist currents (7},) C N (E)
and (Y3) C My11(FE) such that

M(T — Ty, — 0Yy) + M(Yy,) — 0.

The hypothesis M(T') < oo yields M(9Y}) < oo, hence the currents Z, = Tj, + 0Y},
are normal and clearly M(T — Z;) — 0. As we will see later on, many properties
of the space of normal currents behave nicely under convergence in the flat norm ((18))
and therefore can be extended to the completion. On the other hand, every definition
involving a completion procedure somehow hides the true nature of the objects under
consideration. The following proposition partially overcomes this inconvenience:

PROPOSITION 2.4.3 ([Fed69] 4.1.24]). The space of flat k-currents can be character-
ized as

Fi(E) = {X +9Y : X € Fi(E),Y € Frp1(E), M(X) + M(Y) < 00}.  (20)

PROOF. We need only to show that Fy(F) is contained in the right hand side, as the
opposite inclusion follows by additivity and stability of flat currents under the boundary
operator. Let (T},) C N (E) be a sequence of normal currents rapidly converging towards
T € Fp(E): >, F(Thy1 — Th) < 0o. There exist normal currents X} and Y}, such that

Ty — T = Xp + 0Y}, and M(Xh) + M(Yh) < 2F(Th+1 — Th).

Since My(E) is Banach, the M-converging series >, X} and ), Y} define two flat
currents, respectively X € Fi(F) and Y € F11(E), of finite mass such that T'— T =
X +0Y. O
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Thanks to the representation , given w = fdr € D¥(E) it holds
T (w)| < max{sup |f|, Lip(f)} | | Lip(x")F(T). (21)

In particular convergence in the flat norm is stronger than weak* convergence. A typical
example of flat current of infinite mass is

0 [27%F,217%%] € Fo(R).
k=1

2.4.1. Restriction and slicing. In [AK11, [AKO0Ob| (and [Fed69, 4.2.1] for the
classical case in Euclidean space), it is proved that the family of slices (T,w,x) and
restrictions T'L{u < r} of a normal current T' € N (FE) via u € Lip(E), besides the
properties expressed in Theorem [2.2.6] enjoy the following estimates:

/*b F(T' {u < r})dr < (b—a+ Lip(u))F(T), (22)

*b
| F(@ ) dr < Lin(P() (23)
where [ * denotes the outer integral.

PROPOSITION 2.4.4. The operations of restriction and slicing via a Lipschitz map can
be extended to the space of flat currents in such a way that Y, F(T, — T) < oo implies

F(Tp {u<r}—TL{u<7r}) = 0 and F((T,u,r) — (T,u,r)) =0 for L -a.c. r € R.
Moreover, inequalities and hold for a generic T € F(E).

PROOF. Let T € Fi(F) and let (7},) be a sequence of normal currents rapidly con-
verging to T: >, F (T}, —T) < oo. Thanks to the subadditivity of the outer integral it is
fairly easy to show that for #!-a.e. r both sequences ()| {u < r}) and ({(Ty,u,r)) are
F-Cauchy, hence they admit a limit. Note that these limits do not depend on the par-
ticular (7},) we choose: if (T}) were another sequence rapidly converging to T', we could
merge it with (7},) setting T3, = Ty, Ty, = T. Then (T}) would have converging
restrictions and slices for almost every r. Therefore the limits

li}rln Tyl {u <r} and li}ILnT,'L L{u <7}

must agree for a set of values r of full measure; similarly for the sequence of slices
((Th,u,r)). Finally we write T" as an F-convergent sum of normal currents

o0 o0
T=Ty+ Y (Thy1 —Th) with Y F(Thy —Th) <e.
h=N h=N

Hence, since F(Ty) < F(T)+¢, applying and the subadditivity of the upper integral
*b *b o0 *b
/ F(T {u<r})dr< / F(TyL{u<r})dr+ ) / F((Thi1 — Tp) L{u < r}) dr
a a h:N a

(b—a+ Lip(u))(F(T) + 2¢)
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we prove the thesis. The statement for can be proved in the same way. (]

Proposition [2.4.4] allows us to extend many properties of slicing and restriction from
normal currents to flat currents by density. First of all, given £ < k the slicing of a
current T € Fi(E) by a vector-valued map 7 = (7!,..., %) € Lip(E, R?) can be defined
inductively:

(T, 7, z) = (T, (x!, ... ,WZ_I), (X1, 21-1)), t, xp).

Fubini’s theorem ensures that these iterated slices are meaningful for Z%a.e. = € R¢,
and it is easy to show by induction that O(T,u,r) = (—1)*(0T,u,r). In particular, for
every u € Lip(F) slicing and boundary operator commute via the relation

T, u,r) = —(0T,u,r). for Z-ae. r€R. (24)
LEMMA 2.4.5 (Slice and restriction commute). Let T € F(FE), m, u € Lip(E). Then
(T, r) {u < s} = (T {u < s},m,r) for L?-a.e. (r,s) € R% (25)

PROOF. We start with 7" € Ny (E). It is immediate to check that, for s fixed, the
currents in the left hand side of fulfil (9) and relative to Tl {u < s}, therefore
they coincide with (T'L{u < s},w,r) for Z!-a.e. r € R. Let now T be flat and let
(T,) C Ni(F) with Y, F(T}, — T) < co: we want to pass to the limit in the identity

(Ty,m, ) {u < s} = (TpL{u < s}, m,7) for £%-a.e. (r,s) € R2 (26)
We know that >, F(T),L{u < s} — TL{u < s}) < oo for £1-a.e. s € R; for any such s
by Proposition we can plug (7, — T')L{u < r} into inequality and infer that
the right hand sides in converge to (T {u < s}, m,r) with respect to F for Z!-a.e.
r € R. On the other hand, we also know that Y, F((T),, 7, 7)— (T, 7, 7)) < oo for £-a.e.
r € R; for any r for which this property holds the left hand sides in converge with
respect to F to (T, m,r) {u < s} for #1-a.e. s € R, again by Proposition and

equation . Therefore, passing to the limit as h — oo in , using Fubini’s theorem,
we conclude. O

LEMMA 2.4.6 (Set additivity of restrictions). Let T € Fy(FE), w1, mo € Lip(E) andt €
R such that the sets {m <t} and {my < t} have positive distance. Let w := min{my, ma}.
Then

T{r <t} =TL{m <t} +TL{m <t} for a.e. t <t. (27)

PROOF. Let ¢t < t. Since {m; < t} and {my < t} are distant the function

() = d(z,{m <t})
Cd(z, {m < t}) +d(z,{m < t})
is Lipschitz and equals 0 in {m; < ¢t} and 1 in {my < t}. Let (T},) be a sequence of normal
currents rapidly converging to T' such that
S F (ThL{r <t} — T L{r < t}) < 0.
h
Then the sequence Sy, = YT}, {m < t} = T} {m < t} satisfies

F(Sht1 — Sp) < max{sup |¢|, Lip(¢) }F (Th1 L{m < t} — Tp L{m < t}),
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hence S, converge to T {m2 < t} in the flat norm. Similarly for T'L{m < t}. Equation
holds for normal currents, and since the same sequence (7},) is used to define the
three restrictions, set additivity is straightforward by passing to the limit. ([

2.4.2. Support and push forward. We adopt (see also [Ada08]|) as definition of
support of a flat current T the set:
spt(T) = {z € E: TL B,(z) # 0 for Z'-a.e. r > 0}. (28)
Observe that the a.e. in the definition is motivated by the fact that slices exist only up
to Z!-negligible sets, and that spt(T) = spt||T|| whenever T € My(E).

PROPOSITION 2.4.7. spt(T') is a closed set and x ¢ spt(T') implies T'L B,(xz) = 0 for
a.e. v € (0,dist(z,spt(T)).

PROOF. Let x & spt(T): there must be a set A of radii of positive .#!-measure such
that T B,(z) = 0 for #1-a.e. r € A. If (T},) C N} (E) is a sequence of normal currents
rapidly converging to T', by we obtain that for almost every r € A

Ty By (x) = TL By(z) = 0. (29)

rapidly. Fix now r > 0 with this property, y € B,(x) and p < r — d(x,y): we want to
prove that T'L B,(y) = 0 for a.e. p € (0,7 —d(x,y)). Since T}, has finite mass we have
(Th_B,(x))LB,(y) = Ty B,(y), and since the convergence in is rapid, again for
almost every p in (0,7 — d(z,y))

ThL By(y) = (Th L By (x)) L By(y) — (TL Br(x)) L B,y(y) = 0L B,(y) = 0.
Hence B, (z) Nspt(T) = 0. O

PROPOSITION 2.4.8. For all T € Fi(E) the following properties hold:
(i) If spt(f) is compact then

spt(f)Nspt(T) =0 = T(fdr) =0 VYr € Lip(E,RF). (30)
(ii) For all u € Lip(E)
spt(T'L{u < t}) Cspt(T) N{u <t} for Lt-a.e. t €R. (31)

PROOF. (i) In this proof only, let us conventionally say that T'L B,(z9) = 0 if there
exist normal currents 7T, such that F(7,, —T) — 0 and F(7,,L B,(z)) — 0. In the proof
of ([30)), we assume first that spt(f) is contained in a ball B,.(z) such that T B,(z) = 0.
By assumption T B, (xo)(f) — 0 for suitable approximating normal currents Tj; on
the other hand, T}, B, (z0)(f) = Trn(f) — T(f).

Now, let us consider the general case. Since the space is boundedly compact, we
can find an open bounded neighborhood U of spt(f) such that U Nspt(T) = (. By
Proposition any « € U is the center of a ball B, such that Tl B, = 0: we can
therefore extract a finite subcover {B;} and build a partition of unity {x;} made of
nonnegative Lipschitz functions such that ; x; = 1 in spt(f) and spt(y;) C B;. Hence
f=> ; fx; and the previous step yields

T(fdr) = T(fx;dr)=0.
J
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(ii) There exist (1},) C Ng(F) such that for almost every ¢

ZF(ThL{u <t} —Tl{u<t}) < oo.
h

We fix ¢ with these properties and = & spt(T)N{u < t}, so that spt(T)N{u < t}NB,.(z) =
() for r € (0,7) for some 7 > 0. We obtain that

0= (Tp {u < t})LBy(z) = (T {u < t})_B,(x)
for a.e. r € (0,7), hence = ¢ spt(TL{u < t}). O
Compare (28) with the classical definition of support
cl—spt(T) ;== E '\ U{A open, T'(fdr) =0 whenever spt(f) C A} :

since closed balls of E are compact, implication easily implies that F \ spt(T') C
E\ cl —spt(T). On the other hand if B, € E \ cl —spt(T") and T'L B, exist, then by
(31)) and the locality property given fdm € DF(E) it is easy to build (simply multiplying
by a cutoff function) a test form fdr such that spt(f) ¢ A and T(fdr) = T(fdr) = 0.
Hence the two definitions agree.

Given a Lipschitz map ® : E — F between two metric spaces and given T' € Fy(E)

the flat norm behaves according to the next proposition:
PROPOSITION 2.4.9. For every T' € Fi(E) it holds ®4T € F(F) and
Fr(@4T) < (Lip(®))Fp(T).

In particular, 4T € F(F). Furthermore, the push forward and the boundary operator
commute.

PROOF. Since Fp(®4S9) < (Lip(®))*Fg(S) holds for S normal, the current ® 4T is
flat and the estimate holds also for flat currents. The relation 0®4T = ®40T simply
comes from the definition. O

Suppose moreover that ® : ¥ — F is an isometric embedding: then by the Hahn-
Banach Theorem every composition m o ® has an extension preserving the Lipschitz
constant, by locality we have that M(®4T) = M(T) and ||®4T|| = »||T].

2.5. Comparison between metric and Euclidean currents

The theory outlined in the previous section must be related to the Euclidean one
developed by Federer and Fleming during the 60s. In particular in the next chapters
we will treat the notion of distributional jacobian of a Sobolev map u : 2 C R™ — R”
interpreting it as a flat current. Clearly €2 would be the natural ambient metric space,
but unfortunately it is not complete; moreover we will need several results in the interior
of . We therefore now describe the main similarities and differences between the two
approaches, and explain how to localize a flat current to a compact set, in order to use
the theorems on rectifiability and size of the following sections.
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2.5.1. Exterior algebra and projections. In R™ we will denote the standard
basis eq, ..., e, and its dual e!,... ™. For every 1 < k < m we let

Ok:{ﬂ'ZRmHRk:ﬂ'Oﬂ'*:Ik}

be the space of orthogonal projections of rank k. We will also need to fix coordinates
according to some projection 7 € Oy: we agree that R™ > z = (z,y) € RF x Rm=F
are orthogonal coordinates with positive orientation such that m(z) = x. In particular
we let A = AN 7 !(z) be the restriction of any A C R™ to the fiber 7~!(x) and
i = R™~F — R™ be the isometric injection i*(y) = (z,y).

As customary the symbols AyR™ and A¥R™ will respectively denote the spaces of k-
vectors and k-covectors in R™. The contraction operation L : A,R™ x APR™ — A,_,R™
between a g-vector ¢ and a p-covector o, with g > p, is defined as:

(ClLa,B) ={(C,anp) whenever 8 € AT7PR™, (32)

If L:R™ — R" is linear then

MuL:=e A Nem LY A~ AL™ € Ay ,R™ (33)
represents the collection of determinants of n X n minors of L. In fact, if i : {1,...,m —
n} — {1,...,m} is an increasing selection of indexes, and if 7 : {1,...,n} — {1,...,m}

is the complementary increasing selection, then the e; component of M, L is

(MyL,eb) = (e1 A+ A, LY Ao~ AL™ Aeb) = (—1)7 det([L];), (34)

where [L]; is the n x n submatrix L§ with j = i(1),...,i(n), £ =1,...,n and o is the
sign of the permutation

(1,....,m) = @(1),...,i(n),i(1),...,i(m—n)).

When rk(L) = n, choosing an orthonormal frame (e;) so that ker(L) =< ept1,...,€m >
we have L = (A,0) and by M, L = det(A)ep+1 A -+ A ep. In particular M, L is a
simple (m — n)-vector.

Recall that the spaces AyR™ and AFR™ can be endowed with two different pairs of
dual norms. The first one is called norm, it is denoted by |- | and it comes from the scalar
product where the multivectors

{eiy A Aegdi and  {e@ AL A ef®, (35)

indexed by increasing maps i : {1,...,k} — {1,...,m} form a pair of dual orthonormal
bases. The second one is called mass, comass for the space of covectors, and it is defined
as follows: the comass of ¢ € AFR™ is

|o|| := sup {((b,vl A ANvg) r v € R™ |u| < 1}; (36)
and the mass of £ € AyR™ is defined, by duality, by

lell = sup {(¢. ) : llg]l < 1}.

As described in [Fed69, 1.8.1], in general ||£|| < |£| and equality holds if and only if £ is
simple.
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Therefore |M,L| = ||MyL||. Moreover using the Pitagora’s Theorem for the norm
and Binet’s formula we have the following relation:

sup |M,Ll dr|= sup |dr(M,L)|= sup ’ZMnLidw(ei)’
i

TEOQm—n TEOm—n TEOQm—n

21 ]
< sup |MnL\(Z\d7r(e§)])2:]MnL\ sup |det(mo7")]

ﬂ'EOmf’n

€0m—n

= |M,L| (37)

where dr stands for da' A --- A dn™ ", and the equality is realized by the orthogonal
projection onto ker(L). We adopt the convention of choosing the mass and comass
norms to measure the length of k-vectors and k-covectors respectively. Finally if {z?}
are coordinates relative to the orthonormal base e;, we adopt the classical notation dat =
dz' W A - A dzt®) for the base of the space AFR™ of k-covectors.

2.5.2. Euclidean currents. We briefly recall the basic definitions and properties of
classical currents in Q C R™. This theory was introduced by De Rham in [dR55], along
the lines of the previous work on distributions by Schwartz [Sch66], and the subsequently
put forward by Federer and Fleming in [FEF60]; we refer to [Fed69] for a complete account
of it. We give for granted the concepts of derivative, exterior differentiation, pull-back
and support of a smooth and compactly supported differential form: they can all be
defined by expressing the form in the coordinates given by the frame , see |Fed69),
4.1.6]. We begin by defining the space of smooth, compactly supported test forms:

DEFINITION 2.5.1 (Smooth test forms). Let © C R™ be an open set. We let 2%(12)
be the space of smooth, compactly supported k-differential forms:

7" = | 2, 28 (Q) = {w e C®(Q,A'R™), spt(w) C K} (38)
KeQ
Each space @}%(Q) s endowed with the topology given by the seminorms
prj(w) = sup{[| Dw(z)|, z € K, |a| < j},

and P*(Q) is endowed with the finest topology making the inclusions 2% (Q) — 2%(Q)
are continuous.

This topology is locally convex, translation invariant and Hausdorff; moreover a
sequence wj — w in 2%(Q) if and only if there exists K €  such that spt(wj) C K and
PK,j(wj —w) — 0 for every j > 0.

The interior and alternating multiplications in the Grassmann algebra of R™ yield
dual operations on currents: if T € () and & € C®(Q, A,R™) and ¢ € C®(Q, A‘R™)
with k& > /¢, then

TNEEDk(Q),  (TAE()=T(EJp) Vo€ ZFQ),
Tl € Dype(Q),  (TLY)(G)=T(WAG) Vo< 2" Q).

DEFINITION 2.5.2 (Classical currents and weak* convergence). A current T is a
continuous linear functional on 2%(). The space of k-currents is denoted by PDy(Q).
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We say that a sequence (T},) weak* converges to T, Ty, — T, whenever
Th(w) = T(w)  Vwe 2F(9Q). (39)

The comass norm on the space of k-covector brings to define the mass of an Euclidean
current as:
Mo (7) 1= sup{|7()] : sup (@) < 1. (40)
€T
Finiteness of defines membership to the space of finite mass currents Mgyc (£2);
similarly for normal currents. Notice the relation with condition (a) in Proposition m
Similarly to Riesz’s representation Theorem, characterizing linear bounded functionals
on Cg (X) as integration against Radon measures when the space X is locally compact
and Hausdorff ([Fed69], 2.5.13| and [Bog07), 7.11.3|), in the classical theory of currents
the finiteness of ensures T is representable by integration against a finite measure,
compare [Fed69] 4.1.7]. When the domain of the functional contains forms not infinitesi-
mal “at infinity”, like the space D*(E) of metric currents, then Daniell’s Theorem [Fed69),
2.5.5], [Bog07, 7.8.1] (applied to T dr, for Lip(n*) < 1) provides the analogous result,
under the additional hypothesis of continuity along monotone sequence as condition (b)
in Proposition Furthermore the linear structure of R™ allows to see the k-tuples
dr' A---Adr* as a unique map taking values into A*R™, endowed with the comass norm

—
(36)). This in turn allows the representation by integration 7= T A |T'||gucl:
—
7(¢) = | @) o@)diTl@) VoD @)

for some ||T'||guc-measurable function ? satisfying H?’(m)” =1 at ||T||guc-almost every
point z € E, compare [Fed69, 2.5.12]. Such representation is presently not available in
the metric context, besides the special case when T is rectifiable. Finally recall that in
Federer’s classical monograph the currents in the main spaces My, N, Fy, are all assumed
to have compact support: in this section we will explicitly mention such a requirement,
when needed.

The first bridge between the classical and the metric theory is the following propo-
sition, establishing the equivalence in £ = R™ of metric currents of finite mass with
compact support and Euclidean flat currents with finite mass and compact support.

THEOREM 2.5.3 (JAKO00a, 11.1]). Any T € Mg (R™) with compact support induces
a Buclidean current T € Mgyq ;(R™)

T(w) = Z T (w;dat)
|i|=k
for any w € 2¥(R™). Moreover Mgy (T) < c(k,m)M(T). Conversely any classical
finite mass current T € MEud,k(Rm) with compact support induces a metric current T

with M(T) < MEgua(T). Furthermore the maps T — T and T — T are one the inverse
of the other when restricted to normal currents.

Observe in particular that when we will consider classical currents and we will apply
some result from the metric theory, the metric mass enjoys the same bounds from
above holding for the Euclidean one. Notice moreover the discrepancy between the values
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of M(T): this is due to the fact that metric currents are defined only for simple forms
fdrl A---Adr*, while Euclidean currents are tested also on linear combinations of them.

Euclidean flat currents in R™ are defined as the completion of Euclidean normal
currents via the metric . Suppose that (Tj) are normal currents F-converging to
T € Fj(R™) and consider the family of 1-Lipschitz cutoff functions p,, := max{0, min{n—
|z[,1}}. Then for n — oo

M(T = TLpn) = || ({le] > n —1}) = 0,
M(IT — O(TL pa)) = MITL(L = po) + TLdpa) < (IT] + 9T ({|2] = n—1}) = 0.

Hence spt(T},Lp,) € R™; moreover for every h there exists n(h) sufficiently large such
that F(T'L pp)—T) < F(T,—T)++ — 0. Therefore by Theoremthe spaces of clas-
sical and metric flat currents in R coincide; moreover F(T') < Fru(7T) < c¢(k, m)F(T).
Recall also the important duality result available for Euclidean flat currents [Fed69,
4.1.12]:

Fgua(T) = sup {T(w) fwE @k(Rm), max{sgp Hw(:v)”,sgp |dw(x)||} < 1}. (41)

The quantity max{sup,, ||w(zx)||,sup, ||[dw(z)|} is customarily denoted by F(w).

DEFINITION 2.5.4 (Local flat currents). We say that T € Dy(R™) is a local flat
current if for every o € Lip,(R™) with compact support TL o € Frp(R™). The space of
local flat currents will be denoted by Fi°°¢(R™).

This definition is best suited for applying the metric theory to obtain interior result
for Euclidean currents in bounded open subsets Q of R™. Indeed the localized current
T'L o depends only on the action on spt(g) and at the same time is a metric flat current
in the whole Euclidean space R™, which is a geodesic space.

Since 2 C R™ can be written as a countable union of nested compact subsets

Ki={z € Q:d(z,R"\ Q) > 1} N By(0),

or alternatively there exists Lipschitz functions g; such that 0 < g; < 1, Lip(g;) < 1,
Qi|, = 1, Qi‘Q\K = 0, we can define the local flat convergence in Q of T}, € Fr(R™)
i i1

to T' € Fr.(R™) as
Fi°(T,,T) 50 <  F(T,—T)Lg)—0 VieN.

Thanks to to prove local flat convergence of T} to T in §2 it is then sufficient to
prove that for every ¢

lim sup{(Th — T)(¥)) : ¥ € Z*(R™), F(¢) < 1,8pt(1) C spt(ei)} =0.  (42)
Indeed

F((T, = T)L i) = sup{{(T}, — T), oiw),w € Z*(R™),F(w) < 1}
< sup{((T}, = T),¥),w € Z*(R™),F(¢) < 1+ Lip(g;),spt(v) C spt(:)},
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since F(p;w) < 1+ Lip(g;), which is the stated limit besides a scaling factor. We remark
that local flat convergence in €) is metrizable by

(S=T)L o)
Floc T 2= 7 )
S, Z 1+F (S—T)Lao)

(We will also use the notation Fi9¢(S — T') to denote the invariance under translation of
this distance). Note furthermore that if 7' € Fr(R™) and spt(T)) C K € R™, then the
representation 7' = X + JY in can be chosen su that spt(X) Uspt(Y) C K°, where
K7 is the d-neighborhood of K, for any 6 > 0.

Finally it is obvious that F%‘;C convergence implies weak™ convergence in €2, namely
convergence against fixed Lipschitz functions with compact support comtained in §2.

2.6. Size measure of a flat current

In this section we introduce the notion of concentration measure for a flat current, pos-
sibly with infinite mass.

DEFINITION 2.6.1 (Concentration measure). We say that a positive Borel measure p
is a concentration measure for T € Fi(E) if A9 spt(T) < u in the case k = 0, and if

W7 = / HOUspt(T,m, ) dL%(x) < Vr € Lip, (E,RF) (43)
RE

for k > 1. The choice of p can be optimized by choosing the least upper bound of the
family {7} in the lattice of nonnegative measures:

nr = \/ U - (44>
m€Lip, (E,RF)
We shall call pr the concentration measure of .

DEFINITION 2.6.2 (Size). We say that T' € F(E) has finite size if pr has finite mass.
In this case we define

S(T) == pr(E).

For example a polyhedral chain in the Euclidean space R™

P= Z%‘[[Qi]]

where a; € R and [@Q;] are the integration currents over some pairwise disjoint k-polygons
Q; C R™, has mass M(P) = 3. |a;|2#*(Q;) and size S(P) = Y, *(Q;). Notice that
this definition has been given in term of the supports of the slices of T, rather than the
whole support of T'. This choice is motivated by the special behavior of 0-dimensional
flat chains illustrated in Section 2.6.11
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2.6.1. Zero dimensional flat currents. For zero dimensional flat currents some
special properties hold: it is a well-known result in the theory of distributions that any
distribution supported in a finite set is a finite sum of derivatives of Dirac masses. Here
we present an analogous result for flat currents of finite size, which is also similar to
the representation theorem for zero dimensional flat G-chains of finite mass obtained in
[Whi99b| and to the result on integer-valued currents in [Sme02].

THEOREM 2.6.3. Every T € Fo(FE) with finite size can be represented as

S(T)
T=>" aifxi] (45)
=1

where spt(T) = {x;: i =1,...,S(T)} and a; € R. In particular T has finite mass.

ProOOF. We will prove the theorem through several steps.

Step 1. First of all we claim that it is sufficient to prove the representation formula
T(f) =>_;aif(x;) for functions f € Lip,(F) such that

(1) f has compact support,

(2) f is locally constant in a neighborhood of spt(7T).
In fact, since bounded closed sets of E' are compact and spt(7’) is finite, we can easily
approximate any f € Lip,(FE) by functions f,, with uniformly bounded Lipschitz functions
satisfying (a), (b) and pointwise convergent to f. We can then use the continuity axiom
of currents to pass to the limit.
Step 2. Let us fix f € Lip,(E) satisfying conditions (1) and (2) above. Set y(z) =
min{d(z,z;), z; € spt(T)}: for almost every r < ro := 2 min;;{d(z;,2;)} the current
T {v < r} is well-defined, and by Lemma it equals the sum of the T'L B, (x;)’s:

N
T=TL{y>r}+> TLB(z).
i=1
The first term is null on f: in fact, by equation (31)
spt(TL{y > r}) Cspt(T) N{y = r} =10,

hence by TL{y >r}f) =0. Asaresult T(f) = >, TL By(x;)(f), independently
of r.
Step 3. We reduced our problem to the characterization of T'L B, (x;)(f), whose support
is {z;} by (BI). For each j we let g; be a Lipschitz function equal to 1 on B, s2(z;) and
equal to 0 on E'\ By (x;): if 0 < s < r are radii such that the restrictions of T' to B, (x;)
and Bg(x;) exist, the difference T'L B, (x;) — T'L Bs(x;) satisfies
6)—
spt(TL B, (z;) — T Bs(x;)) T Byp(x;)\Bs(x;) N {x;} = 0.

Therefore again by T By(x;)(h) is (essentially) constant in r for any bounded
Lipschitz function h. In particular implies that:

e T'L B,(x;)(g;) does not depend on 7 < rp, and actually gives T'L B, (x;)(g;) =

0 for i # j;
e since f =3, f(x;)g; in a neighborhood of spt(T'),

T By (z:)(f) = f(@:) TL Br(2:)(g:)-
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Letting a; = T'L B, (x;)(g;) we obtain the thesis. O

As a consequence of Proposition [2.6.3] we obtain a closure theorem for sequences of flat
currents with equibounded sizes:

THEOREM 2.6.4 (Lower semicontinuity of size,|AG13b, Theorem 3.4]). Let (T}) C
Fi(E) be a sequence of currents with equibounded sizes and converging to T in the flat
norm:

S(Ty) < C < o0, lim F(T}, — T) = 0.

Then T has finite size and
S(T) < limhinf S(Th). (46)

PROOF. Possibly extracting a subsequence we can assume that

Y F(T;, ~T) < oo and lim S(7,) = limy inf S(T},). (47)
h

If £ = 0 we prove a slightly more general implication: for any open set A C E, F(T}, —
T) — 0 and lim inf;, #°(A NsptT},) < oo implies

AP (ANspt(T)) < limhinf A (AN spt(Th)). (48)

Indeed, consider = € spt(7)) N A. Then by Definition and inequality for every
€ > 0 there exists r < € such that
(i) B(z,r) C A,
(i) limp, F(TpL B(z,r) —TL B(z,r)) =0,
(iii) TL B(z,r) # 0.
Point (ii) implies that for h > h(z,e) T,L B(z,r) # 0, and since by Proposition [2.6.3 T},
is a finite sum of Dirac deltas

S(Th)
Ty = Z ajnlyjnl
j=1
at least one of the points y;; must belong to B(x,r). If AN spt(T) contains m dis-
tinct points {x1,..., 2z}, we can take e sufficiently small such that the family of balls
{B(zj,e) : i = 1,...,m} is disjoint. Therefore there exist radii r; as above such that

for every h > max; h(x;,€) each ball B(x;,r;) contains at least one point y; /. Hence

m < p, (A) and follows.

In the case k > 1 we fix a projection 7 € Lip; (E, R¥). Thanks to we know that for
ZF_almost every z € R* the slices T h,z converge to 17; moreover Fatou’s lemma implies
that

/ liminf S(T}, ;) dz < lim inf/
RF h h RF

The same argument can be applied for an open set A C F and using we get

S(Th,z) dx = limhinf pr, =(E) < li}rln S(Ty) < C < 0.

prx(A) = / AV (ANsptT,)de < / limhinf HAO(ANsptTh,.) dx
Rk RF

< lirr}linf A (AN sptTh,,) dr = limhinf wr, 7 (A). (49)
RE
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The map A — v(A) = liminfy, ug, (A) is a finitely superadditive set-function, with
v(E) bounded from above by liminfy S(T}); the chain of inequalities simply ex-
presses that pi7-(A) < v(A) on open sets A.

If By, ..., By are pairwise disjoint Borel sets and K; C B; are compact, we can find
pairwise disjoint open sets A; containing K; and apply the superadditivity to get

N N
S () < 3 v(Ai) < w(E).
=1 =1

Since K; are arbitrary, the same inequality holds with B; in place of K;. Since Bj;, m;
and N are arbitrary, it follows that pp is a finite Borel measure and pup(E) < v(E). O

2.7. A hybrid distance on zero dimensional flat boundaries

We let Bo(E) = My(E) N OF1(E) be the space of finite mass boundaries of flat
chains. We endow B (E) with the following distance of interpolation type:

DEFINITION 2.7.1 (Hybrid distance). For every Q, Q' € Bo(FE) we set
G6(Q,Q") =inf{S(R) + M(S) : Q- Q =3(R+S), R, S € F1(E)}.

It is plain that the triangle inequality holds, by the subadditivity of mass and size. It is
also immediate to check that G is finite: indeed, since Q = 9T with T' € F1(E), we may
write T'= X 4+ 0Y with X, YV flat and M(X) 4+ M(Y) < co. Therefore Q = 0X and so
G(0,Q) < M(X) < oo. Occasionally we shall abbreviate G(Q) = G(0, Q).

The proof of nondegeneracy of G, is based on a “elimination argument”.

PROPOSITION 2.7.2. Let Q € Bo(FE) satisfy G(Q) = 0. Then Q = 0.

PROOF. Suppose @ is not null and take an open set A such that |Q(A)| > 0. Since
@ is a finite measure, by monotone approximation from the interior we can guarantee
that the open set satisfies ||Q|[(0A) = 0. Therefore we can choose a small 6 > 0 such
that

Q(A)] > 4]|Q|I(A°\ A), (50)
where A% is the §-neighborhood of A. Let € > 0: by hypothesis we can find flat currents
R, S with Q = 0(R + S) satisfying
ed
6
If p; and po are two positive numbers in (0,0) with p; < pa, we let 7(x) = dist(x, A)
and X, p, = {p1 < dist(-,A) < p2}. Using 7™ we can formally set the currents R and S
to be zero within the ring ¥,  ,, through the following relation:

QL(E\ Epl,m) = (OR) L(E\Em,pz) + (0S)L(E'\ EﬂhpQ)
= 8(RL(E \ EPhPQ)) + 8(SL(E \ 2/)1792)) + Sﬂ2 - Sm + sz - Rm‘
(51)
Note that actually holds if p; and po belong to a subset of (0,6) of full measure, since
slices and restrictions of the currents R and S exist only almost everywhere. Inequality

S(R) < g and M(S) <
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(2.6.1)) gives

I3
[ ot do < () < (7)< ¢
0

and since SY(sptR,) is an integer, there must be a set of radii p in (0, g) of length
strictly greater than % such that R, = 0. Moreover

3 )
/ M(S,)dp < M(S) < =
0

and therefore M(S,) < ¢ in a subset of (0, g) of measure strictly greater than %. For
the same reason we can find another set of positive measure contained in (%5, 0) where
the same requirements hold. Putting together these two results we can pick two radii
p € (0, g) and py € (%5,5) such that equation holds, R,, = R, = 0 and M(S,,) +
M(S,,) < 2e. Take now a Lipschitz function 1 such that:

e 0<y <1,

e ) =11in A$ and ¥ = 0 outside A29/3,

o Lip(y) < 3
and test it on the current Q' = Q + S, — S,,. Since (50) gives Q' = QL X, ,, + Y,
with Y supported in the complement of X, ,,, and since 1) is constant inside the ring

Yp1,p2s DY we have |Q'(v)| < |Q(A)|/4. Hence
1 1
QW) < 11Q(A) +M(S,,) +M(Sp,) < 71Q(A)] + 2¢.
On the other hand equation yields

QU - 10| < 1Q(4) - Q)| < flQll 4™\ 4) < 124

and so |Q(A)| < 3|Q(¥)| < £|Q(A)| + Se. Since |Q(A)| > 0, by choosing ¢ sufficiently
small we have a contradiction. So QT (A4) = Q™ (A) on every open set A. Since the family

of open sets is stable by intersection and generates the o-algebra of Borel sets, we get
QT =@, hence Q = 0. O

In order to apply the theory of functions of metric bounded variation developed in
JAmb90bl, [AKO00a|, we need to ensure that the space (Bo(E),G) is separable. Let
us first relate the space of O-currents to the theory of Optimal Transportation. Recall
that a finite nonnegative Borel measure p has finite first moments if d(-, xg) belongs to
L*(p) for some, and thus all, zg € X. Given two such measures y and v with finite first
moments and equal total mass (u(E) = v(E)) we let

Wi (p,v) = inf {/ d(z,y)do(z,y) : 0 € M (E X E), 0 = [, Topo = V} (52)
ExE

be their 1-Wasserstein distance, where 7y is the projection on the first coordinate and
7o is the projection on the second one. For the many properties and applications of this
distance we refer to the monograph [Vil09|. Among them, we recall that the infimum
is attained by at least one nonnegative Borel measure o, which we call optimal
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plan. Since E is a geodesic space the Wasserstein distance can be lifted to the space of
geodesics Geo(E) of constant speed geodesics parametrized on [0, 1]:

Wi, v) = int { /G 4y A0 7)), X € My (Geol B)) (eos ) = (1)

(53)
Here e;(y) = 7(t) denoted the evaluation map at time ¢. This allows us to make the
following observation:

LEMMA 2.7.3. Let Q € My(E) be such that Q(1) = 0 and the total variation measure
|Q|| has finite first moment. Then @Q is representable as OY for some Y € F1(E) with
M(Y) < Wi(Q", Q7). In particular G(Q) < W1(QT, Q7).

PROOF. The two measures Q1 and Q~ given by Hahn decomposition theorem have
finite first moments and have the same mass. We let A € M, (Geo(E)) be an optimal
measure in problem and we build

Y = Y400, 1] dA(9).
Geo(E)

Since 9y[0, 1] = dy(1) — d4(0), it is easily proved that Y is actually a normal current
with @ = 9Y and that

M(Y) < / M(74[0, 1]) dA(7) = / Az, y) dA(z,y) = Wi (@, Q7).
Geo(E) Geo(E)

PROPOSITION 2.7.4. The metric space (Bo(FE),G) is separable.

PRrOOF. We first show that the class of currents with bounded support is dense. In
fact, let us fix a basepoint zg € F and @ = (R + S) with S(R) < oo and M(S) < oc:
as in Proposition , there are arbitrarily big radii r such that R, = 0, M(S,) is finite
and spt(S,) C 0B, (wo). As in (1)), for a.e. 7 > 0 we obtain

QL(E\ Br(9)) = O(RL(E\ By(19))) + 0(SL(E\ Br(z0))) + S,

so that QL B,(x)+ S, belongs to Bo(E). Clearly QL_ B, (z0)+ S, is supported in B,.(zo),
and its G-distance from ) can be estimated by

9(Q, QL Br(x0) + 5;) = G(QL(E\ Br(x0)) — Sr) < |[SI(E\ Br(0)) + S(E\ Br(x0))

which is arbitrarily small provided we take r sufficiently large.
Now, if @ € By(E) has bounded support we may represent () = 9Y for some normal
current Y, so that
6(Q,aQ) < |1 —aM(Y).
This inequality can be used to show that the class of @’s with bounded support such
that ¢(Q) = QT (E) = Q (F) is a rational number is dense.
Now, recall that the space of Borel probability measures in F¥ endowed with the Wy

distance is separable (see for instance [AGSO08| Proposition 7.1.5]) and let us denote by
D a countable dense subset. If Q € Bo(F) and ¢ = QT (F) = Q (FE) € Q, we may
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consider families vy, i, contained in D converging respectively to Q1 /c and Q= /c in
Wasserstein distance and use the inequality

G(Q; cpn — cvp) < G(QT cpn) + G(Q ™, cvn) < Wi(QT, cpn) + Wi(Q™, cvn)
to get G(Q, cpin, — cvyn) — 0. This proves the separability of (Bo(E),G). O

2.8. Functions of metric bounded variation

It is a well-known fact that, in absence of a linear structure, as in a generic metric
space (M,dys), Lipschitz functions play the role of coordinates. Bearing in mind this
idea we begin with a definition:

DEFINITION 2.8.1. A metric space (M, dpr) is called weakly separable if there exists
a countable family (¢n)nen C Lipy (M) N Lipy (M) such that

du(z,y) = Sup lon(z) —on(y)|l Vo, y € M. (WS)

Notice that separable metric spaces are particular cases of the class defined above, as
it is sufficient to take as ¢}, truncations of the functions d(+, x5 ) where xj, run in a dense
subset of M ; similarly w*-separable dual Banach spaces, namely spaces Y = G* with GG
Banach and separable, fulfil the same property by simply taking a countable dense set
{gn} of the unit ball of G and letting ¢, (z) := (z, gn).

Weakly separable metric spaces can be isometrically embedded into £°° via the Ku-
ratowski map j : M — £ defined by

j(@) = (po(z) — o(wo), 1(x) — 1(20), - - . )
Note also that since every subset of ¢ is weakly separable (¢p(x) = x,), condition
(WS) is a characterization of metric spaces which can be isometrically embedded in £°°.
In general any metric space M can be isometrically embedded into a Banach space, for
instance Cp (M) endowed with the sup norm, via the map

Ux) =dm(- ) — dp(-5 20)-

Proposition ensures that (Bo(F), G) is a weakly separable metric space. Observe
also that given a Borel function v : R¥ — M we have that Z*-ae. z € R¥ is an
approximate continuity point, namely

{v: du(uly),z) > e}
has O-density at z for all € > 0, for some z € M:

lim 2 25 ({y - dur(u(y).2) > <)) = 0

The point z is unique and we will denote it by a(x). We shall denote, as in [AFPO00,
Amb90b], by S,, the set of approximate discontinuity points: it is a Lebesgue negligible
Borel set and @ = u £™-a.e. in R¥.

The oscillations of a function u : R¥ — M are detected through the composition
with each ¢p,. In analogy with the case where M = R is a Euclidean space, a natural
definition of metric space valued BV, function would require that

the distribution D(¢p, o u) is a locally finite measure for every h. (D)



2.8. FUNCTIONS OF METRIC BOUNDED VARIATION 37

Although this conditions easily characterizes the space BVlOC(Rk, RN ) if we take among
the functions ¢y, (truncates of) coordinate projections, in the general context of metric
spaces a uniformity among the measures {|D(pp o u)|}p is not a byproduct of condi-
tion @ Therefore, as in [Amb90bl Definition 2.1|, we define:

DEFINITION 2.8.2 (Metric bounded variation). Let (M,dys) be a weakly separable
metric space and let u : R¥ — M be a Borel function. We say that u has metric bounded
variation if there exists a finite measure o in RF such that

|D(pnou)| <o for every h. (54)

where the set (¢p,) satisfies (WS). We denote by with M BV (R¥, M) the space of such
functions and by |Du| the least possible measure o in .

For our purposes, it is also necessary to work with the classical definition of function
of bounded variation defined on intervals of the real line (see [Fed69) 4.5.10]): if u :
(a,b) — M is a Borel function we let

N
ess—VarZu = sup {Z dy(u(zg—1),u(zg)), a <z < ... <Ny <b, 21 € D} (55)
k=1

where D is any countable dense set in (a,b) \ S,. As it is proved in [Fed69, 4.5.10]
and in [Amb90bl, Remark 2.2, v € BV ((a,b)) if and only if ess-Varlu is finite and
ess-Var’u = |Du((a,b)). Hypothesis comes into play when dealing with many
measure theoretic properties of the space M BV. For instance:

LEMMA 2.8.3. Ifu € MBV ((a,b), M) then the approxzimate upper limit of incremen-
tal quotient S,u is finite £ -almost everywhere in (a,b).

PrROOF. We can assume with no loss of generality that b — a < oco. Then, the
composition uy, := ¢, o u belongs to BV ((a,b)): hence there exists a .#!-negligible set
Ny, C (a,b) such that

up(z) —un(y) = Dup((z,y)) Va,y ¢ Np.
Moreover by Vitali’s covering theorem the set
Dul|(B
N ={z € (a,b): limsupM =00}
rl0 2r
where the upper density ©7F(|Dul,-) is infinite is Lebesgue negligible; since

[u(z) = u(y)| < [Dul((z,y)) Vo, y € (a,0) \ | Nn,
h

therefore d,u < ©F(|Dul,z) < oo for z ¢ N' UJ,, Np. O

In particular, by Theorem [2.3.3(ii), for all u € M BV (R*, (Bo(FE),G)) there exist
Borel sets B,, and constants L,, such that

G(u(x1),u(x2)) < Lplwy — 25| Vo, 22€B, and  Z*(RF\| JB,)=0. (56)
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The theory of M BV functions allows to deduce interesting rectifiability properties of
currents by looking at their slices. For instance when M = My(FE) is endowed with the
flat-type norm

F(T) = sup {T(gzﬁ),spt(qb) € E, max{sup |¢|, Lip(¢)} < 1}, (57)

it becomes a weakly separable metric space. In fact it is easy to show that F is a norm;
moreover the valuation map

Mo(E) 5 T s T(¢) € R
is 1-Lipschitz when sup |¢| < 1 and Lip(¢) < 1 by definition of the metric F. Since the

family of balls { B(xo,n)} is countable and made of compact sets, it is sufficient to recall
the Stone-Weierstrass Theorem to deduce the separability of each space

{¢ € Lip(E),spt(¢) C B(xo,n), max{sup |¢|, Lip(¢)} < 1}.
We can prove the following criterion:
THEOREM 2.8.4. Let E we a weakly separable metric space and let M := My(E)

endowed with the norm (57). Then for every T € MBV (R, My(E)) there exists a
LF negligible set N C RF such that

U {z eR":ITG){«}) >0}
2€RF\N
is countably A -rectifiable.

PROOF. Recall the notion of maximal function of a nonnegative finite measure p:

u(By(@))

Mu(z) := sup ;

p>0  WEp

By Besicovitch convering theorem, #*({M|Du| > A}) can be estimated from above by a
constant times | Du|(R¥) /), hence the function M () is finite .#*-almost everywhere, see
for instance [Ste93|. Given (¢y,) as in definition we observe that | D(¢poT)| < |DT]|,
which implies that
M|D(¢p o T)| < M|DT| ZL*-ace.
Thanks to the classical Morrey estimate [AFP0O0, 5.34| there exists a constant C and a
set Lj, C R” of full measure (the Lebesgue points of ¢y, oT') such that for every z, 2’ € Ly,
F (on(T(2)), ¢n(T(2"))) < Cx [M|DT|(2) + M|DT|(2)] |z = #'|. (58)
Therefore whenever z and 2’ belong to the set (), Ly, o7 N{M|DT| < oo}, which has full
measure by assumption we can take the supremum on A of and obtain
F(T(2), T()) < Cu[M|DT|(z) + MIDT|()]|z ~ <'| (59)

Set N :=RF\ N, Ly, or N {M|DT| < oo}: T, will be a short notation for T'(z). Let Z. s
be the set of point z € R¥ \ N such that M DT(z) < 5 and

IT({z}) > = HTzH(Bga(JU))Sg-

Setting R. 5 := {z € R¥ : ||T,||({z}) > e for some z € R¥\ Z_ 5} we note that it suffices
to prove the rectifiability of R, s.
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We claim that for every set B C E with diameter less than § it holds

3c(k)(S + 1)

d(z,2") < =

2|, (60)

|2 =

whenever z,2’ € B, |T.]|({z}) > ¢ and ||T%||({z'}) > € for some z,2 € Z.s5. In fact
setting d := d(x, ") < & we can define a Lipschitz function ¢(y) equal to d(y, x) in By(z),
equal ro 0 in E'\ Bys(x) with sup |¢| < d and Lip(¢) < 1. Since

?7 |Tz’(¢)’ 25d_§
we get

S d(r,2') < |T.(9) - (o) < TVEED

|z — 2.

By it follows that for any z € Z, 5 there exists at most one z = f(z) € B such that
|T:||({z}) > e; moreover denoting D the domain of f the map f : D +— B is Lipschitz
and onto, hence B is contained in the countably .#*-rectifiable set f(D). A covering
argument proves that R. s is contained in a countably J# k_rectifiable set. U

The following Theorem is based on the observation of Jerrard and Soner in the
Euclidean context, [JS02], that if T € Ni(FE) and 7 € Lip(E, R¥) then the slicing map
xw— (T,m,x) is MBV:

THEOREM 2.8.5 (Rectifiability and rectifiability of slices, [AKOQOal, 8.1]). Let T' €
Ni(E). Then T € Ry(E) if and only if for any 7 € Lip(E,R¥) it holds

(T,m,z) € Ro(E) for L*-a.e. z e RF.

PROOF. Let 7 € Lip(FE,R¥) with Lip(n?) < 1 and let T € Ny (E). We claim that
the map
R¥ 5 2 — (T, 7, z) € My(E)
has metric bounded variation, when we endow Mg (E) with the flat norm . In fact let

Y € C}(RF) and ¢ € Lip,(E) with sup || < 1 and Lip(¢) < 1. Using Proposition
we have

(-1)t /Rk (T,7,2)(9) 5 5 (x) do = (—l)i_lTde(qﬁgfi o)

=T(¢d(¢pom) Ndit') =
= T (p(¢p o m)dit") — T(¢p o wde A dit*)
< |[0T|[(p o) + T (¢ o ),

where di* = dr' A - Adn'P Adrt Ao A da®. Since o) is arbitrary z — (T, 7, x)
belongs to BV (R¥) and

|D(Tm,x)| < kg || T + kmy[|OT .
Since ¢ is arbitrary = +— (T, 7, z) belongs to M BV (R¥, My(E)).
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Now if T is rectifiable, Theorem [2.3.7] yields generic rectifiability of the slices. On
the other hand if ||T| is concentrated on a o-compact set L, then Theorem [2.8.4] gives
an .Z*-negligible set N C R* such that

U fyeL:ITma){y}) >0}

TERF\N

is contained in a #*-countably rectifiable set R,. If (T, 7, z) € Ro(E) for almost every
x then

ITL dn|[(E\ Ry) < /R T )2 Re) iz = 0.

Hence T dr os concentrated on a countably J#%-rectifiable subset of E for any 7 €
Lip(E,R¥). By Lemma [2.1.17| the same holds for 7. O

2.9. Rectifiability of flat currents with finite size
This section contains the main rectifiability result for currents of finite size.

THEOREM 2.9.1 (Rectifiability of currents of finite size). For every flat current T' €
F1.(E) with finite size the measure pur is concentrated on a countably % -rectifiable set.
The least one, up to % -null sets, is given by

set(T) := {w € E: limsup %Z(m)) > 0} . (61)
rl0 r

Notice that, even for flat chains for finite mass, the theorem provides no information on

the rectifiability of the measure ||T'||, which fails to be true in general. So, our goal is to

find a countably .#"-rectifiable set ¥ such that pup(E\ ) = 0. We start by proving the

existence of a countably % -rectifiable set ¥ = ¥ satisfying

(B \ 5q) = 0 (62)
for a fixed m € Lip; (E,R¥): since S(T) is finite, for .#*-almost every z € R* the slice
T, = (T, m,x) has finite size, hence by Theorem it is a finite sum of Dirac’s masses.

Therefore spt(T;) = {y € E : || Tx||({y}) > 0}, moreover T, = X, + (9Y), which entails
ITz] < | Xz]| + ||(QY)|| again almost everywhere. This implies that

spt(Te) C{y € B [ Xa|({y}) > 03 U{y € E: [[(9Y)a]({y}) > 0} (63)

So, in order to investigate the rectifiability of the measure pirx = [pi S OL spt(T)dz we
will prove that there are countably many Lipschitz graphs that contain the right hand
side of , for #*-almost every x. Since X € Fy(FE) is a flat current with finite mass,
the statement regarding its atoms has already been obtained in the proof of [DL02,
Theorem 3.2|. The result reads:

THEOREM 2.9.2. Let X € Fp(FE) be a flat current of finite mass. Then, for all
7 € Lip(E,R¥) there exists a countably H*-rectifiable set Y xx such that, for LEa.e.
x € RF, the atoms of the measure (X, 7, ) are contained in XX 7

Actually one can even prove, arguing as in Section [2.9.3] that a countably J#*-
rectifiable set can be chosen independently of 7, but we shall not need this fact.
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PROOF. Recall X is a finite mass flat current, therefore by the observation after
Definition there exists a sequence (Xj) C Ni(E) of normal currents converging in
mass to X. This implies in particular that given w € Lip(E,]Rk) each atom in {y € E :
| X2||({y}) > 0} belongs to one of the currents Xj:

{ye B X)) >0} < [l € B+ | Xnal({y}) > 0}
h

The argument of the proof of Theorem [2.8.5 shows how for a normal current these sets
are actually countably J#*-rectifiable. O

Observe that the proof uses the dual construction of the flat norm F to show
that the slicing map is M BV. Unfortunately our hybrid distance G does not seem to
have a similar duality property. Instead, we consider the classical definition of function
of bounded variation recalled in Section [2.8| to prove the theorem in dimension k = 1.
Then, the total differential Theorem [2.3.3 and Proposition [2.9.8] will allow us to pass to
the general dimension.

2.9.1. The 1-dimensional case. First of all we fix a map 7 € Lip,(E).

PROPOSITION 2.9.3. Let T € F1(E) be a flat 1-current with finite size, let us write

T =X +0Y with M(X) +M(Y) < oo and denote by Q, the slicing map
Q. R—By(E), Q,=(T-X,mzx)= (Y, x).
Then Q. € MBV (R, (Bo,G)) and |DQ,|(R) < M(X) +S(T).

PROOF. Since pu, is a finite measure, for almost every x the support of (T, m, x) is
finite. By Proposition we know that (7,7, z) must have finite mass. Therefore
Q. = (T,m,x) — (X, 7, x) belongs to My(E). Moreover @, is a boundary

Qe = (T —X,m,z)=00Y {r <z})—d*Y {r <z} =0(T - X){r < z}),
which proves that the map @ takes values in By(E). These properties hold whenever the
slices exist and restrictions can be made: as explained in Section these operations

are meaningful in a set of full measure. Therefore for every 1 < xo both outside a set
of measure zero we can perform the following computation:

Quy — Quy = (T — X,m,z0) — (T — X,m,21) = 0((T — X)L {z1 <7 < x2}),
hence
G(Qzyy Quy) S M(XL{zy <7 <2}) +S(TL{z1 <7 < x2}).

Therefore choosing zgp < 21 < ... < zn, from (55), we obtain that |DQ,|(R)
ess-VartQ, < M(X) + S(T'), which is the thesis.

= Ol

THEOREM 2.9.4. Let Q € MBV (R, (By,G)). There exists a £ -negligible set A C
such that the set of atoms

Yo ={y € E: there exists t € R\ A such that ||Qz||({y}) > 0}

is countably H'-rectifiable. In particular, for all T € F(E) with finite size and all
7 € Lip(E) this property holds for the map Q. = (T, m, x).
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PROOF. Fix €, > 0 and let A = R\ {J,, B, be the Lebesgue negligible set, where
B,, are the Borel sets given by Theorem m(n) in which the estimate holds:

g(QJJUQCIZQ) S Ln‘wl - $2| vxl? I € Bn7 (64)

for suitable constants L,,. We then take the set X, 5, of points y € E such that for some
T € By:

(a) [|Qzl({y}) = &,
(b) 1Qa[l(B2s(y) \ {v}) < §-

It is easy to notice that with this choice of A the set ¥¢, is the union of X, s, for a
countable set of parameters ¢ and 4, therefore it is sufficient to our purpose to prove
the rectifiability of the latter sets. In addition the hypothesis of separability allows us
to write ' as a countable union of disjoint Borel sets E;z of diameter at most J, and
again it is sufficient to prove the rectifiability of X, 5, 1 = Xc 5, N E,‘z. Let us take two
points y1 and y2 in X5, and let 1 < xo be their basepoints in B,: we know that
d=d(y1,y2) < 6. Take T, X € F1(F) such that

Quy = Qu, =0(X +T) and M(X)+S(T) < 26(Qu,, Quy)- (65)
Then either S(T') > g or not. In the first case
d(y1,y2) < 98(T) < 18G(Qu,, Q)
and since x1, x9 € B,, we obtain by
d(y1,y2) < 18Ly|x1 — 72]. (66)

In the latter case S(T) < %, hence by definition of size, slicing 7' with the distance
function from y;, we infer that

T, = <T7 d(ylv’)7r> =0

for radii 7 in at least 5 of the segment [0, d]. Therefore we can find radii p; € (0,d/3), p2 €
(2d/3, d) satisfying

9
TPI = sz =0 and M(Xm) + M(Xp2) < gM(X) (67)

In order to remove the ring R = {p1 < d(y1,-) < p2} from T and X weset " = TL(E\R)
and X’ = XL (E\R). We obtain, as in (51)),

OT"+X') = [0(T + X)|L(E\R) + Xp, = Xp, = (Quy = Qu,) LIE\R) + X, — X, (68)

Take now a Lipschitz function ¢ such that 0 < ¢ < 1, ¢ = 1 in Bgss(y1), ¢ = 0 in
E'\ Byg/3(y1), and Lip(¢) < 3/d. By hypothesis (b) above

[(Qz; = Quy)LR(P)| < |Qa, [[(XxR ) + [| Qs | (XR D)
< 1Qay [[(B2s (y1)\{1}) + |Qu[|(Bas(y2) \{y2}) < i, (69)

since R C Bas(y;)\{yi}. The first two assumptions on ¢ imply that
Qa1 = Quz)(0) = Quy ({y1 D < Qs [[(B2a (y1)\{y1}) + [[Qus | (Baa (1)) < Z’
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which gives

Q) = Q) (9)] 2 [Quy ({11 D] = [(Qay — Qa,)(¢) — Quy {11})] = 28- (70)
Putting together and we obtain
[(Qay — Qup) LIEAR) (D) 2 [(Quy — Quz)(9)] — [(Quy — Quy) LR(9)] = % (71)

We can now test equation with ¢:

2 (Qay = Qu) L(EAR)(9)] = [(T" + X')(d) + (Xp, — X)) (9)]
D+ 0@+ M.

l\D\(*)

< [T+ X')(do)| + M(X),) + M(X,,)

Since ¢ is constant in a neighborhood of B, (y1) and in a neighbourhood of E'\ B, (y1),
we deduce from Lemma (splitting 77 + X' in two parts) that (77 + X')(d¢) = 0.
Hence, estimates and 1) yield

18L

€
5 < E (Qxlanz) < n‘xl_x2|’ (73)
since we took z; € B,. Hence putting together the two cases and we obtain
36L
d(yla 92) < maX{lsan Tonl - .’L'Q’. (74)

In particular for every € R\ A there exists at most one atom y of @, in the set X, 5, 1,
denoted by f(z): let D.spnr C R\ A denote the set of points  where this atom exists.
The estimate implies that the map f : D, 5,1 — E has a global Lipschitz extension.

Finally, the last part of the statement follows by Proposition [2.9.3 U

LEMMA 2.9.5. Let T € Fi(E) and u € Lip(E). For £!-almost every t € R the
following property holds:

IT{u <t})(¢) =0
for every ¢ € Lipy(E) constant in a neighborhood of {u < t}.

PROOF. By definition there exists a sequence of normal currents (7},) satisfying
> L F(T),—T) < oo, so that that for almost every ¢ it holds F(9(T} L{u < t})—9(T'L{u <
t})) — 0. Slnce T}, has finite mass, we can write (T}, {u < t})(¢) = Th(X{u<syd®) and
we can use the locality property of finite mass metric currents (JAKO0Oa, Theorem 3.5|)
to get Th(X{u<tydp) = 0. Passing to the limit in h the statement follows. O

2.9.2. The general k-dimensional case. In this section we analyse the general
case k > 1.

We shall need three technical statements. The first one provides a useful commu-
tativity property of the iterated slice operator, the second one provides a measurable
selection, see for instance [CVT7, III.6, I11.11]. The third, proved in [AW11] 5.2|,
relates 1-dimensional rectifiable sets and projections.
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LEMMA 2.9.6 (Commutativity of slices). Let T' € Fi(E) and let 1 = (p,q) satisfy
p € Lip(E,R™), g € Lip(E,R™2), m; > 1 and my +ma < k. Then

(T,p,z),q,y) = (=)™ (T, q,y),p, 2) for L™t g e, (z,y) € R™ x R™2,
(75)

PrOOF. If T € Ng(FE) it is immediate to check that ((T',q,y),p, z) satisfy condi-
tion(a) of Section and

/w@, 2)((T,q,y),p, z) dydz = T (p, q)dg A dp = (—1)"™ ™ T Ly (p, q)dp A dg,

hence holds. The general case can be achieved choosing a sequence (7},) C Ng(FE)
with >, F(T), = T) < oo. O

LEMMA 2.9.7. Let us assign for all x € R¥ a finite set A(x) C E, and let us assume
that {x : A(x)NC # 0} is Lebesque measurable for all closed sets C C E. Then the sets

By, = {x e RF: card A(z) = n} n>1

are Lebesque measurable and there exist Lebesgue measurable maps fi,...,fn : B, — E
such that

A(z) = {fi(z),..., fu(x)} for L*-a.e. v € B,. (76)

PROPOSITION 2.9.8. Let K C T' C E, with K countably "' -rectifiable, and let
7 € Lip(E) be injective on T'. Then &(r|p) "t is finite £t-a.e. on 7(K).

PROOF. Assume first that K = f(C) with C' C R closed and f : C — K Lipschitz
and invertible. The condition §(|r)~! < oo clearly holds at all points ¢ = 7(z) of density
1 for m(K), with = € K satisfying

g 1) = (@)

> 0.
yeK—a  d(y,x)

Indeed, at these points ¢t = 7(z) we have x = (7|p)~'(t) and

-1 _
lim inf [(7lr) =" (s) — | < 00.
sem(K)—t |s — ¢

If N C K is the set where the condition above fails, the Lipschitz function p = 7w o f has
null derivative at all points in f~!(N) where it is differentiable, hence £ (p(f~1(N))) =
0. It follows that £ (w(N)) = 0.

In the general case, write K = N U U; K; with 21 (N) = 0 and K; = f;(C;) pairwise
disjoint, with C; C R closed and f; : C; — K; Lipschitz and invertible. Let B; C 7(K;) be
Borel sets such that the inverse g; of 7|, satisfies dg; < oo on B; and L r(K)\B;) = 0.
Since s (m(N)) = 0, the union U;m(K;) covers £ -almost all of 7(K). Hence, it suffices
to show that d(7|r) ™! < oo at all points of density 1 for one of the sets B;. This property
easily follows from the definition of § and from the fact that (7|p)~! and g; coincide on
B;. O

We are ready prove the rectifiability of the atoms of (9Y,m, z) for general k > 1 and, as
a consequence, the rectifiability of i .
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THEOREM 2.9.9. Let m € Lip(E,R¥) and suppose T = X + 0Y € Fy(F) has finite
size, with M(X) + M(Y) < co. Then there exists a Lebesgue negligible set A C R* such
that the set of atoms

Yovy = {y € E: there exists & € RF\ A such that ||(dY )] ({y}) > 0}
is a countably F*-rectifiable set. In particular

,U,(‘*?YJI.:/ AP Atoms((9Y, 7, x)) dx (77)
RF

is concentrated on a countably H*-rectifiable set.

PROOF. First of all notice that the statement of the theorem allows us to ignore sets
of atoms whose projection under 7 is Lebesgue negligible. We will split the family of
atoms in countably many subfamilies (indexed by m and n), according to their weight
and the cardinality in each fiber.

Since T has finite size and X has finite mass, by Proposition for almost every
z € R the equality

Q. =Y, m,z) =(T - X,7,z)
implies that ), has finite mass, so for every m > 1 the set of points y € F such that
|Qz||({y}) > 1/m is finite almost everywhere. We fix a representative @), of the slicing
map and denote by N the Lebesgue negligible set of points where @, has infinite mass.
Step 1. In this step we view the set of atoms with weight larger than 1/m as images of
suitable maps defined on subsets of R¥. To this aim, consider the set-valued function

An() = { éy e l(2): |Q({y}) > £} ﬁ Slffk \ W,

and notice that it fulfils the measurability assumption of Lemma[2.9.7 Indeed, let C C E
be compact and let {y,} be dense in E, We claim that all = ¢ N it holds

3y € O Q) >

The implication = is trivial by density; if on the other hand there is a sequence (y,())
such that HQxH(B% (Yq(r)) N C) > L “any limit point g must belong to C' and satisfies

1
= V3¢ [Qal(Bily) NC) = —.

) - m’
1Q|(B1(5) N C) > L for any given n, so that y € Ay, (). Hence {z : Ap(z) NC # 0}
can be written as

1
e

NU{z e Bw: 1@

LCEESS (79)
L q m
The map x — [|Qz]/(B) is measurable for every Borel set B and for every T' € Fy(E)
(see [AW11], Section 3] for the proof of this result), hence the set in is Lebesgue
measurable. Since any closed set C' is a countable union of compact sets we obtain that
A,, satisfies the measurability assumption of Lemma [2.9.7 As a consequence, for all
n > 1 we obtain disjoint measurable sets B,, = {x : #°(A,,(z)) = n} and measurable
maps fi,..., fn satisfying .

Step 2. In order to show that the collection of atoms is countably J#*-rectifiable,
modulo sets with Lebesgue negligible projection on R¥, we can use Lusin’s theorem and
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the inner regularity of the Lebesgue measure to restrict the domain of the functions
fi,--., fn to a compact set C C B,, and assume that these restrictions are continuous.
Notice that since fi(z) # fj(x) whenever x € B), and ¢ # j we can also assume that the
sets K; := f;(C), i = 1,...,n, are pairwise disjoint, by a further decomposition of C' in
countably many pieces. Observe also that 7 : K; — C is injective and its inverse is f;.
In order to prove the theorem it suffices to show that the sets K; \ 7~ 1(V;) for suitable
Lebesgue negligible sets V; € R, are countably J#*-rectifiable: we fix an index i once
and for all.
Writing z = (2,t) with z € R¥~! and ¢ € R, let us consider the sets

C,:={teR: (z2,t) € C}, K, ={reK;: (m,...,mp—1)(x) = 2z}

and the maps g;.(t) := fi(z,t) : C, — K;,. We claim that, for Z* 1-a.e. 2, 6;g;» < o0
L' ae. in C,. Indeed,

Q= (S,, g, t) with S, =(T—-X,(m1,...,Tk—-1),2)

we know that for #*~1-a.e. z the flat chain S, € Fi(E) is the sum of a flat current
with finite size and of a flat current with finite mass and (thanks to Lemma
(S, 7k, t) = Qy for Ll-ae. t € R. It follows that (S,,m,t)L K; = Q. K; is a Dirac
mass concentrated on g;,(t) for Llae teC,.

We fix now a point z with these properties: combining Theorem (applied to the
part with fine size of S,) and Theorem (applied to the part with finite mass of S,)
we get a countably J#!-rectifiable set G, C E and a .Z'-negligible set N, C R such that
the atoms of (S, m,t) lying in K, are contained in G, for all t € R\ N,. We denote by
K;, C G, the set .

K, :={gi:(t): t € C,\ N}
which is countably #!-rectifiable as well and contained in K;,. Also £ (mp(Ki, \
K; )) = 0 because this set is contained in N,. Since 7|k, is injective, we can now apply
Proposition With K = K;, and T = K;, to obtain that St((mi)| k)™t < 00 Llae.
on m(K;.) and therefore .#'-a.e. on m(K;,). But, since the inverse of 7|, is f;,, the
inverse of (m1,)|,, is gi.. It follows that &;g;, < oo Z!-a.e. on C,. This proves the claim.

Using the commutativity of the slice operator, we see that a similar property is
fulfilled by f; with respect to the other (k — 1) variables, hence Theorem [2.3.3(i) ensures
that d,f; < co Z¥-a.e. on C. This ensures that Theorem (ii) is applicable to f;,
so that we can cover Z*-almost all of C' with Borel sets Cj, such that the restriction
of f to Cy is Lipschitz. Since f(UrCy) is countably .#*-rectifiable, we can can choose

V; = C'\ UxC} to conclude the proof. O
2.9.3. Proof of the main result. In this section we prove Theorem [2.9.1] Let
T = X +0Y. For a given 7 € Lipy (F, R¥), Theorem and Theorem provide

us two countably A -rectifiable sets ¥ x,n and Ygy such that px . is concentrated
on Xx r and pgy,r is concentrated on Xy . In particular pp , is concentrated on the
countably 7 k_rectifiable set YXrx = XxrUXgyr. Consider for any n € N a finite set
J, C Lipy (E;R¥) of projections such that

pr(E) < ( \ MT,Tr) (E)+27"

TEJn
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(its existence is a direct consequence of ) Then, denoting by J the union of the sets
Jp, the measure
0= \/ M,

meJ
is smaller than pur and with the same total mass, hence it coincides with pp. Since J
is countable, a countably .#*-rectifiable concentration set 3 for u7 can be obtained by
taking the union Ure X7 1.
Finally, defining set(T") as in , since pp is concentrated on ¥ the spherical dif-
ferentiation theory gives O (ur,z) = 0 for #*-a.e. x € E\ ¥, hence set(T) C ¥ up to
HF-negligible sets.

2.10. Characterization of the size measure

In this section we improve the result of Theorem [2.9.1] showing a formula for the
density of y7 with respect to J#¥ | set(T') that involves only the local geometry of set(T).
We start by stating some differentiability properties of Lipschitz maps and rectifiable sets
contained in [AKOOD].

2.10.1. Dual of separable Banach spaces. Recall that by w*-separable dual
Banach space we mean Y = G* with G Banach and separable, and that if {g,} is a dense
subset of B1(0) C G then the distance

du(2,y) =D 27"z =y, g0)]

induces the weak* topology on bounded subsets of Y and makes (Y, d,,) separable. The
sequence space £*° is an example of such spaces. Throughout the rest of the section Y
will indicate a w*-separable dual Banach space.

It is helpful for our purposes to consider w*-separable dual spaces as an ambient
space. There are mainly two reasons for this. First, since E is separable it is also weakly
separable, and we gain some linear structure by embedding F into the vector space £°°.
The second reason is related to the following Rademacher-type Theorem:

THEOREM 2.10.1 (JAKOOD!, 3.5]). Let f € Lip(R*,Y): for £*-a.e. € R* there
exists a linear map wdy f : R¥ =Y such that

fly) — f(x) —wdy f(y — )

w" — lim =0 and (79)
y-e |y — x|

W)~ @)~ wdef - 50

Yoo |y — x|

The map wd, f is called the w*-differential of f at x.

PROOF. Let D C G be a countable dense vector space over Q: the classical Rademacher
Theorem yields the existence of a #*-negligible N C R¥ such that f,(z) = (f(x),g) is
differentiable at any 2 € R¥ \ N for any ¢ € D. By continuity, we can find for any
x € R¥\ N a linear function Vf(x) : R¥ — Y such that (Vf(z),g) = Vf,(z) for all
g € D. By a density argument it is not difficult to check that f is w*-differentiable at
any z € R¥\ N and wd, f = V f(x), namely (79).



2.10. CHARACTERIZATION OF THE SIZE MEASURE 48

Using the lower w*-semicontinuity of the norm we infer

1f (@ + tv) — f(a)]]
t

If we let D’ C S*~! be countable and dense, and set Vfs=0and Vf =0in N, then for
any = € R¥ and any v € D’ we let V,,f(z) to be the unique y € Y such that (y, g) = V., f,
for any g € D. By a classical result on differentiation of Sobolev functions [Zie89] 2.1.4]
there exists a .Z*-negligible N’ ¢ R* such that

t
(Fz+tv) — f(z)) :/ Vol (@ + sv) ds
0
1
i [ IV, £+ o) ds = [V,
0 P Jo
for any t >0, v € D', g € D and = € R¥\ N’. By density this gives

t
|U@+ﬁ0—ﬂ@H§AHVJ@+MMM&

If € R¥\ (N UN') and v € D' we can divide both sides by ¢ and let ¢ | 0 to obtain

Vo € RF.

dy < liminf
Jwdsf (0)] < limn

t —
10 t
By density again the last inequality holds for any v € S¥~1 and gives . O

Note that if Y is uniformly convex, the two limits and imply that f is Fréchet
differentiable at . An example of non w*-differentiability is given by the isometric map

[0,1] 5t — x4 € Y = L'([0,1])

which shows the necessity to deal with dual spaces. If we take Y = (C°[0, 1])* the space
of Radon measures on [0, 1] endowed with the total variation norm, then holds with
wdy f = ¢, nevertheless fails.

2.10.2. Jacobians and the area formula. Aiming to generalize the area formula
for maps between metric spaces we need to adapt the concept of jacobian of a linear
map in the metric context. We recall that the k-dimensional Hausdorff measure of the
unit ball in R¥ wy, := Z*(BY¥) is actually the Hausdorff measure of the unit ball in any
k-dimensional Banach space, see [Kir94, Lemma 6].

DEFINITION 2.10.2. Given a linear map L : V. — W between two Banach spaces V
and W, with diim(V') = k, we let

Wk

Ji(L) = ,
HF (| L(2)] <1})

If V, W are Hilbert spaces than by the polar representation theorem it is known that

Jip(L) = (det L* o L)'/2. We will use the following form of the classical Binet theorem:

LEMMA 2.10.3. IfdimU =dimV =k < dimW and K : U -V, L:V — W are
linear maps, then

(81)

Ji(L o K) = Jp(L)Jp(K).
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The key theorem related to Ji(L) is the area formula: for every f € Lip(R* Y),
every A € B(R¥) and every Borel function 6 : Y — [0, 00] it holds

/0 NI (wd f) dac—/ 0(y) A (AN f~(y)) d*(y). (82)

In particular taking L : V. — W and ¢ : R¥ — V linear, and setting # = 1 and

A= ¢~ 1(BY(0)) in we obtain

Ji(Lo¢) _ Hy({LWw) v e BY(0)}) _ Ay({L(v):ve By (0)})
I (o) A (BY (0)) Wi

2.10.3. Approximate tangent space and orientation.

Jr(L) =

(83)

DEFINITION 2.10.4 (Approximate tangent space). Let S € B(Y) and assume S =
f(B) for some Lipschitz f : R¥ =Y, one to one in B € B(RF). For any x € S such that
[ is w*-differentiable at y = f~1(z) and Jp(wdy,f) > 0 we let

Tan® (S, z) := wd, f(R¥).

If S C Y is a countably " -rectifiable set and S C U; Si with S; = fi(B;) as above we
let
Tan® (S, z) := Tan® (S}, z) for A% —a.e. z€SNS;.

The definition is well posed thanks to the area formula and the following locality
property: if S; = f;(B;) with f; € Lip(R¥,Y) and one to one in B; then

Tan®(S;, 2) = Tan®)(S;, z) for % —ae. x € 5;NS;.

Note moreover that dim Tan®)(S, z) = k, and that Tan®)(S, z) inherits the norm of ¥
by restriction.

If S C E is countably J#*-rectifiable and E is a separable metric space then we can
pose

Tan™ (S, z) := Tan® (§(S), j(2))

for some isometric embedding j : S — Y with Y w*-separable dual space. Different
choices of embedding produce different tangent spaces: however all such spaces are iso-
metric, and their intrinsic norm is called local norm [Kir94, Theorem 9]. This fact
stems from the characterization of Tan(k)(S, x) as w*-limits of secant vectors and the
existence of a good projection map: for #*-a.e. x € S there exists S, € B(Y) and
T Y — Tan(k)(S7 x) w*-continuous linear map such that ©*%(S\ S, z) = 0,

Tan® (S, 2) N OB :{ p=w*— lim y_x}
B R UL A 0 ]

and
-1

T z\Z
hm&m{w |@—zf)n

The metric jacobian (81)) allows to measure the length of simple k-vectors 7 = 171 A
-« ATk € ApY simply taking

(Y, z € SxﬂBp(a:)} = 0.

k
Ir(Lr), where L, : R¥ Y, L.(z):= Zl‘ln
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(right composition with GL(k) maps and the Binet’s formula guarantees the pas-
sage from @), Y to the quotient A;Y). An orientation of a countably #*-rectifiable set
S is a unit simple k-vector 7 = 71 A --- A 7, such 7; are Borel functions spanning the
approximate tangent space to S almost everywhere.

2.10.4. Tangential differentiability and coarea formula. Let Z be another w*-
separable dual space, let S C Y be countably .7#*-rectifiable and let w € Lip(Y, Z). Then
for #%-a.e. © € S there exists a linear map

d37 : Tan™ (S, 2) — Z

called the tangential differential of 7w at x. Such map can be characterized by requiring
that

wdy(mo f) = d?(y)ﬂ owdy f

for any parametrization f as in . In the case Z = RP the tangential differentials of
each coordinate of 7 give rise to a k-covector A¥dS T := dix! A--- AdIm*. In particular

if p=+k and x = f(y) by Lemma we have
det V(m o f)(y) = (A*d7m, m(y)),
with 7(y) = wd, f(e1) A--- ANwd,y, f(eg). Therefore

_ | det V(mo f)(y)]
Ju(Lr(y))

and by the arbitrariness of f we deduce

In(dim) = [(Ardim, o (y))]

T\Y
_ |(AkdSm, W)y,

Ji (57
k(dzm) Ji(Lr(y))

where ¢ is any orientation of S. The importance of J; relies on the following general
coarea formula [AKOOD) 9.4]:

/ 0(2)Jp(d3m) dA* (x) = / / 0(z) dA° () % (y). (84)
S RF JSnm—1(y)

We restrict our attention to the Euclidean case Z = RF. In order to relate ur to
A% |_set(T) we need to calculate the supremum of the k-Jacobians Ji(d°7) among all
possible functions w. As explained in the next two lemmas, it turns out that this quantity
depends only on the norm of tangent space Tan(*) (S, x).

Let V be a k-dimensional Banach space and denote by B} its unit ball. We call
ellipsoid any set R = L(B), where L : R¥ — V is a linear map and B is a ball in the
Euclidean space R¥. The supremum

k(npV
Ay := sup {% :BY CR, R ellipsoid} (85)
is called the area factor of V, and is clearly related to the problem of finding the best
ellipsoid enclosing a convex set in R¥. For instance if V is a Hilbert space, then the
spectral theorem implies Ay = 1. The following lemma relates Ay to the k-jacobian of
linear maps (JAKO00a, Lemma 9.2]:
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LEMMA 2.10.5. Let V' be a k-dimensional Banach space. Then
v = sup{J;(¢) : ¢ : V — RF¥linear, Lip(¢) < 1}.

More generally if the linear maps are taken with Lipschitz constant (i.e.: operator norm)
bounded by C, then the supremum is Ay CF.

Proor. Without loss of generality we can assume that the map ( is non singular.
Then, the ellipsoid {v € V : [¢(v)] < 1} = ¢(~Y(B;) contains B} (0) if and only if
Lip(¢) < 1. Hence for such maps the area formula implies that

_ Wk _ %k(BY) < )\
AR v eV ()| <1))  AF{veV:[Cl<1)) =V

On the other hand by definition any nontrivial ellipsoid R = L(B) can be written as
¢7Y(B), for some linear map ¢ and some Euclidean ball B, just setting ¢ = L~!, By
possibly rescaling one can assume that B has radius 1. At this point R = (~}(B;) =
{veV:|¢(v)] <1} and the same inequality as above completes the proof. The general
case simply follows by homothety. ([

Jx(C)

Also, we shall need the following density result [AK0Oa, Lemma 9.4]:

LEMMA 2.10.6. Let II(Y") be the collection of all w*-continuous linear maps w:Y —
R¥, with Lip(w) < 1. There exists a countable set {m;} C Ix(Y) such that Lip(m;) < 1
for every j € N and

Suka(Wj‘V) = Sup{Jk(ﬂ"\/) T E Hk(Y), Lip(ﬂ') < 1}
J

for any k-dimensional subspace V C Y.

PROOF. In fact it is sufficient to consider the set of maps

k
{Z(x,gﬁei D gi € D} C L*(Y,R¥)
i=1

where D is a countable dense subset of G: it is not hard to show that this set is dense
in the space L*(Y,RF) of linear and w*-continuous maps from Y to R* for the topology
of uniform convergence on bounded subsets of Y. As a consequence its subspace IIx(Y)
is also separable, and if 7, — 7 uniformly in B} (0) then

A" ({n(v) v € BY (0)}) = 11}1}1:%”’“({7Th@) tv € By (0)}),

which according to and makes the map 7 — Jp(7|y) continuous along the
sequence. O

THEOREM 2.10.7 (Characterization of ur). For any T € Fi(Y) with finite size it
holds

A
k—E%”kLset(T) < pr < ANHFLset(T),
2
where \(z) = )\Tan(k)(set(T) 2) i the function defined in . If moreover Y is a Hilbert
space then up = %1 se(T).
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PROOF. The area formula implies that if 7 € Lip; (Y, R¥) and A C Y is a Borel
set, then

prad) = [ AAnseT) N ) dy = [ 3@ ) dot o),
Rk Anset(T)
so that
pr=\/ (@O set(T). (86)

ﬂ'ELipl(Y,Rk)
By Lemma [2.10.5| ur < A% _set(T). On the other hand, choosing 7 to be one element
of the countable family of maps m; provided by Lemma [2.10.6, ur can be bounded
below by sup; T (a2 ) A% set(T). Moreover since every linear ¢ : V — RF with
Lip(¢) < 1 can be extended to a w*-continuous linear ¢ with Lip({) < k%, by rescaling
for every k-dimensional subspace V' the restrictions 7; ‘V are dense in

hence by Lemma [2.10.5)

AMTan(®)
Tan'®) (set(T),-)
Sl;p Jk’(ﬂ]’|Tan(k)(set(T),-)) = k‘%
and so up > ikt%”kLset(T). Finally if Y is a Hilbert space, the extension of any ¢ to
k2
the whole Y can be made by composing with the orthogonal projection onto V', thus
preserving the Lipschitz constant. In that case the restrictions to V' are dense in the set
of 1-Lipschitz linear maps, yielding

pr = A\ set(T);

furthermore every approximate tangent space has the Hilbert structure induced by Y,
hence A = 1. U



CHAPTER 3

The distributional jacobian and the space GSB,V

In this chapter we introduce the space of Generalised special bounded higher variation
GSB,V of vector valued maps u : R™ — R". The definition implements the concepts
of size of the last chapter to Ju, leading to a compactness Theorem in the same spirit
of the one available for SBV maps [Amb&89|. We also present some key example that
clarify the similarities as well as the differences with the scalar case n = 1.

3.1. Distributional jacobian

We will assume throughout all the chapter that m > n are positive integers and that
p and s are positive exponents satisfying

1 n-1

S p

We will consider Sobolev maps u : £ — R™ where £ C R™ is an open subset of the
Euclidean space. Recall that if 2 is bounded and has Lipschitz boundary then the
cone property holds, namely for some a, b > 0 and for every point z € 0f) there exists an
orthonormal coordinate frame such that Q D {y € R™ : (y!—a21)2+.. .+ (y" L —2n71)2 <
a(y™ — 2™)? < b}. The Sobolev space WHP(Q,R") is the set of (equivalence classes) of
maps u € LP(Q,R™) such that the distributional derivative Vu € LP(Q, R™*"™), endowed
with the norm

<1. (87)

1
n ) p P

ullze + IVullze = |lullr + (/Q (> Ivuil?)? dl’) :
=1

The pointed Sobolev space W1P(Q,R") is defined as the factor space
{fue 2'(Q) : Vu e LP}/N.

The denominator N' = {u € 2'(Q) : Vu = 0 in Q} coincides with the set of functions
whose restriction to every connected component of 2 is constant. WP is endowed with
the norm ||Vul|zr, which makes it a Banach space. By the Poincaré inequality [Maz85,
1.1.11]

nf flu—vlzr < C|Vullrr,

valid if Q is a bounded open set with Lipschitz boundary, the representatives of any
equivalence class of WP (Q, R™) belong to WP (£, R™); more generally if ) is arbitrary,
then every representative in W1P(Q,R") is actually in L (Q,R™). We will always
assume {2 to be bounded and Lipschitz regular.

53
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The definition of distributional jacobian takes advantage of the divergence structure
of jacobians

diutdu® A - AN du™) = dut A+ Adu™ Yu € CHR™,R™),

which allows to pass the exterior derivative to the test form and hence weakens the
minimal regularity assumptions on the map wu.

DEFINITION 3.1.1 (Distributional Jacobian). Let u € W1P(Q,R™) N L (Q,R™). We
denote by j(u) the (m —n + 1)-dimensional flat current

(), w) = (—1)"/Qu1du2 A AduP Aw Yw e PR, (88)

we define the distributional Jacobian of u as the (m — n)-dimensional flat current
Ju:=0j(u) € Fppp (R™). (89)

If m = n, [Ju] is a distribution and a simple calculation gives that Ju = div[Cof(Vu)u],
where Cof (Vu) is the matrix of cofactors of Vu. This case of Definition was first
introduced by Ball in [Bal77], in the context of nonlinear elasticity, the extension of the
distributional Jacobian to the case m > n is due to Jerrard and Soner in [JS02].

A few observations around Definition [3.1.1] are in order: first of all the integrability
assumption v € W N L* and the exponent bound ensure that j(u) is a well-
defined flat current of finite mass, since it acts on test forms as the integration against
an L'(R™, A, n11R™) function:

ju) = (~1)"E™L xqutdu® A --- A du™.

As a consequence Ju € F,,_,,(R™) as declared in . Furthermore for p > % the
constraint (87) is satisfied with the Sobolev exponent p* in place of s, hence definition
m makes sense for v € WP in this range of summability. In [BN11] the authors
showed that Ju can be defined in the space Wl_%’m(Rm), which contains L¥ N WP
for every s,p as in . This extension exploits the trace space nature of Wi=mm
expressing Ju as a boundary integral in R’
Finally in the special situation n = 1 the minimal requirement to give meaning
0 is u € L'(Q), and the Jacobian in  reduces to the distributional derivative
Ju=—0(E™Lu): for any w € 2™ "(R™) with spt(w) C Q

(Ju, 3" (1) lwdat) = Z/ g‘;j - ‘(Diu,wz). (90)

i

Regarding the convergence properties of these currents, we note the following:

PROPOSITION 3.1.2. Let up,u € Wl’p(Q,R”) N L5(Q,R™) satisfy

o up — u in L*(Q,R"),
o Vuy — Vu weakly in LP(Q,R"*™).

Then FS°(Juy, — Ju) — 0.
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PROOF. Recall (p;) is the sequence of Lipschitz cutoff functions as in . Let us
rewrite the difference uidu% A= Ndup — uldu? A -+ A du™ in the following way:

ubdui A - Adull —urdu AN du =

n
= (u}l—ul)du%/\-~/\du2+ulzdu%/\-~/\dui_1 Ad(uf —uP) AduPTEA A du™
k=2
We can actually write each addendum in the last summation as

—(uf —uFydud A A dubTE A dut A duFTEA A du™ - dC
where we set
K= (—DF 2t (uf — uF)dud A - A dui_1 AduFtt A A du™ e LYHQ, AVT2R™). (91)

Notice that we can always assume s > p, hence C,’f € L'. To show it is sufficient
to approximate both u and wuy in the strong topology with regular functions and apply
the Leibniz rule; the same approximation shows that d¢ ,’f € L' and hence fQ d¢ ,’f Adw =0

for each w € 2™7"(Q). In particular if spt(w) C spt(g;) by the calculations above we
can estimate

[(Jun = Ju,w)| = [{(un) = j(u), dw)|

n
< Ndwllzee Y lufy = ullzelldup | o - - - up ™ e lduy o - [l o
k=1

n—1
< CF(w) (sgp HVuhHLp> llup, — ulLs.

Taking the supremum on test functions w with F(w) < 1+Lip(e;) we immediately obtain
the asserted convergence by . O

A natural question is the relation between the summability exponent p and the reg-
ularity of the distribution Ju. There is a main difference between p > n and p < n: if
the gradient Vu has a sufficiently high summability, then Ju is an absolutely continuous
measure. In fact let up, = u * pp, where pp is a standard approximation of the iden-
tity: since p > n the continuous embedding W < VV&)’ZL implies that up, — u both in
WP LS and WH". Taking a test form 1 with compact support we can use Proposition

loc

to pass to the limit in the integration by parts formula
(Jup,v) = (—1)"/ u}ldu%/\---/\duﬁ/\dw:/du;ll/\du%/\---/\duZ/\d),
Q Q

yielding Ju = E™Ldu' A -+ A du™.
On the other hand when p < n there are several examples of functions whose jacobian
is not in L!': for instance when m = n the “monopole” function u(z) := fa satisfies

Ju = £"(B1)[0], where [0] is the Dirac’s mass in the origin. More generally:

EXAMPLE 3.1.3 (Zero homogeneous functions, m = n, [JS02, 3.2]). Let v : S"~! —
R™ be smooth and let u(x) := 'y(é—') Then

Ju = Area(y)[0] (92)
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where Area(7) is the signed area enclosed by +.

PROOF. Outside the origin u is smooth and takes values into the (n — 1)-dimensional
submanifold «(S™ 1), hence spt(Ju) C {0}. Set t = |z| and y = %: then dy =

[a]
> %tdyk, S0
YA AUt =dyE A Ady™ € AV Tan S7L

Hence the only term of dw surviving in the wedge product is %—fdt. Therefore

(—1)n/ wWdu A A du™ A dw = (=" a—wfyl(y)duQ/\---/\du”/\dt
Rn Rn at
z—/ %L:ul(y)dt/\duQ/\--'/\du”

+oo
= —/ </ 8wdt> u(z)du? A - A du™
o, \Jo Ot
+oo
= —/ (/ awdt) Y y)dy? A Ay
0B, 0 ot

() [ @i aenar (93)

Setting Y(t,y) := ty(y) the Lipschitz extension to the unit ball By C R", by Stokes’
Theorem equals to

w(O)/ YY1, y)d X2 A AdY" = w(O)/ dY' A AdY"
0B, B

— w(0) / det(VT)dz = w(0) / deg (T, w, By )duw.
B n
1 (94)
It is well known that represents the signed area enclosed by the surface v(S"~1). O

This example immediately outlines one of the biggest differences with the scalar case.
Consider as in [JS02] the “eight-shaped" loop in R? :

_ (cos(20) — 1,sin(26)) for 0 € [0, 7],
v(6) = { (1 — cos(20),sin(26)) for 0 € [, 2m].

and let u be the zero homogeneous extension. < encloses the union Bj(—e;) U Bi(e1)
with degree +1 and —1 respectively: in light of Ju = 0. However a left composition,
even with a smooth map F : R? — R2, generically destroys the cancellation, causing the
appearance of a Dirac’s mass in 0. Hence the estimate

17 (F o u)|| < Lip(F)?|| Ju] (96)

doesn’t hold anymore if u is not regular. Note that this phenomenon does not appear
for n =1 and v € BV (), as Vol’pert chain rule provides exactly the estimate (see
[AFP00, Theorem 3.96]).

The failure of is related to the validity of a strong coarea formula for jacobians of
vector valued maps, namely equation (1.7) in [JSO2|. The (weak) coarea formula amounts
to decompose the current Ju into the superposition of integral currents corresponding to

(95)
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o u(r)—

the level sets of u: letting u,(z) := m, it is proved in [JS02, Theorem 1.2| that if
u € WEn=L(Q,R") N L>®(Q, R") then for £"-a.e. y € R u, € WLn=1H(Q R?) N L> and

1
(Ju,w) = aWBl)/Rn<Juy’w> dy

for every w € 2™~"(Q); moreover for every F € C*(R™,R") it holds

1
(P o) = s /R et VE(y) (Juy ) dy (97)
This last equation can be interpreted as an extension of the chain rule for jacobians
of smooth functions, which amounts to Binet’s Lemma [2.10.3] thanks to their pointwise
nature. Clearly entails

Lip(F)]" |
7 o)l < o [ 1wl dy:

however, because of some cancellation phenomena like in ((95)), , the strong version

of the coarea formula
1
Ju :/ Juy || d 98
19l = Gy [ 1l (98)

might well fail. As proved in [DLO03|, Theorems 13, 14] if u € WHP(Q,R") N C° for
some p > n — 1 and [, [|[Juyl|(Q)dy < oo then Fou € B,V(Q) and J(F ou) =
det VF(u)Ju, which in turn implies . The strong coarea formula is also valid if
u € W=l 0 B,V takes values in S"~!, as shown in [JS02, Lemma 4.8]. Once again
observe that for n = 1 the equality has been proved by Fleming and Rishel to holds
for every uw € BV, see [AFP00, Theorem 3.40]. For a more detailed analysis we refer to
[JS02, DL03, MS95, DP12].

For later purposes we report the dipole construction, introduced by Brezis, Coron and
Lieb in [BCL86]: it consists of a map taking values into a sphere which is constant outside
a prescribed compact set, its jacobian is the difference of two Dirac’s masses and satisfies
suitable WP estimate. We write (y,2) € R*! x R and denote by N' = (0,1) € "1
the north pole.

ExAMPLE 3.1.4 (Dipole, [BN11] 2.2]). Let n > 2, v € Z, p > 0: there exists a map
fop :R* — S™~1 with the following properties:

e f,, =N outside {|y| + |z| < p};
e f,,— N € WLP(R" R") for every p < n with estimates

IV fu
4 Jfl/,p = yo‘f”(B?)([[(O, —P)]] - [[(07p)]])

The construction starts from f, ,(-,0) : R?~! — §"~1 which is a smooth map equal to
N outside Bg_l(O) and such that deg(f,,,(-,0)) = v (here S"~! is given the orientation
Tgn—1 such that the n-vector 7gn-1 A ﬁ is positive). When v = +1 such map can

p
P L n—p.
p S Cpun=1p"P;

be assumed to satisfy HVnypHLoo(Rnfl) < Cp~!; for general v € Z by rescaling and
translating f, , can be constructed by gluing v copies of fi, each being constant outside
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a ball of radius r: comparing the volumes of these v disjoint balls of radius r to B,(0)
we deduce the condition p" =1 ~ vr"~1 yielding the pointwise bound

IVy fop
For |z| < p we extend by f, ,(y,z) = f,,7p(pf7?|{z|,0) and we set f, , =N at points |z| > p.

1
Loo(Rnfl) S Cl/mp_l

Clearly spt(J f,,,) C {(0,—p), (0,+p)}; moreover since f, , is 0-homogeneous in suitable
small neighborhoods of (0, +p), by Example we get the asserted formula for Jf, ,.

The locality of the dipole construction allows to glue several copies of dipoles to
produce interesting examples.

EXAMPLE 3.1.5 (Finiteness of F(Jg) does not imply finiteness of M(Jg)). With the
help of the family of maps {f, ,} of the previous example we build a map g such that
F(Jg) is finite and Jg has an infinite mass. Choosing a sequence of positive radii (pg)
we can glue an infinite number of dipoles along the z axis:

9y, 2) = frp (Y, 2 — 2k) for [z — zx| < 2p4,

where zg = 0 and 2z = 22?20 p;j- The function g belongs to L N WP provided
kP U < oo in this case

Jg=2"(B1) Y (0,2 — pi)] = [(0, 21 + o)1,
k

hence F(Jg) < 2.2"(B1) ", pr < o0 but M(Jg) = +o0.

More complicated examples, including maps such that Ju is not even a Radon mea-
sure, are presented in [JS02, MS95, [ABOO05|.

3.2. The space B,V of Jerrard and Soner

The space of functions of bounded n-variation has been introduced by Jerrard and
Soner in the fundamental paper [JS02|]. In light of the results of chapter 1 we chose to
consider our currents in the ambient space R™, which is a geodesic space, we adopt the
following definition, consistent with the local theory of current:

DEFINITION 3.2.1. B,V () is the space of functions u € WIP(Q,R") N L*(Q, R")
such that Ju has current finite mass in ), namely there exists a constant C' such that for
every 1 € N

M(Jul g;) < C.
Equivalently one can require
sup{(Ju,w) : w € 2M7"(Q), sup |w(x)|| <1} < C.
z€eQ)
Notice that in this case the action of Ju against test form compactly supported in 2
can be represented as the integration against a A,,_,R™-valued Radon measure. In turn
thanks to Theorem we can restrict Ju to Q and obtain a finite mass current in
R™:
Jul.Q € M,,,—,(R™).
To simplify the notations, we will assume that every BnV map belongs to L*NW P, with
p and s as in . Among the literature related to this class of maps we underline the
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works in elasticity by Sverak [Sve88] and Miiller and Spector [MS95], devoted to analyze
the regularity properties of B,V maps, such as the existence of a precise representative,
the structure of the singular set and their invertibility; in particular the second paper
gives an existence theory for deformations of a material body that allows for cavitation.
A powerful variational theory to problems in elasticity has been developed by Giaquinta,
Modica and Soucek (see [GMS98| for a detailed presentation) exploiting techniques from
geometric measure theory. In some relevant situations, this latter approach and the one
with the distributional Jacobian are equivalent, as shown in [CDLO03| (see also [Hen09]
for further developments in this direction).

The following local w*-convergence statement is an easy improvement of since
every continuous function with compact support can be uniformly approximated by a
Lipschitz function with the same L* bound.

COROLLARY 3.2.2 (Local w*-convergence in the sense of measures). Assume the same
hypotheses of Proposition[3.1.3. If in addition

(up) C B,V (Q) and | Jup L Q(R™) < C < o0

then u € B,V(Q) and Jup_Q = Jul Q in the sense of measures in Q, that is in the
dual space (CO(Q2, A~ "R™))*.

Furthermore by Theorem we know that if v € B,V(2,R") then Jul g; is a
normal current, hence | Jul g;|] < . In light of the Example below (with a

trivial extension in case m > n) this absolute continuity property is the only possible
bound on the Hausdorff dimension of Ju.

3.2.1. Pointwise description of Ju. Regarding the properties of a B,V function
inside its domain €2, as in the theory of BV functions Ju satisfies a canonical decomposi-
tion in three mutually singular parts according to the dimensions (see [DLO02, [AFPO00,
JS02]):

JulLQ=v-L".Q+ Ju+0-2""L(S,NN) (99)
where the decomposition is uniquely determined by these three properties:
o v =M c L1(Q Apn_nR™) is the Radon-Nikodym derivative of Jul Q with
respect to £,

e ||J||(F) = 0 whenever " "(F) < o0;

o 0 € LY, Ap_nR™, ™7 ) is a ™ "-measurable function and S, C Q is
o-finite w.r.t. 2™ "™,

The intermediate measure Ju is known as the Cantor part of Ju.

EXAMPLE 3.2.3 (Summability exponent p versus dim_ spt(Ju), [Miil93, Theorem
5.1]). For every « € [0, n] there exists a continuous B,V map

ua € COR™,R™) N (] Wil (R", R")
p<n

such that Ju, is a nonnegative Cantor measure satisfying
Y spt(Jug) < Jug < CHYLspt(Jug)

for some ¢,C' > 0. In particular spt(Ju) has Hausdorff dimension a.
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Hence no bound on p is sufficient to constrain the singularity of Ju. Adding m —n
dummy variables to the domain the same examples show « can range in the interval
[m — n,m] regardless how close p is to n.

The set Sy, is unique up to ™ ™-negligible sets, and can be characterized by

Ju||(B
Sy = {er:limsupHuH(_p(x)) >0},
pl0 pr

Moreover thanks to Theorem it has been shown in [DLO02| that S, is countably
™ "-rectifiable and that for ™ "-a.e. x € S, the multivector §(z) is simple and it
orients the approximate tangent space Tan(m_”)(S’u, x).

We now prove a result contained in [Miil90| and [DLG10]:

THEOREM 3.2.4. Let u € L* N WYP(Q,R™) be a B,V map and let v be the density
of the absolutely continuous part of the distributional Jacobian Ju with respect to the
Lebesgue measure:

JulL Q=vLM"LQ+ [Ju]® = [Ju]* + [Ju]®. (100)
Then v(x) = det Vu(x) for L™ -almost every x € §Q.
The theorem can be generalized to the case m > n.

THEOREM 3.2.5. If u € L* N WYP(Q,R") is a B,V map, then v(x) = (eg A--- A
em)dut(z) A -+ Adu(z) for L™-a.e. x € Q.

Theorem was originally proved by Miiller in [Miil90] assuming u € W'PN B,V

with
n2

> 101
p_n+1 (101)

Note that, by Sobolev’s embedding, (101]) implies that u € L* for some s satisfying .
We here present the proof contained in [DLG10|, which is valid in the full range of
exponents . Similarly to [Miil90], Theorem will be proved using a blow up

procedure. In order to perform it we will need two preliminary lemmas.

LEMMA 3.2.6. If u € B,V (Bg,R") then for £'-a.e. p € (0,R):

Ju(B,) = / urdu® A A du™ = / (urdu® A -+ A du™, TYdH T, (102)
9B, aB,
where T is the simple (n — 1)-vector orienting 0B, as the boundary of B,,.
PROOF. Let
1 for |z| <7r—d,
sr(x) =4 5% for r—o <lz| <r,
0 elsewhere.

Let f(r) := faBT uldu? A --- A du™: then f € L'([0,1]) because of and Fubini’s
theorem. This implies that .#!-a.e. r is a Lebesgue point, that is:
1 r+0

% . |f(s) — f(r)|ds — 0 as § — 0.
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Note also that

<Jua (/75,7‘> = <.7(u)7 d‘pé,r) = /_Uldwé,r(ﬂf) A du2 A Ndu" =

1 /" 1 /"
:/ dt/\/ wrdu A A du™ = = (/ uldu2/\---/\du")d$1(t)a
0 Jr—s 0B, 0 Jr—s \JoB,

hence at every Lebesgue point

(Ju, psr) = urdu® A - A du™;

0By

on the other hand by Lebesgue dominated convergence theorem (Ju,ps,) — Ju(B;),
that proves the proposition. O

DEFINITION 3.2.7. Let u € B,V (Q,R") and let xog € Br C Q. We define

u(xo + ey) — u(x
Ue(y) — ( 0 y) ( 0)‘
5
LEMMA 3.2.8. Let u be as above and set 64(x) := a(x — xg). Then
1
Ju, = ﬁéé#JU'
PROOF. Let ¢ € C2°(By) be a test function.
(Jue, ¢) = (j(ue),dp) =
1 a1
= (—1)”/ w (2o + eys) u(20) det(Vu?(zo + €y), . .., Vu" (2o + cy), Vé(y))dy
B
. [ ut(z) —ut(0) x — 1z
1 . T — T 1 T — I
= j(u),d |9 —(Ju, ¢ .
€ £ € €
([

In particular, taking the supremum over {¢ € C°(By) : ||¢||cc < 1} we have
1 1
Jue = Efnd%#JU, | Juc|| = 875%#”‘]“”
Note that the Radon-Nikodym decomposition commutes with the push forward:
1 1
[JUE]a == 875%#[,]’11,]&7 [JUe]s = 875%#[JU]S

This property, together with the previous observation, allows to conclude that Vr > 0

||[Ju13||£fer<wo>>. (103)

[[Jue]* || (Br(20)) =
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We are now ready to prove Theorem [3.:2.4] To simplify the notation we denote by
(up) the sequence (ug, ), ep = % We wish to apply formula 1j to the blow-up sequence
(up) around a “good” point xg

Jup(Bp(z0)) = / updui A--- A dull (104)
0By (z0)
and let A tend to oo to obtain

v(wo)| B, :/ (L-z)'L2A- - AL™ :/ (L-x) cof(L)}-n" = det(L)|B,|, (105)
9B, (z0) 9B, (z0)

where L := Vu(0) and 7 is the exterior unit normal to 0B,.

Step 1: by standard properties of Sobolev functions (see [AFPO00], [Fed69], [EG92]),
ZL"-almost every point xg € € satisfies the following properties:

(a)

nml{Wum<Br<xo>>+ / rv<m>—u<xo>rdx} ~ 0,

rl0 "™ B (z0)

(b) Vu is approximately continuous at xg and in particular
1
limn/ |Vu(x) — Vu(zg)Pde = 0.
By (o)

From now on we fix xq satisfying (a) and (b) and, without loss of generality, we assume
xg = 0. Observe first of all that condition (a) and equation (103]) imply

Jup(B(0)) = h" Ju(B

>3

(0)) = o(1) + h”/B o Yy = VOB 0. (109

>3

Step 2: We observe that, being (uy) a sequence, there is a set of radii p € (0,1) of full
measure such that holds for every h. Moreover by (b), using Fubini’s and Fatou’s
Theorems, for almost every p there exists a subsequence (not relabeled and possibly
depending on p) such that Vuy — L := Vu(0) in LP(0B,). We fix now a radius p such
that all the properties above hold and we do not relabel the relevant subsequence. Hence

dus A--- Adup — L*A--- AN L™ (107)
in L%(aBP), since it is sufficient to rewrite the difference as
dup A+ Ndufp — L2 Ao NL" =Y LA A+ A(duj, — L) A -+ Adu (108)
i

Suppose first of all that p > n — 1. Then by the Poincaré’s inequality and the Sobolev
embedding theorem, the sequence (up) is equicontinuous, with the estimate

||uh —L-x— ChHCOvO‘(@Bp) < CHVuh — LHLP((aBP) — 0.

Here C}, is the average of u;, on 0B,. Since faBp du% A ... Nduy =0, we conclude

Juh(Bp):/ u,lldu,%/\---/\duZ:/ (up — Ch) duj A -+ A dujf
0B, B,
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— (L-2)' L2 A - A L™ = det(L)|B,|.
8B,
In the borderline case p = n — 1, the convergence (107)) is improved to the local Hardy
space b'(0B,) because of the Coifman-Lions-Meyer-Semmes estimate (see [CLMS93]):

1do? A+ Ado™ Tl o) < Clldv?lnes(om,) - A" v (o5, -

Indeed recall the definition of local Hardy space is given via a compactly supported test
function of class C1 ¢: letting ¢y(z) = £ (%) we have

b'(R") = {f € L'(R") : (de+ f)(x)] € L'}

sup |
0<t<1
The local Hardy space is endowed with the norm Hf”hl(Rn) = ||¢t * fllL1mn). Since

this class is closed under truncation by a compactly supported test function, as well as
composition via diffeomorphisms, §' can be defined also for functions defined on compact
manifolds via a partition of unity, see [Gol79]. Moreover the classical duality H!(R")* =
BMO(R™) established by Fefferman (see [Ste93], chapter IV, and [Gol79|) has a local
counterpart §'(R™)* = bmo(R") where

hmﬂ(R")={g€Llloc(R”)r sup f }9—][ g| < oo, sup ][ !9!<OO}~
z€R™, r<1J B, (z) B, (x) x€R”,r>1J B, (x)

(The norm in bme is the largest of the two suprema). In particular we have that

/ fg‘ < CI 1 19w

whenever fg € L'.

Therefore if p = n—1 we use the John-Nirenberg embedding and Poincaré’s inequality
for the sequence vy, := u, — C, — L - x: if r < 1 then 52"~ 1(B" (z)) > cr™ for some
constant ¢, thus we can bound the bmo norm

1 1
][ |vn —][ op| < (f |vn —][ Uh‘”) <C (/ |Vvh|n) :
Br—1 Brt Br—1 Brt B!

and if 7 > 1 since faB vp, = 0 we have
P

1
fomzcf wwi=cf u-f w<c([ war)"
Br—t B, dB, dB, 4B,

Thus [[(un — Ch) = L - [lyme(sp,) — 0- On the other hand the Coifman-Lions-Meyer-
Semmes estimates holds even more in the local setting, since the maximal function needs
to be estimated only for averages at scales bounded above by 1, hence

|du? A - A duft — L? A Nl o,y = O-

We thus infer that

/ (u,ll—C'}lb) du? A - Adul — (L-z)'L* Ao A L™ = det(L)|B,|.
9B, 0B,
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3.2.2. Slicing Theorem and SB,V functions. We aim to apply the slicing op-
eration to Ju € Fp,_,(2) in the special case £ = m — n, thus reducing ourselves to
0-dimensional slices; moreover we want to relate these slices to the Jacobian of the re-
striction J(u|z-1()). In [DLO2], the author extended a classical result on restriction of
BV functions (see [AFPO00, Section 3.11|) to Jacobians:

THEOREM 3.2.9 (Slicing). Let u € W' N L5(Q,R"™) and let 7 € Op,_y. Then for
LM " _almost every x € R™™
(Ju,m,2) = (=1)"7nE (Ju®), (109)
where u* = woi®. Moreover u € B,V (Q) if and only if for every m € Op,—,, the following
two conditions hold:

(i) u® € B,V(Q¥)  for L™ "-almost every x € R™",
(ii) / | Ju*[|[(Q")dL™ ™ (z) < o0.
()

Ifu € B,V (Q,R"™) the slicing property (109) holds separately for the absolutely continuous
part, the Cantor part and the Jump part of Ju, namely:

° <Jau’ﬂ-7x> — (_1)(m n)n -z (Ja z)
L] <JC'LL,7T,.’L’> = (_1)(m n) ng (Jc 1)7
o (Jou,m, x) = (=1)m—mng n ().

Thanks to Theorem [3.2.9 we can now prove Corollary [3.2.5}

PROOF OF THEOREM B.2.5 Set 7(z) = (z!,...,2™ "), and y = (™ "L ... "),
then, by Theorem [3:2.4] and Theorem [3.2.9]

(g, fam) = (" L, f) = [ (Tl ma)(£)d2™ " (@) =

= [ ([ comr eV e s azn) ) agn ) -

= / det(Vyu(z,y)) f(x,y)dy A dr = flet Ao ANegldu A--- Adu™, dr)dL™.
m Rm

It’s then sufficient to write a generic form as w =), frdz!. Tt is easy to show that for

every A € GL(n,R) it holds

[J(uo A)] = deg(A) - (A4")[u]

where deg(A) is the sign of the determinant of A. If then I is a multiindex of length m—n,
and w!(z) = (z™,...,2'm"), we let A be a permutation matrix satisfying = = 7! o A.
Then

([Tue, frdr") = deg(A) ([T (wo A)*Ldr, f; o A) =

= deg(A) froAleg A+ NemLd(uto A)A--- Ad(u" o A),d(x! o A))d.L™ =
Rm

=deg(A) [ A*(frdu' A---Adu" Adr?) = | frdut A--- A du™ Adrl
R™ R™
This concludes the proof. O
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In analogy with the SBV theory we pose the following definition:

DEFINITION 3.2.10. We denote by SB,V () the set of B,V () functions such that
JuU=0.

Thus the jacobian of a SB,V map consists of an absolutely continuous part plus a
lower dimensional part concentrated on a countably "~ "-rectifiable set S,,. The space
SB,V enjoys a closure property proved in [DL02]|:

THEOREM 3.2.11 (Closure Theorem for SB,V'). Let us consider u, up, € B,V (1)
and suppose that
(a) up — u strongly in L°(Q,R"™) and Vu, — Vu weakly in LP(Q,R™™"™),
(b) if we write
JupLQ=v, - L™+ 6 '%m_nLSuh
then |vy| are equiintegrable in @ and ™ "(Sy,) < C < co.
Then uw € SB,V(2,R™) and

vy, — v weakly in LY (Q, Ap_n,R™),  2#™(S,) < lim inf A" (S,).

3.3. A new space of functions: GSB,V

We are now interested in broadening the class B,V to include vector valued maps
satisfying a weaker control than the mass bound: this lack of control on M(Ju) already
appears in Theorem (3.2.11| when we require a prior: the limit u to be in B, V. We relax
our energy by considering a mixed control of Ju, where we bound part of the current Ju
with its size. The idea is to apply Definition of size to the current Ju, which we
recall is available also for currents with infinite mass, borrowing some ideas already used
by Hardt and Riviére in [HRO3|, Almgren [Alm86|, Federer [Fed86].

We observe that the definition of size in the metric space context of chapter
can be slightly modified in the Euclidean setting, replacing the family of slicing maps
7 € Lip;(Q,R¥) in the supremum with the subfamily of orthogonal projections.
When the ambient space is Euclidean, the rectifiability and lower semicontinuity results
obtained there, as well as the characterization of up in terms of set(T") can be read-
ily proved using only the subset of orthogonal projections. Similarly the proof of the
compactness Theorem below as well as the I'-convergence Theorem can be
adapted to the broad definition of size with the help of the coarea formula. The ques-
tion of the equality between the two definitions is however interesting and seems non
trivial to address even in R™. Clearly it holds p7 0, < pr, hence by the representa-
tion Theorem if T has finite size then J#*(set(T)o, \ set(T)) = 0. The equiva-
lence would then be established if we knew that Sg, (7') < oo implies S(T') < oo and
A*(set(T) \ set(T)o,) = 0. Regarding the second condition if 7" had finite mass then
the restriction T'L(set(T') \ set(T)o,) would be a rectifiable current and equation
applied with 7 € Op would imply that the current is zero. Unfortunately we are not able
to prove such statements for general flat currents with infinite mass.

The space of generalized functions of bounded higher variation is described in terms
of the decomposition : we relax the requirement on the addendum of lower dimension
and require only a size bound, retaining the mass bound on the diffuse part. Following
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the previous definitions we consider the Sobolev functions u whose jacobian can be split
in the sum of two parts, R and T, such that:

e R has finite mass and ||R||(F') = 0 whenever ™ "(F) < oc;

e T is a flat chain of finite size.

We can also require || R|| to be absolutely continuous with respect to the Lebesgue measure
Z™: these two possible choices lead to the following definitions:

DEFINITION 3.3.1 (Special functions of bounded higher variation). The space of gen-
eralized functions of bounded higher variation is defined by

GB,V(Q) = {u e WHP(Q,R") N L*(Q,R") : 3R, T € Fppy_n(R™),
spt(R) Uspt(T) C Q, Jul Q = R+ T,
M(R) + S(T) < o0, ||R|(F) =0VF : ™ " (F) < oo}. (110)
Analogously, the space of gemeralized special functions of bounded higher variation is
defined by
GSB,V(Q) = {u e WH(Q,R") N L*(Q,R") : 3R, T € Fppy_,(R™),
spt(R) Uspt(T) C Q, Jul Q=R +T,
M(R) + S(T) < oo, |R|| < Z™}. (111)
In accordance with the classical BV theory we denote Sy, := set(T,).

This space is clearly meant to mimic the aforementioned SB,V class. In particular,
thanks to the slicing properties of flat currents and the definition of size, the slicing
theorem for GSB,V(Q2) can be stated in the following way:

u€ GSB,V(Q) <= Vr € Op,—, and for L™ "-a.e. z€R™™"
u® € GSB,V (%),
(112)
iy M) + 8(Tor) L7 (2) < oo,
In the following propositions we describe some useful properties of the class GSB,V(2).

LEMMA 3.3.2. If m = n then GSB,V(Q) = SB,V(Q).

PROOF. The statement relies on Theorem [2.6.3] whose statement is reminiscent of
Schwartz lemma for distributions, namely the fact that a flat O-current of finite size
coincides with a finite sum of Dirac masses, and in particular it has finite mass. Since

T'=JulLQ—-R
has finite mass, hence M(Jul_ Q) < M(R) + M(T') < co which means v € B,V (Q). O

Since the Radon-Nikodym decomposition of a measure into the sum of an absolutely
continuous and a singular part is unique, by slicing also R and 7" are uniquely determined
in the decomposition. Therefore we can write Jul_Q) = R, + Ty, so that S, is a well
defined set.

A very well known space of functions implemented in the calculus of variations is
GSBV. The main idea behind this space, introduced in [DGAS89]| (see also [AFP00,
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Section 4.5]), is to consider functions u whose derivative Du loses any kind of local
integrability, but nevertheless retains some of the structure of SBV functions. Setting
u := (=N)Vu AN for every N > 0 we define

GSBV(Q) = {u:Q — R Borel : vV € SBV(Q) for all integers N > 0}.

The countable set of truncation given by N € N is enough to provide the existence of an
approximate differential V*u and of a countably #™~l-rectifiable singular set S such
that for every N

|DulN|| < IV ulX juj<ny L™ + INA™ LSS

Moreover an analog of the slicing theorem for BV function is available also in GSBV,
see [AFPOO, Proposition 4.35].

PROPOSITION 3.3.3 (Comparison between GSB1V and GSBV). A function u be-
longs to GSB1V (Q) if and only if u € GSBV(Q), u € LY (), V*u € LY(Q,R") and
HMHSH) < o0.

Proor. With abuse of notation, motivated by we identify for scalar functions
the action of Ju on 2™~ 1(Q) with the action of the distributional derivative Du on
C°(Q,R™) (see the map D™~ ! in [Fed69, 1.5.2]). Consider first the case m = 1. Let
u € GSB1V(Q): writing R, = p.Z" and T, = Z:g“) ag[xr], thanks to (90) we know
that for w € 2°(Q)

S(Tw)
(Du,w) = / pw dx + Z arw(zk).
@ k=1
This proves that u € SBV(Q), S, C set(Ty,) and u/(x) = p(x) almost everywhere. In
particular for N > 0 fixed

| Du™ || < |p| LY + 2N A#™ L set(Ty,). (113)

For m > 2 the slicing Theorem [3.2.9]applied to a coordinate projection onto a hyperspace
implies that almost every slice u” is in GSB;V (£2%), hence for every N > 0 the estimate
holds for u®. Integrating back we have ||Du”||(2) < oo, hence u € GSBV(Q).

On the other if u € GSBV(Q) N LY() we know that Du¥ > Du in the sense of
distributions, and also in the flat norm, since the weak derivative is a distribution of
order 1. Moreover Vu — V*u strongly in L', hence also in the flat norm. Therefore
the jump parts also converge to some flat Ty;:

. Floc
DIV & T, € Fpp i (R™).

Recall that for v € BV the jump part of the derivative Dv can be expressed in terms of
the approximate upper and lower limits v1 and of the approximate tangent (m—1)-vector
7 in the following way:

Div = (vy —v )T ™S, (114)

Hence if m = 1 then J#9(sptT,,) < limy #°(S,~) < #°(S}); in the general case can
be achieved using the slicing Theorem and Proposition [AFP00, 4.35]. O
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3.3.1. Some examples. The following observation shows that when n > 2 it is
hopeless to rely on truncation to get mass bounds for Ju.

EXAMPLE 3.3.4 (L* bound for n > 2). For n > 2 let 74 : S"~1 — S"~! be a smooth
map with degree k, and call uy, its zero homogeneous extension to R™. Then ||ug||p~ <1
but by Example Ju = kZ"(B1)[0].

On the contrary for n = 1 and u € BV (Q) the approximate upper and lower limits
ug of u characterize the singular set: S, = {z € Q : uy(z) > u_(z)}. Equation
implies that an L> bound on u together with a size bound J#~1(S,) < oo gives a mass
bound on Du.

We now adapt the construction in [3.1.5, building a map whose jacobian has infinite
mass but finite size:

EXAMPLE 3.3.5 (u € GSB,V(R™), S(Ju) < oo but M(Ju) = o). Set m =n+1
and let us write (z,y, ) for the coordinates of R x R"~! x R. Besides v € Z and p > 0 fix
an extra parameter R > p. We extend the function f, ,(y, z) of Example to R™t1

by
Ry Rz
hyp, (2, Y, 2) = f”P(R—lw\’R—m) for |z| <R,
for |z| > R.

Clearly hy,r # N in the set {|x\/R + |yl/p + |z|/p < 1}; by simmetry we can do the
computations in {x < 0}. Let us estimate the partial derivatives:

Ohy,p, + R R R
‘ 8;R(x’y’z)‘ — Il%er:):‘Z| |vaP|(x+%%’x+%> — x+R|vaP‘<x+R’x+%>
R R
’vy,zhv,p,R’ < x+R‘VfV»P‘<x+va z+ZR>'
Since p < R

/ [Vl p g dzdydz
n+1
’ P
< 2(n+ 1)/ / xR |vf1/, ‘p ny = dydzdgj
-R {yl/p+|2/p<(z+R)/R}( +R> p ( +R +R>

R —n
<z [ (8)7 [ 9 fopl, 2)P dyds da
0 {lul+=I<p}
< C,uaiph PR, (115)

Moreover Jh,, , g is the integral cycle v-(4.[[0, 1], where ¢ : [0, 1] — R"! is the following
closed curve:

(4Rt — R,0, —4pt) for te |0, ‘li]’
(4Rt — R,0,4pt —2p)  for te [+ 1]
C(t) = B N 13
(3R — 4Rt,0,4pt —2p) for te [g’ b
(BR —4Rt,0,4p — 4pt) for tec[y,1].

Since Lip(¢) < CR we have M(Jh, ,r) < CvR and S(Jh,pr) < CR. Like in we
glue infinite copies of h,, ,, g, along the z axis and obtain a map g: the Sobolev norm
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of g can be estimated by (115):
_p
IVallzy < C Y v o P Ri
k

and
M(Jg) < C 3 ) v Ry,

S(Jg) < CZk Ry.

Choosing v, = k, Ry, = k% and p, = e~ we obtain a S"-valued WP function constant

outside a compact set and whose Jacobian has infinite mass but finite size.

3.3.2. Ju and approximate differentiability. We now extend to GSB,V the
pointwise characterization of the absolutely continuous part of Ju.

PROPOSITION 3.3.6 (Det = det in the GSB,,V class). Let u € GSB,V(Q) and write
Jul.Q = R+T as in Definition|3.3.1 Let Vu be the approximate differential of u. Then

dR
d.Lm
PROOF. For the ease of notation let v := dfg—ﬁm. Fix a projection 7 € O,,_, and let
us write the coordinates z = (z,y) accordingly. For a fixed z € R™™" we note that the

= M,Vu L™ -almost everywhere in Q. (116)

injection ¢* and the complementary projection Wl‘ ., are one the inverse of the other.
T (T
Recall the slicing Theorem for general Sobolev functions gives
(JuLQ,m,z) = (—1)"7"i% (Ju" L Q). (117)

Taking Lemma into account, for almost every x € R™™" it holds u* € B,V (Q*)
and M((R, 7w, x))) + S((T, m,z)) < oo, hence gives

(JulLQ,m,2) = v(z, ) LdrA™ Lo~ (z) + (T, m, ). (118)
Pushing forward (118) via 7 by (T17) it follows that
(=1)m=mn L Q = v(z, )L dn L LQ+ T,

with 7% = W#<T, 7, x). But the finiteness of the size of (T, 7, ) implies that T is a sum
of S((T, 7, z)) Dirac masses. In particular by Theorem in the case m = n we know
that

(=) M=y () L dr = det Vyu(z,-).
Using we obtain v(z,-)Ldr = M,Vu(z,-)_dr for almost every . We recover
the equality by taking orthogonal projections 7 onto every (m — n)-dimensional
coordinate subspace. O

It will be useful to extend the result of Proposition [3.3.6] to the lower order determi-
nants: let u € GSB,V () and w € Lip(Q2,R™). We denote by I'(u,w) the sum of the
jacobians of the functions obtained by replacing at least one component of u with the
respective component of w, but not all of them. More precisely for every I C {1,...,n}
such that 0 < |I| < n we construct the function u; whose components are

o — uFif keI,
I whifkel.
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Then we let T'(u,w) = Zo<\[|<n Jur. By the multilinearity of jacobians, it is easy to
check that if u is Lipschitz the identity

J(u+w) =Ju+I'(u,w) + Jw (119)
holds pointwise .£™-a.e. in €.

COROLLARY 3.3.7. Let Q@ C R™, w € Lip(Q,R") and u € GSB,V(Q). Then, in the
sense of distributions, it holds

Ju+w)=Ju+T(u,w)+ Jw in Q. (120)

PRrROOF. The proof uses the following observation: if up — v in L® and Vu, — Vu
in LP, then by Reshetnyak’s Theorem and the inequality p > n — 1 every minor of Vu of
order k < n is weakly continuous in L%. It follows that T'(up,w) — T'(u,w), so that we
can pass to the limit in to obtain (120)). (]

3.4. Compactness

THEOREM 3.4.1 (Compactness for the class GSB, V). Let s > 0, p > 1 be exponents
with % + ”le <1 and let ¥ : [0,00) — [0,00) be a convex increasing function satisfying
lim ¥(t)/t = co.

t—00
Let (up) € GSB,V () be such that up, — w in L*(Q,R™) and Vup, — Vu weakly in
LP(Q,R™ ™). Assume that the Jacobians Jup_Q = Ry, + T, fulfil

dR
K = 4 ) d™ + S(T, . 121
s.t;p/Q <‘d,,§,”m> +S(Ty,) < o0 (121)
Then u € GSB,V(Q) and, writing Jul_Q = R, + T,
dR.,  dR. o
N LN, A,y R™), 122
Tom — qom weakly in L (£, ) (122)
S(Ty) < limhinf S(Ty,)- (123)

Proor. Without loss of generality we can assume ¥ to have at most a polynomial
growth at infinity, for otherwise it is sufficient to take W(t) := min{W(t),#>}**, where
f** is the convexification of f (recall that the convexification of a superlinear function
remains superlinear, since ¢ < f if and only if £ < f**, whenever ¢ is affine). In particular
we will use the inequality

U(2) < CU(t) V>0 (124)

(this inequality is known as Ay condition in the literature, see for instance [AF03] 8.6]).
We shorten T}, Ry, in place of Ty, and R, respectively and denote by p;, = M, Vu,, the
densities of Ry with respect to .£™. We know from Proposition that Jup L Q —
Jul € in the local flat norm. Possibly extracting a subsequence we can assume with no
loss of generality that:

(a) the limit lim, S(7},) exists,
(b) pn — p weakly in LN(Q, Apy—nR™),
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(c) (up) rapidly converges to u in L®: as a consequence of Proposition we have
also

D FE(JuplQ — Jul Q) < oo (125)

Indeed, if we prove the result under these additional assumptions, then we can use the
weak compactness of pp in L' provided by the Dunford-Pettis Theorem, and the fact
that any subsequence admits a further subsequence satisfying (a), (b), (c) to obtain the
general statement.

We shall let R := p.Z™ be the limit current: since the flat and weak convergences in
(b) and (c) are stronger than the weak™ convergence for currents, putting them together
we obtain a flat current T := Jul 2 — R such that

T, =T in Q. (126)

The proof is divided in four steps: we first address the special case m = n, then we use
this case and the slicing Theorem to show the lower semicontinuity of size along
the slices in the second step. The main difficulty is in the third step, where we prove
, because weak convergence behaves badly under the slicing operation. In the last
step we conclude the lower semicontinuity of the size.

Step 1: m = n. We can apply a very particular case of Blaschke’s compactness Theorem
[ATO04! 4.4.15] to the sets spt(T}), which have equibounded cardinality, to obtain a finite
set N C Q and a subsequence (T}) such that spt(7j/) — N in the sense of Hausdorff
convergence. By we immediately obtain that spt(7) C N N €, hence S(T') < oo
and v € GSB,V(). In addition, since any point in spt(7’) is the limit of points in
spt(T}) it follows that

S(T) < lirr}lllinf S(Ty) = li}ILn S(Ty).
Finally, since Jul Q = R+ T it must be T' = T,,, which yields (123), and R = R,,, which
together with (b) yields (122) for the full sequence (up).

Step 2: m > n. Let us fix A C Q open, 7 € O,,,—,, and € € (0,1): the bound ((121)),
and Fatou’s lemma imply that

+oo > K > 1imhinf {,uTh(A) + 6/ \I'(|ph])d$m} (127)
A
> hmhlnf{ x(A) + E/ U(|pn Ld7r|)d$m} (128)
A
> / hmhmf [,%”D(AI Nspt((Th, 7, x))) + ¢ \Il(]phLdﬂ])dy] dx

:/ hmhmf [%O(A”" N spt(T, —i—e/ U(|p7]) dy] dx, (129)

with pf = MVuy(z,-)Ldr. By (127) we can choose for almost every x € R™™" a
subsequence h' = h/ (:1: A), possibly depending on x and on the set A, realizing the finite
lower limit:

hmhlnf HO(A* Nspt(Tuz)) +5/ (|py|)dy
Az
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Floc
Recall that thanks to (c) Juf L Q —% Ju®L € for almost every x. We can therefore apply

step 1 to the sequence uj € GSB,V(Q*), which converges rapidly to u”, to conclude
that v* € GSB,V (2*) and that

AV (A Nspt(Tye)) < limn inf AV (A" N spt(Tye)))

x
h!

h!

< linflllinfjfo(Ax N spt(Tyz,)) + 5/ U(|prs|)dy
AT

~ lim inf (A" Nspi(Ty5) + / W(phdy.  (130)
Am
Integrating in x and applying (128)) as well as the monotonicity of ¥ we entail
A (AT Nspt(Tye)) da < limhinf {/,LTWT(A) + 6/ ‘I’(\ph|)d$m} =:n:(A). (131)
Rm—n A

Step 3: proof of (122)). In order to prove (122), since the space A,,—,R™ is finite

dimensional, we will prove that
ppldr — M,Vul dr  weakly in L*(Q, A,,_,R™) (132)

for every orthogonal projection 7w onto a coordinate subspace. We fix an open A C
and a € R. From now on w : A — R™ will be an affine map such that

Vaw =0, det(Vyw) = a.
Let us compute J(up, + w): thanks to Corollary we get
J(up +w) = Jup + T'(up,w) + aE™Ldr  in .

We are now ready to prove the weak convergence of the regular parts. We argue as in
step 2, but this time we change the form of the energy and we analyse the convergence
of a perturbed sequence of maps. First of all we note that the sequence

/\1:(\phLdTrJra\)dzmeuTw(A)+e/ |Vuy [PdL™ (133)
A A

is still bounded from above, because |a+ S|P < 2P~ (|a|P +|B/P), (124) and the convexity
of ¥ imply that

/‘I(!phLdﬂ—i—aD dz™ < g/ ¥ (|pn) d.i”m—l—%‘ll(]a\).fm(fl)
A A

< %(K + U(|a])L™(A)).

We consider the sequence (up + w) C GSB,V(A) and the perturbed energy ((133):
arguing as in the chain of inequalities (127)-(129)) for almost every x we can find a

suitable subsequence h' = h'(z, A) realizing the finite lower limit of the sliced energies

/ U (|ph + a|) dy + e (A" N spt(Tuz)) + 6/ |Vui [Pdy. (134)
Az Az

Since V¥ is superlinear at infinity, up to subsequences the densities p7, +a weakly converge
to some function 7% in L'(A%): in particular the associated currents weak* converge

*

(0% + a)E"L A® 5 p"E" L A”. (135)
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Thanks to the fast convergence (c¢) we also know that u* — w in L*(A%); moreover the
boundedness of the Dirichlet term in (134) implies also that Vyuj, — Vu® in LP(A*, R"),
hence by step 1 we get

u” € GSB,V(A") and Tyr, = Tye in Q. (136)

uh,

The weak convergence of the gradients in LP also allows to use the continuity property
of I'(-,w") along the sequence of restrictions (uj,) and deduce that

(phr + @) E" LAY = J(ujy +w®) — T(uj, w®*) — Tye, AT +w®) — T(u®,w®) — Tye

in the sense of distributions. By Corollary and Proposition [3.3.6] we are able to
identify the weak limit in (135))

r* =det Vyu* + a = M,Vu(z,-)Ldr + a. (137)
We fix a a convex increasing function with superlinear growth ¢ satisfying

im w: 00
t—+o00 (1) oo (138)

Using the previous convergence ([135]), (137]) on almost every slice and integrating with
respect to x we deduce by the convexity of ¢ that

/ ¢ (|MpVuldr +al) d2™ < limhinf/ o(|lppLdm + al)dL™
A A
+epn, A (A) + < / YV Pde™.
A

Adding this inequality on a finite number of disjoint open subsets A;, with arbitrary
choices of a; € R, we obtain

/gp(‘MnVuLdﬂ+§D dLm Slimhinf/ o(|ppldr +&|)dL™
Q Q
+eS(Th) + ¢ / VunPd ™,
Q

where € := ) 5 AiXA;- Letting € | 0 we can disregard the size and Dirichlet terms in the
last inequality to get

/go(]MnWLdnJrg\)dzm §limhinf/<p(|phLd7T+f|)d$m. (139)
Q Q

Taking @, (t) := # V t, we have that ¢, are still convex, increasing, superlinear at

infinity and satisfy ([138)]), therefore (139) is applicable with ¢ = ¢,,. Given § > 0 fix Cs
such that ¢y (t) < 6¥(t) for t > Cy; we also let Q5 = {|ppLdr+&| > Cs}. By applying
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(1139) with ¢ = ¢, we have therefore

/‘MnVuLdﬂ+§‘d$m§/gon(‘MnVuLdﬂ—i-f})d.,%m
Q Q
§limhinf/cpn(|phLd7r+f|)d$m
Q

< liminf/ ’phde+§’d$m+limsup/ ¥1 (}PhLdWJFfDdgm
h Q h Qp 5

+ sup {pa(t) — 132705 5)
0<t<Cys

gliminf/ ‘phLdﬂ—i—ﬂdfm%-limsupé/ \I’(‘PhLdﬂ'-i-fD dLm
h Q h Qp,s

T+ sup {palt) — 12™(Q).

0<t<Cjs
Letting n — oo the third term vanishes because ¢, (t) | ¢ uniformly on compact sets.
Eventually, sending ¢ | 0 we obtain

/‘MnVude—f—f’Sliminf/ lpnLdm +£|. (140)
Q hJa

Inequality is actually valid for every & € L'(2) by approximation, since the set
of functions of type ). a;x A; is dense in L'. We therefore address the last point
thanks to Lemma below: the weak limit p must be the equal to M, Vu. Moreover
the full convergence of Rj, to R implies that £ ™-almost everywhere, along a suitable
subsequence depending on the point h'(x, A) (for instance the one providing —
with a = 0), it holds:

(Jupr — Ry, ) A (Ju—R,m,z) = (T, 7, x),

hence (T, 7, x) = (—1)™=™" 4 (Tyz): therefore t(spt(Tye)) = spt((T,m, z)). In particu-
lar the left hand side of equals pr - (A).

Step 4: conclusion. We are now ready to prove the last part of the Theorem. The map
A — n:(A) is a finitely superadditive set-function, with 7.(Q) < liminf, S(Ty,,) +
Ke. Therefore if By,..., By are pairwise disjoint Borel sets and K; C B; are compact,
we can find pairwise disjoint open sets A; containing K; and apply the superadditivity
to get

N N
D () < ne(Ai) < ne(Q).
=1 =1

Since K; are arbitrary, the same inequality holds with B; in place of K;; since also B;,
m; and N are arbitrary, it follows that pur = \/weom_n Ut is a finite Borel measure and
pur () < n:(92). Hence u € GSB,V () because Jul. Q@ = R+ T, S(T) < co and R is an
absolutely continuous measure. Letting ¢ | 0 we also prove . For later purposes we
notice that we proved

pr, (A) < limint iz, (A) (141)
O
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LEMMA 3.4.2. Let (z,) C LY(Q) be a weakly compact sequence and suppose that, for
some z € LY(R), it holds

/ |z +&|d2L™ < limhinf/ |zp + &l dL™ Ve € LY(Q).
Q Q

Then z, — z weakly in L*(9).

ProOOF. Without loss of generality we can assume 2z, — ¢ in L': let P := {{ > z}
and N := {¢ < z}. Since (2, — 2z) are equiintegrable for every ¢ > 0 there exists k > 0

such that
/ |zn, — 2| < e.
{lzn—2|>k}

Setting £ = —z — kxp + kxn it is not hard to prove the following estimate:
€+ 20 <k — (2n — 2)xp + (2n — 2)XN + 2[20 — 2|X{|2—2|>k}-
Integrating we obtain
kZL™(Q) = / IC+ 2] < liminf/ |€+ 2, < EZL™(Q) — / (C—2) +/ (C—2z)+ 2e.
Q hJo P N

Therefore [, |¢ — z| < 2¢ and the Lemma is proved. O



CHAPTER 4

A new functional of Mumford-Shah type of codimension
higher than one

In this chapter we introduce a new functional of Mumford-Shah type that features a
singular set of higher codimension. As an application of Theorem we will first
prove a general existence result for a wide class of minimization problems. The choice of
Lagrangians generalizes the classical Mumford-Shah energy [MS89, DGCL89, AFP00,
DavO05| to vector valued maps with singular set of codimension at least 2: in this model
we replace the singularities of the derivative by the singularities of the jacobian and we
measure them with the size functional of section 2.6l

4.1. Existence of minimizers for the Dirichlet and Neumann problems

In this chapter we study a new functional in the calculus of variations of Mumford-
Shah type introduced in [AG13al, where the minimization involves an unknown function
as well as a set:

A(u, K;Q) = f(z,u, MVu)dx + / gdA™",
O\K QNK

Here 2 € R™ is a bounded open set of class Ct, u € C1(Q\ K,R"), MVu is the vector
of minors of Vu of every rank and K, which plays the role of a “free discontinuity” set, is
sufficiently regular and closed. In the next Theorem we show the existence of minimizers
for the weak formulation of the problem: we let GSB,V(2) be the space of competitors,
and we replace K with the singular set .S, of the jacobian Ju. The simplified idea, in
the special case m = n, is that u is a vector-valued map regular outside a finite number
of points where the map covers a set of positive measure, thus imposing a singularity to
its jacobian. The functional penalizes maps with an excessively large area factor MVu
as well as the creation of too large singular sets Sj.

We first fix the notations for the dependence of a Lagrangian on the several minors
of the gradient of a vector valued map. For approximately differentiable maps u : 2 C
R™ — R"™, which include I/Vlloc1 (R™ R™) functions [EG92, 6.1.3]|, we let MVu be the
vector of all minors of k£ x k submatrices of Vu, with k ranging from 1 to n:

MYu = (Vu, MoVu,..., M,Vu)
and we let k = >"p_; () (}) be its dimension. Its length will be measured with the norm

of R*:

n

1
2
|MVu| = (Z ]MkVu]2> .

k=1
76
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Given w € RF we let wy the variables relative to the ¢ x ¢ minors. We also denote
Zm the o-algebra of Lebesgue measurable subsets of R™ and Z(R"*) the o-algebra of
Borel subsets of R”**. For the bulk part of the energy it is natural to treat polyconvex
Lagrangians: the lower semicontinuity properties of such energies with respect to the
weak WP convergence for p < n has been thoroughly studied, see [CDM94, [FH95,
FLMO05), Marg86|.

THEOREM 4.1.1 (Existence of minimizers for polyconvex Lagrangians). Assume r,p
satisfy r < oo, %—f— % < 1 and let ¢ > 0 and cog > 0 be given constants. Let f :
QX R" x R* — [0, +00) satisfy the following hypotheses:

(a) f is L x B(R"F)-measurable;

(b) for L™-a.e. x €, (u,w) — f(x,u,w) is lower semicontinuous;

(c) for L™-a.e. € Q, wr f(z,u,w) is convex in R* for every u € R™;

(d) f(z,u,w) > colul” + c(|wi|P + ¥(Jwy])) for some function ¥ satisfying the hy-
potheses of Theorem[3.4.1]

Let also g : Q — [c, +00) be a lower semicontinuous function.
1
Then if p* = £ > r, for every ug € Wl_E’p((?Q,R”) there exists a solution to the

m—p —
problem

min {/Qf(:v,u(:n),MVu(x)) dx —I—/ g(x) d,%”m_"(m)}. (P)

u€GSBLV (Q),u=up 0N O QNS

Similarly if ¢y > 0 the Neumann problem

min {/Qf(x,u(x),Mvu(x))dx+/

dA™ " N
u€GSBLV(Q) QNS g(:p) 7 (ﬂf)} ( )

has a solution.

PROOF. Suppose the energy is finite for some function in GSB, V() with trace
up, otherwise there is nothing to prove. Pick a minimizing sequence (uyp), and let first
analyse problem (]ED

Comparing with a WP extension of ug in the interior ), by the growth assumption
(d), by the Poincaré inequality we have that (uy,) is bounded in WP, Since p* > r we can
find s satisfying and a subsequence, not relabeled, such that u; — u strongly in L?
and Vup — Vu weakly in LP. The trace constraint u = ug on 952 is convex, hence being
strongly closed by the continuity of the trace map T : W1P(Q, R") — Wlf%’p(afl,]R”),
it is also closed for the weak WP topology. Hence the boundary datum is attained in
the limit.

In the Neumann problem , since ¢g > 0, we can analogously find a minimizing
subsequence and a function v € L™ N WP such that

up — w in L' (142)
and Vup — Vu in LP. Since % + "le < 1 we can choose s < r such that % + "le <1:

by Chebycheft’s inequality we know that up, — w in L°. In both cases we recover the
convergence of the jacobians

FRC(Jup L Q — Jul Q) — 0.
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Moreover we know that the absolutely continuous parts of Jup 2 satisfy
/Q\II (|MnVup|) de < C,
and that by the lower bound g > ¢ we also have:
51}1Lp JT(Sy, N ) < oo.

Hence by the compactness Theorem together with the classical Reshetnyak’s The-
orem for the minors of order less than n, we know that

MVu, = MVu  weakly in L. (143)

By (142)) and (143) the lower semicontinuity result of Ioffe [Iof77al, Tof77b] (see also
[AFP00, Theorem 5.8]) implies

hmhinf/Qf(a:,uh(a:),MVuh(w)) d:cZ/ﬂf(m,u(x),MVu(a:)) dx.

Finally, ¢ being lower semicontinuous, the superlevel sets {g > ¢} are open, hence

+o0o
lim inf/ g(x) ds#" " (x) = liminf FOMT(Sy, N{g > t})dt
hJans.,, hJo
+0o0
> / lim inf (S, (1 {g > 1)) di
0
+oo
> HM(SyN{g >t})dt
0
[ s@arm)
QNSy
because the size is lower semicontinuous on open sets, see ((141)). O

Recall that by Sobolev embedding we can drop the growth condition on p* > r in
problem provided p > % Notice also that we can formulate problem (]ED and the
corresponding boundary value condition in a slightly different way, in order to include
in the energy the possible appearance of singularities at the boundary. Let U 3 €2 be
a bounded open subset of R™: we formulate the minimization problem in the following
way:

min {/Uf(x,u(ac),MVu(x)) d:L‘+/ g(x) d%”m_”(x)} (P)

w€GSB,V (U),u=ug in U\Q UNSy,
Every competitor being equal to ug in U \ €, problem accounts for variations of Ju
in the closure Q. Moreover Theorem @ readily applies to this case, as the condition
u=up in U\ Q is closed for the strong L" convergence. To explicit the dependence on
the energy on the datum wug and on the domain U we adopt in the sequel of the chapter
the notation

F(u, Q;u9,U)
for the energy in (P’)).
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4.2. A Mumford-Shah functional of codimension higher than one

The study of general functionals of the form (]ED is modeled on the Mumford-Shah
type functional

MS(u, Q) == / [l + [Vl + [ MoVl de + ™Sy 1 Q) (144)
Q

defined on GSB,V (), with r,p satisfying % + "le < 1, v > 1, together with suitable
boundary data. Theorem shows the existence of minimizers of for both
Dirichlet and Neumann problems (]ED, and : it is however desirable that at
least for some boundary datum wug the minimizer presents some singularity. In the next
proposition we show that this is the case:

PROPOSITION 4.2.1 (Nontrivial minimizers for M S, formulation (P’)). Let m = n
and ug : By — R™ be the identity: ug(x) = z. Then for e sufficiently small every
minimizer u € GSB,V (Ba) of

M S®(u, By;z, Bg) := / e(u]” + [VulP) + | det Vu|” dx + e5£°(S, N By)

B>

such that u(x) = x in By \ By must satisfy
S.N By # 0.

PRrROOF. We show that for every competitor v with ||Jv| < £™ and for ¢ small
enough it holds:
MS¢(v, By;x, Bo) > M S®(w, By;z, Ba),

w(x)_ ﬁ in Bl,
N x n BQ\Bl.

For the rest of the proof ¢ will denote a generic positive constant we do not keep track

of. Let us compute the energy of ﬁ: the Dirichlet and L" parts are simply constants.

where

Moreover
det Vw = xp,\p, and S, ={0}.

Hence M S®(w, By;x,Bs) = ce + £™(Bs \ By). On the contrary by Lemma for
almost every radius p it holds:

J,

Since u(x) = x outside B for almost every p € (1,2) we have pr det Vodr = £"(B,),
hence by Jensen’s inequality

det Vudx = / Vv A A dom.
aB,

/ |det Vol dax > Z"(B,).
p

Summing up:

MS®(v, By;x, Ba) > / |det Vo|" dox > £"(B,) > ce+ZL"(B2\B1) = MS*(w, By; x, Bo)

P
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choosing first p sufficiently close to 2 and then e sufficiently small. Therefore the min-
imizer v must have a nonempty singular set S,, and since u is linear in the open set
By \ By, the singularity must be in Bj. O

It is easy to generalize the same proposition to the case m > n: take u : B{"" " x B} —
R"™ the trivial extension in the extra variables. Reasoning slice per slice it is not difficult to
show that every minimizer has a nontrivial singular set. The appearence of singularities
might however be induced by the nonsmoothness of the boundary datum. This is not the
case as we can show that the same phenomenon appears with a Lipschitz trace: consider
the domain C := {(z,y) € R™ ™" x R" : |z| + |y| < 1} and let

1—|z)*t .
w(z,y) = { : .I!l/l‘) yinC,
yin 2C \ C.

Note that W)y € Lip(0C,R™). A careful calculation shows that:

1 n—1
/ ‘anwp d:cdy = gn(B?)%m—n—l(Sm—n—l)/ (1 _ t)T”/-&-ntm—n—ldt’
¢ 0

and that if ||Jv| < £
1
[ el dady = 2B s [ g
¢ 0

As the exponent of 1 — ¢ in the first integral is strictly larger than the one in the second
estimate, the contribution of M, Vw is strictly lower that of M, Vv: the gap is sufficient
to absorb every other term of MS.(w,C;w,2C) for € sufficiently small, ruling out the
minimality of v. We can actually be more quantitative and get a lower bound on the
measure of the singular set for this special case. Consider a generic competitor u €
GSB,V(U) and let

S ={zeB"0):S(Ju,m,z)) #0}.
Then we can bound below the energy M S®(u,C;w,2C) as follows:
1
/ | M, Vu|? dedy > L™ (BYT) / (1 —t)" ™" Y (2N aBM™ ™) dt.
C 0
Hence subtracting to the energy of w:

1
(BT / (1 — )" ™ "=1(2° N OB ™) dt
0

n—1

1
<2 [ (=0T e sy dr
0

te (/ Vwl — |Vl dedy + 2™ "(2° 0 B;H)) ,
C
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or rearranging the terms

! n—1
Cnyy 1= /0 [(1—t)" = (1 —t) 2 " orm Y (OB ") dt

< /0 (1= 1) — (S A OB dt

€
+7n /pr— Vupdmdy+%”m_" Bm—n)
o ([ 17er =19 (B
€
SHTTENBTT) ey </ Vuw|P dxdy + " (B"" ) .
( 1 ) .,E/ﬂn(Bl) C| | ( 1 )

Therefore if 2¢( [, |Vw|? dzdy + 72 ™" (B{"™")) < ¢n 52" (B}) then
1
HAMTN(ENBTTT) > oGy
In analogy with [HLW98|, we expect however the singularities to appear in the interior.
The argument in Proposition essentially exploits the presence of the jacobian

term: this is not coincidental, as the next proposition shows. Recall that the sum of a
GSB,V function and a C' function is again in GSB,V.

PROPOSITION 4.2.2. FEvery local minimizer of
u € GSB,V(Q) — / |VulP de + 2™ " (S, N Q)
Q

is locally of class C™ in €.

ProOF. It is sufficient to perform an outer variation of the minimizer « along a
¢ € CH(Q,R™) map: € — u + e¢ and apply Corollary to obtain that

Su+€¢ = Su

Hence the size term is constant and u satisfies:

/ |VulP2VuVedr =0 Yo CLQ,R™).
Q
Therefore u is a p-harmonic W1 function, hence u € 0110,3 by [Uhl77, DiB&3|. O

4.3. Traces

In the spirit of solving , the nonuniqueness Example below raises the prob-
lem of the dependence of the energy on the extension ug : U\ 2 — R™ to a given Sobolev
trace U ey The example was communicated to us by C. De Lellis. It shows that if we
want to detect the presence of singularities of Ju at the boundary of €2, the Sobolev trace
is not sufficient to characterize it.

EXAMPLE 4.3.1 (Singularity at the boundary). Let u : R> — S! be defined by
2 2
y —(@-1)° 200 -x)y
= ) 145
R (e e e (1)
This map represents the normal unit vectorfield of the family of circles centered on
the real axis and tangent to S! in the point (1,0). If @ is the angle that the vector
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(x — 1,y) makes with the real axis, we can write u(z,y) = (— cos(26), —sin(20)), hence
by Example (3.1.3)) Ju = 27[(1,0)]. Note that u is the identity map when restricted to
S1. Nonetheless we can construct another map @

{ u(z,y) for |x| <1,
u(x,y) = ( z y ) S (146)
e et for |z| > 1.
In this case, by Example 3.1.3}, Ju = 7[(1,0)]. Hence ul, admits two different Sobolev
1

extensions u and « sharing the same trace at the boundary but whose jacobians are
different in §2: the trace of a Sobolev function does not characterize the jacobian Jvl 02
of all the possible extensions v.

It is interesting to know when part of the distributional jacobian can be represented
as a boundary integral. Recall that the slicing Theorem [3.2.9 already provides an answer
to this question, because if u :  — R™ then 9(j(u) {7 > t}) = Jul{m > t}+(j(u), 1),
where 7 is the distance from 0Q2. However, as Example shows, this statement holds
only for #'-a.e. t. The following proposition improves the general result by slicing, under
additional hypotheses on the summability of v and of its trace. Denote for simplicity
g(u) == utdu® A - - A du™.

PROPOSITION 4.3.2 (Stokes’ Theorem). Assume that u € WH*(Q,R") and Ul €
Whn=1(9Q,R") N L>®(0, R™). Then the Stokes’ theorem holds:

A(j(u)LQ) = JulQ+ (j(u),00)

with the representation

(i), 09) (w) = /8 lg(u), o) 0 ",

where Taq orients ) as the boundary of Q. In particular (j(u),0) depends only on the
trace U0
o0

PROOF. Suppose for simplicity that Q = R = R" N {z" > 0}, spt(u) C By and let
¢ : R"! = R be a positive convolution kernel with compact support in R”~!. Set

1 JI/— /
ue (2, 2™) = e / 1 u(@ —y, 2™ < . Y ) dy' -
R

since the convolution in the 2’ variables commutes with the trace operator we still have

Ue ‘Rnil(a:’) = u.(2',0); moreover u.(-,0) € C*(R"! R") and the following estimates
hold:
[uellwrn gy vy < llullwrnn ke, (147)
[[ue (-, 0) [lwrn-1(mn—1 gny < [Ju(:, 0)lwrin—1(@n—1 gy (148)

and since the translations are strongly continuous in LP,

HUE — UHlen(Ri,R") + ”UE(,O) — U(', O)HWL"*l(R”*l,R") — 0. (149)
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We claim that Stokes” Theorem holds for u.: for every w € 2°(R")

0(j(ue) LR ) (w) = / wdet Vu, dz +/ wg(ue(+,0)). (150)
R? R7—1x{0}
In fact extending u.(2/,2"™) := u.(2/,0) for 2™ € [—1,0] and then convolving with a

smooth kernel ps supported in B;s(0) we obtain a smooth u. 5 € C>°(R"™,R") such that
spt(ug ) C By x [—2,2],

ue (', 2") = ue(2',0) in CL.(R™,R"),
Ue 5 — Uz in WEM (R x (=1, +00), R"™). (151)
More precisely it holds: u. s(2’, —8) — u-(2’,0) in C1(R"~1, R"). Hence
0(J(ue5) L{z" > —0})(w) = / wdet Vug s dx +/ wg(ue (-, —0)) :
{en>—5) R—1x{—5}

letting 0 | O the left hand side converges to 0(j(u.)_R’ )(w) by (151)). The boundary
term in right hand side tends to

/ w(-, 0)g(us(-, 0))
Rr—1x{0}

because the convergence is C! and w is smooth. Regarding the volume integral we can
estimate

Ve s(2)| = |(ps * Vue) (@) < [Jue(-, 0)]|cr +][ Ve (y)| dy
Bs(z)n{y">0}

hence

/ wdet Vug s do
{lz"] <6}

< enllwllco <||u5(-,0)||815+/ ][ |Vue(y)|" dyd:z:)
{lz"|<d} J Bs(z)n{y">0}

< cnllwlleo <||Us('70)||7cl’15+/{

Clearly f{a:">5} wdet Vug 5 dx — f{a}">0} w det Vue dz, therefore is true.

We now want to pass to the limit for € | 0 in (150). The left hand side goes to
d(j(u) LR )(w) because of (149); similarly for the volume term. Regarding the boundary
term the convergence of the minors on the slice needs to be improved. The estimates
and the classical result [CLMS93| gives a uniform bound of the Hardy norm
[Ste93| Chapter IV] of the minors of order n — 1:

<lollos [ Vueglds
{lzm[<3d}

|Vue(x)|" da:) — 0.

0<zn <26}

2 (,0) A+ A dul (- 0) s 1 vy < 1 O) it s gy

We already know from Reshetnyak’s Theorem that duZ(-,0) A--- Adu?(-,0) = du?(-,0) A
-+« A du™(-,0) in the sense of distributions; moreover smooth functions are dense in



4.3. TRACES 84

VMOR» !, R") and VMO* = H!, so
du(-,0) A -+ Adu”(-,0) = du?(-,0) A --- A du™(-,0) in o(H',VMO).
Finally the trace uc(-,0) belongs to
wiwn(RL R ¢ VMOR™™,R™)

(see [Ada75l Theorem 7.58|, [BN95, Example 2| for the inclusions). Hence ||uc(-,0) —
u(+,0)|lvamro — 0 strongly and we can pass to the limit in (150))

/ wy(u€(70)) _>/ wg(u(,O))

Rn—1 Rn—1

By (149) also the left h i f (1 n . ]
y (149) also the left hand side of (150]) converges to fR+wdet Vudz

In the example above the smooth extension 4 is certainly preferable to u, where an
“extra" singularity comes from the outside. A partial answer to this problem can be
given if we assume a better differentiability of the outer extension, up to 0€2:

PROPOSITION 4.3.3 (See [GMS98, 3.2.5 Theorem 1]). Let v,w € L* N W1P(U,R")
satisfy the following conditions:
* Vg T Yy
e Whn(U \ Q,R");
c Whn=1(9Q,R").

* Yl Yl
¢ ,U‘aQ - w‘BQ
Then:
Jv — Jw = (det Vo — det Vw)E"L(U \ Q).
PROOF. We can write
Jv=0j(v) =0(j(v)LQ) +9((v) LU\ Q) = 0(i(v)LQ) + JoL(U\ Q) — (j(v),09).
Subtracting the analogous expression for Jw we obtain
Jv—Jw = (Jv— Jw)L(U\ Q) — (j(v) — j(w), ) = (det Vv — det Vw)E"L(U \ Q)
because Proposition applied to the open set U \ 2 implies that v .
(9(v) = g(w), 790) = 0.

Therefore, if we aim at formulating problem in a local way, that is depending
only on the values of w in 2, at least when the trace is sufficiently “nice”, we can proceed
as follows. If U, belongs to Wh"~1 and admits a W™ extensions outside €2, we can

=W, hence
o0

conventionally agree to pick one of such extensions to U \ Q: the result of Proposition
implies that the jacobian in Q of every competitor does not depend on the par-
ticular choice we made. Note however that the smoothness of the trace does not imply
membership of the extension to GSB,V (U). In fact, it is sufficient to place the infinite
dipoles of the function g in Example [3.1.4] so that the singularities lie on dB; and do
not overlap. The constant extension outside the ball provides a map whose jacobian has
both infinite mass and size.

In conclusion, in order to solve Problem it seems necessary to impose membership
of the competitors to GSB,V (U), while for a fairly broad class of boundary data the
energy in Q shall not depend on the particular extension.



CHAPTER 5

An approximation via ['-convergence

In this chapter we show how to approximate the Mumford-Shah energy
MS(u,9) = / " + [Vl + [ MoVl da + A7 (S, 0 Q) (152)
Q

by a sequence of (asymptotically degenerate) elliptic functionals E. defined for regular
maps, using the tool of I'-convergence. These densities, being absolutely continuous, are
easier to handle from the numerical viewpoint. A similar result was already obtained for
the classical Mumford-Shah functional by Ambrosio and Tortorelli in [AT90, [AT92],
the approximation being inspired by the classical works of Modica and Mortola for the
Cahn-Hilliard energy [MMT7bl, MMT77al|, where the authors were able to approximate
the defect measure, which is singular, via a family of bulk functionals (although not
uniformly elliptic). The size term in is replaced in the approximation by a phase
transition energy suitably conceived to concentrate on sets of dimension (m — n). The
blow-up profiles are described in detail in section [5.3

5.1. Preliminary definitions

For the sake of exposition we drop the term |u|" in , and introduce a constant
factor in front of the size term. This choice does not modify the core of the proofs,
since the removed term is of lower order in the number of derivatives. We will show the
approximation for the following energy:

DEFINITION 5.1.1. Let v > 1 and o > 0. For every u € GSB, V() we set
B(u,9) = / VP + | My V| de + 07N Su).
Q
Recall the result of the previous chapter Theorem [£.1.1] entails the following result
for E(u,Q):

THEOREM 5.1.2. Let € be a reqular open and bounded subset of R™ and let U be
an open neighborhood of Q. Let ¢ € GSB,V(U) be a given function and suppose p* =
P~ 5. Then the minimum problem

m—p
inf {E(u,Q): ve GSB,V({U),u=¢ inU \ Q} (153)

has a solution. Similarly for the Neumann problem if r > s and g € L"(Q,R™) is given,
then

inf {E(U,Q) + / lu—g|"dx: ue GSBnV(Q)} (154)
Q
has a solution.

85
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5.1.1. Minkowski content. As Theorem[5.2.8below involves the concept of Minkowski

content, we here briefly review its definition and main properties.

DEFINITION 5.1.3. Let S C R™ and let k € [0,m] be and integer. The lower and
upper Minkowski contents of S in Q) are defined respectively as

L"({x € Q: dist(x,S) < r})

k T
Miq(S) = hr?ﬁ)nf Fm(By)rmh , (155)
ME(S) = limsup LM{x e Q: dist(x,S) <r}) (156)

710 gm—k’(Bl)rm—k ’

where L™ F(By) is the measure of the unit ball in R™™. We omit the subscript when
Q =R™. If M¥(S) = M**(S) we define the Minkowski content of S as this common

value.

We must observe that neither M¥ nor M** is a measure, and that they both give
the same value to a set and its closure. It is natural to compare the upper and lower
Minkowski contents with the k-dimensional Hausdorff measure: it can be proved (see
[Fed69, 3.2.37-39], [AFPO0O0, 2.101]) that for every countably #*-rectifiable and closed
set S

ME(S) > #%(S).
By inner regularity of the Hausdorff measure the last inequality holds also relative to

Q). Various assumptions on S besides rectifiability are possible in order to have that
MPFE(S) = s#%(S). One of the most general is the following:

PROPOSITION 5.1.4 (JAFPOO, Proposition 2.104]). Let S be a countably S*-rectifiable
set such that
v(By(z)) > cp* Yz eS Vpe(0,p) (157)
for a suitable Radon measure v < % and ¢, pg > 0. Then
ME(S) = %(S).

Note that the equality implies that J#%(S) = #%(S). To ease the notation we will
denote S, = {z € 2:0 < dist(z,5) <r} and V(r) = £™(S;). Let S C R™ be a closed
set, and consider the distance function from it. Then (see [Fed69 3.2.34|)

\Vdist(-,S)| =1 ZL™-a.e. in {dist(-,S) > 0}. (158)
Moreover the following property holds:

LEMMA 5.1.5. The function V (t) = ™ ({0 < dist(-, S) < t}) is absolutely continuous
and
VI(t) = ™ N Qn {dist(-, S) = t})
for L' -almost every t > 0.

PROOF. Recall the Coarea formula ([Fed69, 3.2.11-12]): if f :  — R is a Lipschitz
function and ¢ : 2 — R is a non-negative Borel function, then

+oo
— m—1
/Qg(a:)\Vf(:c)\ de = /0 /{f:t} gdse™ " dt. (159)
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In particular taking f(x) = dist(z, S) and g the characteristic function of the set {dist(-, S) <
t} we obtain that for every ¢t > 0

V(t) = /Ot A" HQ N {dist(-, S) = s})ds.

Therefore V (t) is an absolutely continuous function with
V/(t) = 2™ QN {dist(-, S) = t})

Z1-almost everywhere. O

5.2. Variational approximation

In this section we state our main approximation theorem. We start by recalling the
fundamental features of the variational convergence we will use, the I'-convergence, and
we refer to [Bra02, DM93| for a thorough presentation. Let X be a separable metric
space and let a sequence of functions Fj, : X — [0, co] be given. We define the upper and
the lower I'-limits as follows:

F(x)=(T— lihm inf Fp)(x) = inf{lihm inf Fp,(xp) : xp — x}, (160)
—00 —00

F(z) = (T — limsup Fy)(z) = inf{limsup F},(z) : 2, — x}. (161)
h—o00 h—00

Both F and F are lower semicontinuous by construction, and we say that F}, I-converges

to F if F = F. The statement I' — limy, F}, = F' is equivalent to the fulfillment of the
following two conditions: for every z € X

Vap — x we have limhinf Fp(zp) > F(x), (162)
Jxp, — x such that limsup Fj(zy) < F(z).
h

The following Theorem describes the fundamental properties of this type of conver-
gence, in particular the behaviour of sequences of minima:

THEOREM 5.2.1. Assume Fy I'-converges to F'.
(a) Letty, | 0. Then any cluster point of the sequence of sets
{l‘ e X: Fh(x) < igl(th —i—th}
minimizes F.

(b) Assume also that Fy, are lower semicontinuous, and that for every t > 0 there
exists a compact set Ky C X such that

{Fh < t} C K.

Then every function Fy, has a minimizer, and any sequence of minimizers admits
a subsequence converging to some minimizer of F.
(¢) Given a continuous function G : X — [0, 00] we have

I~ liminf(Fy + G) = (T — liminf F}) + G,
I' — limsup(Fy, + G) = (I — limsup F,) + G.
h h

The following remark recalls a useful tool in proving I'-convergence results.
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REMARK 5.2.2. Let X' C X and F, F}, : X — R as above: we say that X’ is dense in
energy in X if for every x € X there exists a sequence (x},) C X’ such that zj, — = and
F(z}) — F(x). A simple diagonal argument shows that in order to prove I'—lim F}, = F,
whilst already knowing the I' — lim inf inequality F' < F (namely the validity of ),
it is enough to prove that for every § > 0 and x € X’ there exists x;, — x such that
lim supy, Fj,(xp) < F(z) + 9.

5.2.1. Main Theorem. We introduce now the function spaces involved in our ap-
proximation Theorem. Given an open set U C R™ we let B(U) be the space of Borel
functions ranging in [0, 1]:

B(U)={v:U — [0,1] : v is a Borel function},

endowed with a distance that induces the convergence in measure, namely:

o
d(v,v’):/wdx.
ol+[v—v|

We want to approximate the maps u € GSB,V with functions u. possessing “better
regularity”, namely having absolutely continuous jacobian. It will be therefore handier to
have a name for the space of function of bounded n-variation with absolutely continuous
jacobian:

DEFINITION 5.2.3 (Regular maps). We let
R, () :={ue B, V(Q):||JuLQ| < L™}
be the space of reqular maps.

We want to approach the energy FE(u,) by a sequence Ej(up,vp,2) where the
functions uy, belong to R, (£2), namely Ju,l Q = Ry, = M,Vu, L™ Q. Our function
spaces will be the following:

DEFINITION 5.2.4. We define the space X (Q) := L*(Q2,R™) x B(Q2) with the following
convergence notion:

(up,vp) = (u,v) <= up — win L°(Q,R"™), v, — v in measure. (163)
The subspace Y () will be:
Y(Q) := R,(Q) x B(2) C X(),
endowed with the same topology.

The convergence ([163]) is clearly metrizable. We also introduce two subspaces of
X(Q) and Y () where the trace is fixed in a strong sense:

DEFINITION 5.2.5. Given U 2 Q open and ¢ € L*(U) we let
X? = {(u,v) € X(U):u=¢ inU\ Q},
Yo ={(u,v) eY(U):u=¢ inU)\Q}.
Following [AT90, [AT92, MMT7al, we introduce a Modica-Mortola type energy
to approximate the size term S(7y,) = ™ "(S, N Q). Observe that the parameter ¢

is present with suitable exponents in order for the energy to concentrate on (m — n)-
dimensional sets: in particular it concentrates on points if m = n.
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DEFINITION 5.2.6. Let W € C1(R) be a nonnegative convex potential vanishing only

at 0 and let ¢ > n be a given exponent. If v € B(2) we set
W(l—
(-,

871

MM,(v,Q) = / el "\ V|1 + x.
Q

Note in particular that W is increasing in the positive real axis. We are now ready
to introduce our family of energies:
DEFINITION 5.2.7. Let~y > 1 and q > n be fized exponents. We set, for (u,v) € X(Q):
Jo IVul? + |My(Vu)|[Yde + o™ (S, NQ)  ifue GSB,V(Q) and v =1,

E(u,v,Q) =
400 otherwise,
and
Jo IVulP + (0 + k)| My (V) i + MM, (0,9)  for (u,v) € Y/(9),
Ea(u,v, ) =

400 otherwise,

where the constant o is defined by the minimum problem and k. is an infinitesimal
faster than &7.

The first functional E(u,v,Q) is clearly a trivial extension to X () of Definition
as E(u,1,Q) = E(u,Q). We fix once and for all a sequence ¢, of positive numbers
converging to zero and to simplify the notation we write Fj, instead of E.,. We will also
write

F(u,1,Q) = F(u,Q) = / |VulP + | M, Vu|” dz,
Q
Fo(u,0,9) :/ IVl + (0 + ko) [ Mo Vu|? da
Q

for the part of the energy explicitly depending on wu.

In Definition [5.2.7 v is a control function for the pointwise determinant M, Vu,
ranging in the interval [0, 1], and depends on the singular set S,; k. is an infinitesimal
number apt to guarantee coercivity of E.. The addeddum M M. (v, ), referred to as the
Modica-Mortola term because of the similarity with the phase transition energies used
in [AT90], contains a nonnegative convex potential W vanishing in 0. As e goes to 0,
the potential term W (1 — v) forces v. to converge to 1 in measure; on the contrary v
becomes closer to 0 where the jacobian of the functions u. tends to form a singularity,
and compensates the loss of energy due to this damping with the Modica-Mortola term.
Because of the scaling property of the Modica-Mortola part the transition from ve ~ 0
to ve ~ 1 happens in a set of width of order £, and up to a rescaling v. converges to a
precise profile wy analysed in section[5.3] In particular this transition energy concentrates
around the singular set S, proportionally to its "~ "-measure.

We can now state our main Theorem: we prefer to present separately the lower and
upper limit part of the I'-convergence, since it is more clear where the hypotheses are
used.
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THEOREM 5.2.8. Let  be a bounded open subset of class C* of R™ and suppose

> P 1<q< >
S ) = =1 , 1> n.
(a) For every sequence ((up,vy)) C Y (Q) such that (up,vp) — (u,v) in X () we
have
liminf Ey (up, vp, Q) > E(u,v,Q);
h—o00
moreover

lihminf En(up,vp, ) <oo = uweGSB,V(Q) and v=1.
— 00

(b) For every u € GSB,V(Q) such that E(u,1,Q) < oo and M*""(S,) =
HM(S,y) there exists a sequence ((up,vp)) C Y (Q) such that (up,vp) — (u,1
in X(Q) and

lim sup Ej, (up, vp, Q) < E(u, 1,).
h—o0
Note that in particular the restrictions of Ej and E to the subspace
Z() ={u e GSB, V() : MG "(Sy) =A™ "(Su)} x B(2)
satisfy (with the convergence (163))
r— li}an Ey ‘Z(Q) = E‘Z(Q) .

The proof of point (a) is achieved first in codimension m — n = 0, where S, is
a discrete set, and then generalized to every codimension with the help of the slicing
Theorem. The second part of the proof concerns the upper limit: here we construct (u.)
truncating the function u around the singularity S, and we use the optimal profile wy
to build functions v. such that (ue,v:) — (u,1) and fulfilling the upper limit inequality.
In order to make this construction we will assume a mild regularity assumption on the
singular set, namely that its Hausdorff measure agrees with its Minkowski content. In
order to conclude the proof of the I'-convergence of E. to E we would need to know the
density in energy of the set Z(2). In the codimension 1 case this property was deduced
by the regularity of minimizers of the Mumford-Shah energy, for which a lower bound on
the (m — 1)-dimensional density of the singular set is available. The analogous density
property as well as a regularity result for minimizers of E is still subject to investigation.

We start the analysis on the whole family of energies (E}) by proving that at a fixed
positive scale ep, the functional Ej has a minimizer in Y (§2), once we assign suitable
Dirichlet or Neumann boundary conditions.

THEOREM 5.2.9. Let C > 0 and h € N be fixed. The sets
{(u,v) eY(U):u=0¢ inU\Q, Ep(u,v,U) < C}; (164)
with U a neighborhood of 0, p* > s and ¢ € GSB,V(Q); and

{(u,v) € Y(Q) : Ep(u,v,Q)+ /Q lu—g|"dz < C} (165)

with g € L"(,R™) and r > s, are compact subsets of X (). Moreover the unions of the
sets ({164) for h varying in N, as well as the union of the sets (165)), are precompact in
X(Q).
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PROOF. Recall that it is sufficient to check sequential compactness, since (164]) and
(165]) are subsets of the metric space X (€2). As the product of two precompact spaces is
precompact, we can examine separately the bounds on v and v:

/ |[VulPde < C, MM (v,Q) < C.
U

Concerning u the gradients Vu are bounded in LP, and since

IVu = Vol powroxmy and  |lu— ¢llyrowgrn

are equivalent, by Sobolev embedding the set of u— ¢’s is precompact in L®, and so is the
set of u’s since ¢ € L®. Similarly in the Neumann problem the LP gradient bound and the
L" bound on u give precompactness in every Lebesgue space of exponent strictly smaller
than max{r, p*}, in particular in L°. Clearly the constraint u = ¢ outside Q in is
preserved. To get compactness for v we can apply Young’s inequality ab < % + % with
s==Landt= q_in to the two integrand addenda:

W(l—v)

€h

M My, (v, Q) = / e "Vl + dr >
Q

q—n

4 _q—n 7 4 _—n 4
> = Vul4 Wl — T =
> /Q <n€h |Vl ) <q ) (1 v)> d

= cn,q/g IVo["W(l—v)'7 dz = c;%q/ﬂ IVIF(1—v)]|" da, (166)

with F(t) = fot W%Tn(s)ds. Since €2 is bounded and 0 < v < 1 we can use the compact
embedding W1 (Q) — L™(2) to deduce that the set of F(1 — vy,)’s is precompact in
L™ hence the set of v’s is precompact for the convergence in measure topology since F
has a continuous inverse. Furthermore these estimates do not depend on h, hence the
claimed precompactness for h € N variable. It remains to prove the closedness of
and : this is equivalent to show the respective energies being lower semicontinuous.
Suppose then ((uz, vl)) C X (£2) a convergent sequence and h fixed. The phase transition
term M M, is clearly lower semicontinuous (see the proof of Proposition ; SO are
also [, [VulP and [, |u — g|". Moreover since ky, > 0

C
/ |MpVu;|" de < — < o0,
0 kr,

therefore up to subsequences we have Ju; — Ju, and by Theorem Ju < L™, thus
u € Ry, (). Furthermore M, Vu; — M, Vu weakly in L': we claim that

/(U(az) + kp) | M, Vu(x)|" de < lim.inf/ (vi(z) + k)| MpVu;(x)|" de.
Q 4 Q

In fact following [Giu03, Theorem 4.4], since v; — v in measure for every § > 0 there
exists G € 2 compact such that v; — v uniformly in G, v and M, Vu are continuous in
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G and fQ\G(v + kp)|M,Vu|Ydz < §. Therefore

(2

lim inf / (vi(z) + k) | Mo Vs ()Y > Timin / (v + o) | M V|V
Q v G
+ lim_inf/ v(v + k)| M, V|~ 2(M, Vu, M,Vu, — M,Vu)dzx
v G

+ Iiminf/ v(v; — v)| My, Vu|"2(M, Vu, M, Vuy, — M, Vu)dz :
v G

The first integral tends to [, (v + kp)|M,Vu["dz by uniform convergence; the second
integral is infinitesimal by weak convergence, the term ~(v + k)| M, Vu|' =2 M, Vu being
bounded; finally the last addendum can be bounded by

-1
VM Vup — MnVUHLl(Q)HMHV“Hzm(G) Slcl;p |vi — |

which is infinitesimal by uniform convergence. Therefore we can bound below the lower
limit with [, (v + kp)| My Vuldz — §: letting 6 | 0 we obtain the claimed property. [0

In particular the previous Theorem guarantees that the energies (E}) are equicoer-
cive. As a consequence the functionals satisfy condition (b) of Proposition [5.2.1] validat-
ing the choice of the topology [5.2.4] in the I-limit.

5.3. Optimal profile

In order to investigate the asymptotic behaviour of the functionals E. it is useful to
understand the behaviour of the Modica-Mortola term, to single out the optimal profile
and to study its properties. We consider the fixed scale ¢ = 1.

PROPOSITION 5.3.1. We define, for f € WE4(R™),

loc

10) = [ VAW de

The infimum
o=inf {I(f)|I(f) < oo, f(0) =1} (167)
is meaningful, positive and attained by a unique radial function wy € B(R™) N CYY(R™),
with o =1 — %, satisfying:
lim wo(x) = 0. (168)
T—00
PROOF. First of all it is important to specify that we implicitly set I(f) = oo when-
ever f does not possess weak derivatives in Llloc; moreover since ¢ > n the constraint
requirement f(0) = 1 in the minimization problem is meaningful, because the Sobolev
embedding Theorem (see [AF03]|, 4.12) ensures that a function f with I(f) < oo has a
pointwise continuous representative. We will always consider the continuous representa-
tive, without specifying it anymore. Observe furthermore that since W is increasing in
R* and nonnegative, by truncation we can reduce to minimize the energy among func-
tions in B(R™) which are ranging in the interval [0, 1]. Take a minimizing sequence (f3):
again by Sobolev embedding Theorem the functions (f3) are uniformly Holder continu-
ous, and equibounded on every compact subset thanks to the constraint f5(0) = 1. Hence
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by the Ascoli-Arzela Theorem the sequence is precompact in the topology of the local
uniform convergence, and we can extract a subsequence converging to wy € C%® locally
uniformly. Hence wg(0) = 1, W(fy) — W (wp) locally uniformly and it is not difficult
to check that Vf, — Vwg in L{ . By lower semicontinuity wg achieves the infimum.
Moreover a radial monotone rearrangement decreases the energy (see [Tal76l, [LLO1])
and by the strict convexity of the gradient part there is only one minimizer, wg, and it
is radial. Holder continuity forces wg to be positive on a small ball around 0 implying
that the minimum energy o is strictly positive; for the same reason, since [ W (wp) < oo,
equation must be satisfied. O

Observe that I(f) = MM;(1 — f,R") for f € B(R™). As our optimal function wy
is radial it is worth investigating its one dimensional profile. Setting w : [0,00) — R,
w(]z|) = wo(x) we have:

o= / Vwol? + W (wo) da = A1 (571) /OO 1 [l (8)]7 + Ww())] db, (169)
Rn 0

and the Euler-Lagrange equation in R™\ {0} is
—qAwo + W (wp) := —qdiv(|Vwg|?2Vwe) + W' (wp) = 0.
In radial coordinates it becomes

— tnq_l (£ ! (1) 72w/ (1)) + W (w) = 0 (170)

outside the origin. We have the following Lemma:

LEMMA 5.3.2. Let w : [0,00) — R be the profile of the minimizer of (167)). Then
w is convez, belongs to C1(0,+00) N C?({0 < w < 1}) and the following two properties
hold:

%i_l)l(l)t"|w'(t)|q =0, (171)
i [ (017 + W (w(®)] = 0. (172)

PROOF. Since w is nonnegative and decreasing, and W’ > 0 by convexity, the Euler
equation implies that

0 < "W (w) = g (" ' (8)]7 20/ (1)) = —q(" ! (1)1

Both the functions "~ 1|w’(¢)[9~! and tnl,l are positive and decreasing. Hence multiplying
them we get that |w’| decreases, and since w’ is negative we obtain that w is convex. By

monotonicity of |w’| and the finiteness of the energy (169),
t
lim sup ¢"|w’(¢)]? < lim supn/ s (s)|9ds = 0.
t—0 t—0 0
Furthermore, since Z(t) := |w'(¢)|? + W (w(t)) is decreasing, we have
: 1 1 n : ! n—1 : > n—1
limsup— (1 — — | t"Z(t) < limsup [ s" " Z(s)ds < limsup s"TZ(s)ds =0
t t

t—oo T n t—00 t—00

by the finiteness of the energy (169)), which proves (172)). Finally in every interval (a, b) €
{0 < w < 1} we have that —oco < w' < w/(b) < 0, otherwise w would be a positive
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constant in the half line (b, +00). Hence we can extract the (¢ — 1)-st root without
loosing any smoothness and bootstrap (170)):

we C(a,b) = W/(w)eCab) = weC%a,b).
1
The same argument shows that w € C''(0, +00), since | - [+-1 is continuous. O

In general if W € C* and w € C™(a,b) then W'(w) € C™\*=D(a,b), hence w €
CmANE=1)+2(4 b), hence starting from m = 1 we obtain w € C*1({0 < w < 1}). It
is also interesting to analyse whether w touches 0 or not: already in dimension n = 1
the situation depends on the behaviour of the potential W around 0. Set 8 > 1 and
W(f) = |f|?: the family

q

(- 2)™ e
q(g-1)¢
fo(t) = e~ 7t B=gq, (173)

__4a

B—q
<1+ 5_‘1175) ! 8> q.
\ q(g—1)19

minimizes [, |f'|? + |f|? dz with f(0) = 1, therefore the threshold exponent for the
solution to touch 0 is § = ¢. This is also true in higher dimension, although we are not
able to produce the explicit expressions of the minimizers:

PROPOSITION 5.3.3. Let W and w as above, n > 1 and suppose that W(f) ~ |f|°
near f =0, for some > 1. Then w(T') =0 for some finite T > 0 if and only if 5 < q.

PROOF. Multiplying the Euler-Lagrange equation (170) by t"~!w’ we obtain after
some manipulations

0=—(g— D" ') = (n = D" |w'|7 + " THW (w(t))]" (174)
Set for simplicity a(t) := (¢ — 1)t"!|w’|%: then
/ n—1 n— r_ i Zf_ia / n— w /
0=—a(t) - = 1)ta(t)+t W () = —tetfteralt)] + " W (w(®)],
that is:

ETa) = #157 [W (w(®)]
Integrating between ¢ and T we get (recall w € C* globally, so a(T) = W(w(T)) = 0):

n—1 n—1 T n—1 n=1_1
—tata(t) = —tTaTW(w(t)) — / ¢ 511 W (w(s))ds, (175)
t 4
or
n—1 n—1 T n-1 n=1_9q
tota(t) = tTa T W (w(t)) +/ qilsq =1 W (w(s))ds : (176)
[

that is (for t — T > 0)

(g — Dl (B = W (u( <Hq/ ”‘12%*W<@w8
— W (w(t)) + o(W
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Therefore

and T < oo if and only if 8 < q. (I

Equation (176)) applied to a generic T' > 0 becomes

(I f (0 — T | (T)]9 = 5 w(t) — T W (D)

T n—1 n=1_1
+/ qﬁsqq—l W(w(s))ds (177)
; _

and yields, for ¢t — 0, that |w'(t)] = O ( L ), because W is bounded and q%—l > —1,

so the integral is convergent and

n—1
lim ¢7a=1 [w’(t)|4
lim %47 |’ (t)]

1—n
exists finite. As a consequence the bound |w’(t)| < Cte=1 can be extended to every finite
interval [0, R], for a suitable high constant C: we deduce a local higher integrability
property for Vwg in R™, because

R R 1 1—n
/ V| = C/ " ()|"dt < C/ " et
B, 0 0

which implies
Vw e L"(B%,R") (178)

for r < (¢ —1);24. In particular in this range of exponents ¢"|w’(t)[" — 0 for t — 0.

5.4. I'-lower limit

In this section we aim to prove the first part of Theorem [5.2.8] regarding the I'-lower
limit of the sequence (E},):

THEOREM 5.4.1. Let Q be an open subset of R™. For every sequence ((uh,vh)) C
Y () such that (up,vy) — (u,v) we have
liminf Ey (up, vp, ) > E(u,v,Q);
o

h—
moreover
lihminf En(up,vp, Q) <oo = uweGSB,V(Q) and v=1.
—00
The proof will be achieved through a slicing argument, by first proving that in codi-
mension m —n = 0 the jacobians Juy concentrate around a finite number of points. Our

definition of size outlined in the introduction is well-suited to this slicing procedure, and
a final localization result yields the proof.
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5.4.1. Proof in R". Let A be an open subset of R™: to ease the exposition for any
(u,v) € Y(A) we let
W(l —
(1-v),

n
h

i

Gh(u,v,A):/(v+k:h)\detVu|7dx+/5%n|Vv|q+
A A

be the part of energy depending explicitly on v.
THEOREM 5.4.2. Let A be an open subset of R™ and let ((up,vy)) C Y (A), (u,v) €
X () satisfy (up,vn) = (u,v) and |Vug|, < C. Assume also
lim inf Gh(uh, Vh, A) < oQ. (179)
h—o0

Then uw € GSB,V(A,R"), v =1 and
lihm inf Gy (up, vp, A) > / | det Vu|'dz + 0. #°(AN S,).
— 00 A

First of all we extract a subsequence, not relabeled, that achieves the lower limit in
(179) and such that Vu, — Vu weakly in LP. We notice right away that v € WP
and v = 1; also by Proposition we know that FSC(JuhLQ — Jul.Q) — 0, hence

Jup, = Ju as currents in . We begin with the regular part, disregarding the positive
infinitesimal kp,:
LEMMA 5.4.3. Assume that A is a bounded open subset of R™ with Lipschitz boundary.
Then
liminf/ vp| det Vuy|"dx > / | det Vu|"dz. (180)
h—oo Ja A

PROOF. Since A is regular and bounded, ¢ > n and the norms ||Vul|, are equi-
bounded by Sobolev embedding Theorem
[vh]coa(ay < C(A)e,?,
where . = 1 — % and C'(A) depends on the energy and on the regularity of A. We also

fix a threshold ¢ € (0,1): by Holder continuity there exists cg = co(C,t) > 0 independent
of h such that for every x € AN {v, <t}

1+t
AN B(z,coep) C AN {vh < —;} (181)

We can then cover AN {wv;, <t} with balls centered at every point having radius “¢2: by
Vitali’s covering Lemma there is a countable disjoint subfamily F = { B(x;, ©£*)} such
that

UB(ﬂSi,Co8h) D An{v, < t}.

7
Thanks to (181f) we can estimate from below M M., of every such small ball:

_ wW(1 - 1—t\ Z" (AN B (x;, 9
ANB (w;, 5" ) €h 2 €h
The latter quantity is bounded below independently of h because the Lipschitz boundary
condition on A ensures that £ (A NnB (mi, e h)) > cepr. The family F being disjoint,
by the finiteness of the energy we argue that there can be only a finite number N,
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independent of h, of such balls. Let us then extract a subsequence, not relabeled, along
which the balls are in constant number N and the centers {mf},z =1,..., N converge to
points x° € A. For every open set

A e A\ Ja)
i
we have that for h sufficiently large:
A'n UB(.%‘?, coep) =0 and Uh|, =t

7

The energy bound (179)) allows to bound a superlinear power of the jacobians in A’

det Tder < ——
/A,‘ et V| dr < -7

hence Theorem [3.4.1] gives
det Vuy, — det Vu  weakly in L*(A’). (182)

By lower semicontinuity

lim inf/ vp| det Vup|"de > lim inf/ vp| det Vup|"dx >
A h—oo  J Ar

h—o0

> liminft¢ [ |det Vuy,|"de >t [ |det Vu|"dz. (183)
A/

h—o00 A

Finally letting A" 1 A\ J;{x°} and then ¢ 1 1 we obtain the result. O

REMARK 5.4.4. The same result of Lemma/[5.4.3|holds without the regularity hypoth-
esis on A. In fact it is sufficient to consider a sequence of nested regular open subsets
A; C A invading A, apply the Lemma to A; and then let A; 1 A: the left hand side of
(180) clearly decreases when restricted to each A;, and the right hand side by Monotone
convergence Theorem increases to [, | det Vu|Ydz.

Now we analyze the MM, term, and prove that around the potentially singular
points of the limit function u this energy concentrates. Observe that we still do not
know that u € GSB,V: Ju so far is only a flat current, nevertheless chosen a fixed point
xo for almost every radius p the restriction Jul B,(zo) is meaningful and furthermore
F(Jupl_By(zo) — Jul By(z0)) — 0 (see Proposition 2.4.4). With a slight abuse of
notation we indicate by Jul B, < Z" the fact that M(Jul. B,) < oo and ||Jul B,|| <
L™ by definition this is satisfied if u € R,,.

LEMMA 5.4.5. Let ((up,vp)), u and A as in Theorem and fix xo € A. Suppose
JulB,(xg) &£ L™ for every p > 0 such that B,(xo) C A. Then

lim inf M M}, (vy, Bp(z0)) > 0 ¥p >0, (184)

h—o00
where o is defined as in (167)).

PRrROOF. Fix an arbitrary p as in the hypotheses and let us suppose for simplicity
that zg = 0: since Jul. B, &« .Z" we must have

lim infvp, =0 Vp > 0.

h—o0 B,
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In fact if there were a radius p and a subsequence (vj) bounded away from zero in Bj,
since Juj, < £™ by Theorem [3.4.1] the limit Jul B, would 0therw1se be a current in
My (Bj) with absolutely continuous mass. The ﬁmteness of the energy ([179) guarantees
that v, — 1 in measure in B,. In order to show we modify in B, the asymptotic
profiles vy, and we relate them to problem . Let us perform the following radial
monotone rearrangement of vy, denoted vy, which preserve the measure of sublevels:

vp(z) :=inf {t: [{vp <t} N B,| > L"(B1)|z["} Vz € B,.

This rearrangement preserves the integral [ B, W(1 — v) by the Coarea formula ((159)),

while the L? norm of the gradient decreases, see [Tal76), LL01]. We immediately have
that

M My (vy, B,) > M Mp(vy, B,) and vj;, — 1 in measure in B,,.
In particular A\, := v,ﬂaBP — 1, and py, := infp, vy = v};(0) — 0, hence we can extend
vj equal to Ay, for x| > p. The functions f; : R" — R,

Filt) = 5 v (en0) 1) (155)

satisfy
(a) fn(0) =
(b) spt (1_fh)CBp>
(€) 1=vi(x) =M —vi(z) = (A — ) (1= fu(E))-

Let us now evaluate the M M}, energy (recall W is monotone increasing):

W= vi@)

MMy(on, Bp) = MMi(v7. Bp) = [ el Vop @)t + *-0 (156)
B, h
© WA, — v
2 [ e T g,
B, €h

> /n()\h — )V [l + W((An = pn)(1 = fn))dx

By properties (a) and (b) the functions 1 — f;, are competitors for problem (167)) and
An — pp — 1, hence the last integral is asymptotically greater or equal than the infimum
0. O

PROOF OF THEOREM B.42l Let ¥ = {z € A : JuL B,(z) & Z™ for all B,(x) C
A}. Then the superadditivity of the liminf together with (179) and Lemma m gives

%”O(Z) < 1 limhinf G (up,vp, A).

g

Moreover Lemma showed the existence of another finite set T such that Jul (A \
T) < Z". Hence necessarily ¥ C T and the flat defect current

=(Ju—detVuE™)LA

is supported in Y. By the general theory of flat currents presented in chapter 2| (see
Theorem [2.6.3) M(T) < co and T' = )y a;[x;]. In particular u € GSB,V(A) and
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Sy C X, so

A0S, NA) < H%).
Taking B € A\ ¥ open, and applying the superadditivity of the lower limit on open
disjoint sets, as well as to B we obtain for some p sufficiently small (so that
BN Uer By(z) = 0)

liIr%inf Gp(up,vp, A) > limhinf/ vy | det Vuy | dz
B
_ 1-—
o Z liminf/ e} Q\Vvh\q—l—szh)dw
vesuna " IBy(@nA h

> / | det Vu|"dz + 0.°(S, N A).
B
Letting B 1T A concludes the proof. O

5.4.2. Reduction argument and proof of Theorem for general m,n.
In this paragraph we prove Theorem from the results obtained in the previous
paragraph in dimension n. We will first use the slicing properties of the jacobians to
reduce to the n-dimensional case discussed above, and then we will optimize the choices
of the slicing directions to conclude.

PROOF. As a preliminary step let us extract a subsequence out of ((up,vy)) such that
the lower limit liminfy, Ep,(up, vy, Q) is attained and such that (up,vp) — (u, 1) rapidly
in X(Q):

> llun = ullzs + d(vp, 1) < oo,
h

This implies that given an orthogonal projection w € Q,,_,, for Z™ "-almost every
x € m(Q)

up(x,-) = u(z,-) in L¥(Q*,R"™) and vp(x, ) = 1 in measure in Q*,

where we put Q% := QN7 (). Let us consider an arbitrary open subset A C Q and let
us fix a projection 7 as above. Observe that the energy Ej is bounded along (up,vp):
using Fatou’s Lemma we obtain

lim Ep(up,vp, Q) > liminf Ep, (up, vy, A) >
h—00 h—o00

. Wl —
> / lim inf {/ [Vyup|P 4+ vp| det Vyup|” + ed" Vo, |7 + (nvh)dy} dx.
n(A) h—oo Az ep

In particular for £ "-almost every = € 7(A)
iminf [ (9,00, ) dy -+ Ga(an, v, 47) < C0) < o
Az

For these © we can extract a subsequence (uh(k)), a priori depending on the point =,
along which both the L norm of Vuy, ;) and the n-dimensional energy G, are bounded:

S‘;p/A IVyunl? dy + Grupy, v, A”) < oo. (187)
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This implies that
Vyupy (@, ) = Vyu(z,-) in LP(A"). (188)

Finally observe that the slicing Theorem immediately gives that (up(z,-), vn(z,-)) €
Y (A*) almost everywhere. Theorem implies that u(z,-) € GSB,V(A") and that

limhinf G (up,vp, A*) > / |det Vyu(z, )|"dy + o #° (A" N Su(z,));
integrating and applying Fatou’s Lemma on the left hand side we have

hmlnfEh (up,vp, A / |Vu|P + / limhinf Gp(up(zx,-),vp(z,-), A®) dx >
(4)

2/ ]Vu|p+/ | det Vyu(m,-)ﬂdydm%—o/ AV (A" N Su(z,))d.
A A m(A)
Let us call

T(A) = / | det Vyu(x,y)|"dydr + o AV (A"N Su(z,))dr.
A w(A)
the right hand side and E(A) = liminfy, Ej, (up, vy, A). E(+) is a superadditive set function
on open sets such that E(A) < E(2) < oo and each single 7 is a finite Borel measure;
therefore taking disjoint open sets Aq, ..., A and orthogonal projections 7y, ..., 7 we

have that
> 7(A) <) E(A) < E(Q). (189)

By inner and outer regularity of 7, inequality (189) holds for generic disjoint Borel sets
B; instead of A;, hence the supremum

T = \/7’7T (190)

is a finite Borel measure. In particular M,Vu € L7 and since for every projection
7 slice and jacobian commute according to Theorem [3.2.9, we have that the current
T = (Ju— M,VuE™)LQ satisfies spt((T, 7, r)) C Sy, almost everywhere, so its size
is finite. Hence u € GSB,V(Q2). Finally since by Definition the measures pr and
| M, Vu|" L™ are mutually singular and |M,L| = sup,. |M,LL dr|, it is not difficult to
prove that the supremum 7 equals

T = |M,Vu|"L" + oSy,
which concludes the proof. O

5.5. I'-upper limit

This section is devoted to the proof of the upper limit inequality: our construction
of the recovery sequence will mimic the truncation argument presented in [AT90] and
[AT92|. Note that we only assume a mild geometric property on the singular set .S,
expressed in terms of its Minkowski content. We provide an interior statement as well as
boundary statement, where differently from [AT90] we need to take care of any possible
accumulation of the singular set at the boundary. The limit energy must account for the
possible loss of mass in the Modica-Mortola term, due to the transition of v happening
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partially outside the domain. We finally generalize the form of the functional in which
the size term is weighted by a continuous density.

THEOREM 5.5.1. Suppose 2 C R™ is a bounded set of class C' and u € GSB,V (£2)

with constraints
np

s> , 1<y <L .

Tn-p =

Let also (kp) be a positive sequence such that ky, = o(e)). If
E(u,1,8) < oo, MG (Sy) = A" (Sw) (191)

then there exists a sequence ((up,vy)) C Y (Q) such that

(up,vp) = (u,1)  and  limsup Ep(up,vp, Q) < E(u,1,Q).

h—o00

5.5.1. Proof of Theorem We start by setting the approximating sequence
(vp) for a generic Z"-null and closed set S C 2 satisfying

MGT(S) = HT(S) < oo (192)
Let w(t) be the optimal profile of problem and choose 8y, | 0 such that ky,(e,0,)"7 —

0. Let
w38

so that wp(|z]) = 1 in B;, (0). Clearly wj (0p) is finite and I(wy) — I(w) as h — oo.
Moreover by the proof of Lemma [5.3.2]

' ()] + W (w(t))

is C! and decreases to 0 for ¢ — oo: these properties hold true in (&}, + oo) for wy. Set

wnle) =1 - up (A22), (193)

€h

where d(z, S) = dist(z, S): note that v, — 1 in measure and that by equation (158))

Ly <d(x, 5))
€h

\Y = —

Vel = -

at almost every point x. Recall the notations S, = {z € Q : 0 < dist(x,S) < r} and
V(r)=2"(Sy).

PROPOSITION 5.5.2. The functions (vy,) satisfy

vp=0 on S5,

and
lim sup M My, (vp,, Q) < o MG " (S5).

h—o00
PROOF. The first statement is true by the definition ((193). Looking at the energy
W(l — vh)

n
€y

MMh(Uh,Q) = / 5‘,’;”|Vvh|q+ dx
Q
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we observe right away that the integration on the set S;,s, in infinitesimal, since there
vy, is identically 0 and so

_ 1-—
/S el " | Vup|? + Wl =) = vh)dm =W(1)

€ndn h

Applying the Coarea formula (159) on the level sets of the distance function d(-, S) we
can write

V(ahéh)

— 0.
n
€h

_ W(l —
M M (vp, Q) = o(1) +/ 1" Vup|? + (771”’1)
Q\Sshéh Eh

20(1)+/:°O[

hOn

dx
)] ()]
[V(ens)]

400
=o(1) ¢ [ (o) Wnge)) s

dt

Since Zj(s) 1= |w},(s)|? + W (wy(s)) is C we can integrate by parts

+o00 / +oo _

/ Z(s) [V(€ZS)] s — _/ Z,’l(s)V(E:S)ds n Zp(400)V (400) - Zh(éh)V(ahéh)'
on h on €h h

As previously outlined Zj,(+00) = 0 and V(4+00) = £ (Q2), hence the second adden-

dum is null; moreover Y1) < (MGT(S) + 1)L (B1)d) and Zy,(6p) = |w),(0s)|7 +

€h
W (wp(dr)), so also the third term goes to 0 by Lemma The basic assumption
(192)) on the Minkowski content of S implies that there exist infinitesimal numbers &,

such that

V(s) < ZL"(B)MG" " (S)s" +&ps" Vs € [0, epdiam(2)]. (194)
Recall that Z} (s) < 0 in [d,00) and I(wy) — I(w) = o:
+o0 s
M My,(v, Q) :0(1)—/6 Z,/L(s)v(;? ) ds
+oo
<o) = [ ZLBOMES) + 605" (195)

o1) + (L BIM () 46 [ 5 2l
On

+oo
— o(1) + (A"HSTYME(S) + nén) /5 17, (5)ds

=o(1) + Mg" "(S) - I(wy) = o(1) + o MG "(5).
O
REMARK 5.5.3. Observe that the same Proposition proves something more general,

that will be useful in the sequel: if w is a radial profile such that Z(t) := |’ (t)|94+W (w(t))
is decreasing, then the sequence (vy) constructed from w as in (193] satisfies:

lim sup M M, (vy,, Q) < I(w(|z])) MG "(S).
h
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We now show how to construct the sequence (uy). Outside S, 5, the jacobian Ju is
absolutely continuous, hence there is no need to modify u there. We will only change u
inside S, 5, with the scope of keeping

[ 19t =) da

nOn

infinitesimal, and letting

/ | M, Vup|” dx

S€h6h

diverge at a controlled rate, independently of the function u. Note that this is equivalent
to show

™S
Ep(up,vp, Se,5,) = / |Vup [P + k| M, Vuy|” da + W(l)w

Ssh‘;h h

for suitable kj,, because the last term is infinitesimal by (191]). Suppose ¢! is a smooth
function. If we multiply only the first coordinate by ¢! and compute the jacobian deter-
minant we obtain

V(plul,u?, ... u") = (' Vul, Vu?, ..., Vu") + (ulVel, Va2, ... Vu"),

—0

hence
J(ptul,u?, .. u") = ot Ju + ul J(ot WP, . um) (196)
in the sense of currents; also the following pointwise estimate holds for 1 < k < n:

| MV (rut,u?, ... u™))|

1

n—1 n—1
<| ("% YTl 4 () 0T+ 9 e M1V

< e (14 101 220)| MVl + [ V6! | oo [t || Mi-1 V] ).

Therefore if we truncate u by multiplying each component u! by smooth functions ¢
which satisfy spt(V¢*) Nspt(Ve?) = 0 for i # j, we obtain that

prau:= (plul, p*u?, ... ¢"u") =0 in{¢p=0} = ﬂ{gﬁl =0},

| MV (¢ 0 u)] < eni (14 [6]]0) [ MVl + V|| oo ful[Mi—1Vul) (197)

because at each point for only one index j the gradient row V(¢/u?) will present the non
zero extra term u/ V¢@?. Observe also that (196) implies that

if S, e {p=0} then J(¢lul,..., ¢"u") < LM

Finally note that if the supports of the gradients spt(V¢’/) overlap then the jacobian
of u > ¢ will in general be bounded by the full vector of minors MVwu; however the
particular choice where all ¢’s are equal restores the dependence of the bound only on
the precedent order minor, since the choice of V¢ in two rows annihilates the minor.
Choose functions ¢p, = (¢}, ..., ¢}) such that
¢ 0< ¢, <1

Y ¢Z = 1 outside 5(2_1+2_i)5h5h;
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o ¢Z = 0 inside S(2—1+2—i—1)

° |V¢);l| < 2i+2(€h5h)_1
and set up = ¢p > u: Then clearly (up,vp) € Y(£2); note also that u;, — w in L® by
dominated convergence. Moreover by the conditions on (gf)z), estimate applied to
k = 1 (with the convention MoVu = 1) reduces to |Vuy| < ¢, (|Vu| + (e46,) "t u|) and
yields

/Q IV (up — w)Pde < cn, / VulPdz + enp(ndn) / lufPda <

Ehtsh;

Ssh(?h Ssh(sh
n=-p
cﬂ’:p P " m P
<cnp |VulPde + —2~ |u|»=> dz L(Se, 0,
Sghéh (Eh(sh)p Sehtsh
Scn,p/ IVulPdz + cnpllull” np (14 M (S,)r.
hon Ln=r (S5,
(198)
Therefore uy, is close to u in WP, Regarding the jacobian term:
PROPOSITION 5.5.4. If kp(epdp)~7 — 0 then
lim sup / (v + k)| MpVup|” de = / | M, Vu|” dz. (199)
h—oo JQ Q

PROOF. By construction u; = u outside .S,

gence Theorem
/Q\Ssh Sp

On the other hand inside S, 5, vy is identically zero, hence we are left with the estimate
of kp, [ s |M,,Vuy|Ydz. Thanks to (197) we know that
€h°h

/S | M, Vup|"dx < cmp(1+ ||¢h||Loo)’y/ | M, Vu|" dx

ehdh Sepsp,

+ Cmnn VOl Lo / |u|Y| My, —1 Vul|" d.

Sepsp,

.6, and by Lebesgue dominated conver-

vh|MnVuh|7da:%/ | M, Vu|" dz.
0

The first term is infinitesimal by the absolute continuity of the integral. The second one
can be estimated applying Holder’s inequality with exponents % and 7(+L1): this can be
done because

-1

=) g

D s

Recalling Hadamard’s inequality |MVu| < c|Vu|* we get

-1
/ |U”Y‘Mn_1vu"y dz < ckHqua‘(Sshéh)HVUH’[Y/SESE;L)M)'

Sepdn

Since [|[Vop||T o < c(epdn) ™" our assumption on kj, allows to conclude. O
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Putting Propositions[5.5.2} [5.5.4]and (198)) together we conclude the proof of Theorem
b5

REMARK 5.5.5. From the proof of Theorem [5.2.8 we deduce that
limhinf Fy(up,vp, A) > F(u, A),

for every open set A C 2, and
lim sup Fy, (up, vp, Q) < F(u, Q).
h

This entails that Fj(up,vp, A) — F(u, A) whenever F(u,0A) = 0 and (up,vp) — (u,1)
with equibounded energies. Note that A — F(u, A) is the restriction to open sets of
an absolutely continuous measure, hence it does not charge the boundary of any regular
open set.

5.5.2. Further observations. It is interesting to notice that the exponent -y is
bounded above by -7, in order for Theorem to hold. There is however a trick
allowing to overcome this bound, if we assume the Lagrangian to contain a nonlinear
power of the full vector of minors MVu. Retaining the structure of the size and phase

transition terms as in Definition [5.2.7] the bulk energy

F(u, Q) :/ \Vul|P + |MVu|" dx (200)
Q
can be approximated by
~ n—1 ) 012
Fg(u,v,Q):/ IVulP + > [MpVul + (v + k)| My Vul?|? da. (201)
Q k=1

Although p > n — 1 guarantees that the same approximation holds, we can observe the
following: applying Minkowski’s inequality to (201) we have

7
S,

7
Again if kp, goes to 0 sufficiently fast then k2 |[Vep||d — 0 and we get the T-upper limit
statement, at least when u € L°°. More generally the Lagrangian can feature different
summability exponents on every order of the minors considered. In the model case

o
M, Vun | < cvkg/ MVl + (Vo] [ul | M1 V] dz

€hdn Sepsp,

X ~
< Cy(L+ kg IVonlSollullde) F(u, Se,s1)-

Flu,Q) = / T + 3 [MVulr d
Q

k=2
Theorem can be proved if we assume py, > 1 and (here p; = p)
1 n-1 1 1 1
-+ <1, -+ — < —.
s p § Pk-1 Dk

In particular if we impose p < m to retain the possibility of Ju having a singular part,
for the price of a very large s we can take the py’s arbitrarily close to the threshold n.
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5.6. Boundary constraints

In this section we analyse the behaviour of the previous I'-convergence Theorems
first when we compute the energy on subsets of the domain and then when we impose
a boundary condition for u at 92 to be preserved by the approximating sequence. We
start by applying the “free” version of the Theorem and combine it with Remark
If we want to prescribe a fixed trace at 02 as observed in chapter |4 the Sobolev trace
constraint is not sufficient to properly set our problem, due to possible dependence of Ju
on the exterior extension. We therefore set U 3  open and fix ¢ € WH?(U,R") such
that (b‘aQ € WhP(9Q,R™): our approximating sequences (uy,, vy) will belong to

Y ={(u,v) eY(U):u=6¢inU\Q}.

Recall the previous result establishes the variational approximation of the energy on
open sets: potential losses of mass due to presence of singular set at the boundary are
disregarded in the lower limit, and a priori excluded in the upper limit by the hypothesis
MG T (Sy) = AT (Sy).

The following proposition is an easy consequence of Theorem [5.2.8

PROPOSITION 5.6.1. Suppose ((up,vn)) C Y such that (up,vp) — (u,v) and
liminfy,_ oo Ep(up,vp,U) < 0o. Thenv =1 and

ligninf Fy(up, vp, Q)+ MMy (vp, U) > E(u,1,Q) = F(u,1,Q) +0" (S, NQ). (202)
— 00
PRrROOF. The statement follows straightforward from Theorem [5.2.8| applied to the

domain U, since S, C Q € U, hence S#™ (S, NU) = #™ (S, N Q). Moreover
Remark [5.5.5 entails that

limhinf Fp(up,vp, Q) > F(u,1,Q),
thus the proof is complete. O

Similarly we can prove the upper limit analog:

PROPOSITION 5.6.2. Suppose that ) is of class C%, E(u,1,U) < co and M*™~"(S,) =
A (S,). Then there exists ((up,vn)) C Y? such that

lim sup Ej, (up, vp, Q) < E(u,1,Q).
h

PROOF. Denote Q3 = {x € U : sgndist(z,02) < s}, where sgndist is the signed
distance from 052, positive outside € and negative inside. The C? regularity of £ ensures

the existence of a tubular neighborhood of 02, namely there exists sy (depending on the
C? norm of 9€2) and a C*! diffeomorphism

0Q x (—s0,80) 3 (y,t) =z =y +tv(y) € (09)s,

build up via the normal map v to 9Q2. With the help of this map one can construct, for
any given s € (—sg, Sg), Lipschitz diffeomorphisms Ts : U — U deforming € to © and
satisfying Ty = id and

ITs = Tollwroeww) + I1T5 = Ty Hlwree oy < Cls = | (203)
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for every s, s’. We also point out that the existence of the tubular neighborhood gives a
reflection map

s, : (09)s, 2 (y,t) = (y, —t) € (00Q)s,
of class C'! such that limg, 0 ||TTs, —id||c1 = 0. Since the energy is finite u € GSB,V (U):
given n > 0 we let
uol_, in Q_y,
Uy =13 uoT; on 02, —m < s <0, (204)
) in U\ Q.
Notice that u, = ¢ outside Q and u, € Wh"(U \ Q_,,R"), hence u, € X? and S, C
Q_, € Q. Moreover it is not difficult to use (203)) to show E(u,,1,U) — E(u,1,U) for

n 1 0: in fact the energy in U \ Q is fixed, the one in Q_, after a change of variables
equals to

/Q {|vu (DT o TZH)P

Yy det(vu)gdet(DT_noT:J)W\%}IdetDTiﬁldﬂf
[I|=|J|=n |K|=n

+/ |<Am—nDT—_7717TSu>‘d<%ﬂmin, (205)
QNSy,

which is asymptotically equal to E(u, Q) thanks to (203)); finally in the annulus 2\ Q_,,
uy being a constant extension along the trajectories s — Ts(x), enjoys

/ VP de < COQ) / IV, 6] da
0\, o9

and M, Vu, =0, hence E(u, 1,2\ Q_,) — 0. Thanks to Remark [5.2.2| and Proposition
it is sufficient to prove the I' — lim sup for u,. Theorem [5.5.1| ensures the existence
of (up,vp) € Y? satisfying

lim sup Ej, (up, vp, U) < E(u,1,U) :
h

subtracting the constant term F'(¢,1,U \ ©2) we have the thesis. O

Propositions and are only in part satisfactory, since in (202 we took into
account some energy outside 2. We want to refine these results assessing the quantitative

loss of energy due to exterior phase transition in M Mj,.
PROPOSITION 5.6.3. With the same hypotheses of Proposition it holds:
1
limhinf MMy (v, ) > o™ (S, N Q) + 50%7”7”(511 N o).

PROOF. Let us start from the codimension zero case m = n. The proof stems from
Lemma [5.4.5] applied to the larger domain U, whose argument we here retrace. Since
we are evaluating the energy M Mj,(vp,, 2 N Bay(xg)) we can suppose zg = 0 € S, NI,
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as the interior case is already contained in Lemma [5.4.5] Recall the proof showed that
in every ball B,(0) C U the sequence satisfies limy, inf B, v = 0. We actually know that

lim inf vy =0,
h B,NQ

because every uy, equals ¢ in U \ Q and J¢ < Z". Let (xp) be one of the minimum
points of vy, in B,: we have two cases.
Case 1: (liminfy, 2 h') < 0o. In this case scaling back vy, by a factor e we obtain

MMh<’Uh,Qﬂng> MMl(’Uh(é“h:L') on BQP)

€h
Using a diagonal argument and reasoning as in Proposition [5.3.1] we produce a limit foo
such that
vp(epx) = 1 — foo(x) locally uniformly in R"
and
I%Ln{l — foo} =0.
Fix a compact K € H := {(x v(0)) < 0}: by C* regularity g}i — H locally in the
Hausdorff metric and K C (Q N By,) for h large enough. By lower semicontinuity

hrnhlnf M M (v, (epx), M) > hmhlnfMMl(vh(Ehx) K)> MMiy(1—foo, K) = I(fso, K)
and letting K T H we entail
limhinf MMh(’Uh, aQn ng) > I(foo,H).

Therefore if we redefine foo in R™ \ H by reflection with respect to 0H we obtain
I(fs,H) = l[ (foo, R™). A radial rearrangement fx of foo decreases the energy and

gives f* (0) = 1, hence by Proposmon I(foo,H) > 20

Case 2: limy, |‘T"‘ = oo. In this situation we blow-up around x5 and obtain that

20 By(O) =z g, (0) — R”
Eh e

in the same sense as before. The limit fo, of the translated sequence (vp,(zp + epy)) will
now satisfy foo(0) = 0, hence by lower semicontinuity

lim inf MM, (vn (1 + eny), B2 O=2hy > 1(f 0, R") > o

€n
The case m > n can be treated as in ((190)), where now the projection measures 7, contain
the extra term 1o "L (S, N I9Q). O

Similarly we have a statement for the upper limit:

PROPOSITION 5.6.4. For every u € X% such that E(u,1,Q) < oo, M*(S,) =
HA(Sy) and A™(S, NQNON) = 0 there exists a sequence ((up,vy)) C Y? such
that (up,vp) — (u,1) and

1
lim sup Ej, (up, vp, Q) < E(u,1,Q) + 50%””_"(5'“ N o).

h—o00

In order to prove this result we begin with a Lemma:
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LEMMA 5.6.5. Let 7 > 0 be a given positive number: there exists a profile w : [0, 00) —
[0,1] such that

(1) [I(w(]z])) —o| <7;
(2) Z(t) := |[@'(t)| + W(w(t)) is decreasing;
(3) w € Lip([0,00)) and w = 0 in [R,o0) for some R;

PROOF. Using the optimal profile w given by Proposition[5.3.1} it is sufficient to take
into account the continuity of I along the family of profiles

w(t + A)

Wiy A>0 (206)
and choose a A > 0 satisfying |I(w(‘1&|—g)‘)) — 0| < 7. We name w the profile relative
to such choice: w is clearly Lipschitz by Lemma The second property follows from
the fact that both w(t) and |w'(t)| are decreasing. The third one can be obtained again
by dilating the new profile around 1 and truncate it to 0 changing the energy I only by
a small amount. O

We will also use the following fact, whose proof we leave to the reader:

LEMMA 5.6.6. If S C Q is countably 7#*-rectifiable and satisfies M (S) = H#%(S)
then the same is true for every S’ C S such that %(S N (S"\ S")) =0

We can now prove Proposition [5.6.4}

PROOF. By the finiteness of the energy u € GSB,V (U) and S, C Q. Let n;, | 0 to
be chosen later. We can consider the tilted sequence u,, described in (204): we have

li’rlnF(unh, 1,92) = F(u,1,9).

For an arbitrary 7 let w be a function as in Lemma by Proposition [5.5.2| and
Remark we can construct a sequence (vp,) of approximating functions such that

1imhsupMMh(vh,Q) I(w(|z)) Mg ™" (Su) < (0 + 7)MG" " (Su).

Denote vy, » = vy 0 T_,;,: recall that v, = 0 in S;,s, and because of (203) we have that

T2 (@) = T=L ()] — | — ]| < Lip(T=L, — id)la — y| < Cmlz — 9],
therefore vy, j, = 0 on (17 ,}h (Su))ep 5, (1—Cmp)» thus eventually in (T__T}h(Su))Eh(;h/Q.

Let us analyse the bulk part first. Since the null set of vy, » has width at least £595/2
we can apply Theorem relative to the limit u,, in the domain U and define u,, j
such that

* (unh7h7v7)h7h) €Y (),
o |uy, n| < |uy,| pointwise almost everywhere,
d unh h = unh OUtSIde ( ';h (SU))Ehéh/Q C {vnh,h = 0}
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In particular u,, , — w in L®. Moreover the construction guarantees that

Ep (g nyvn, U) — / |V, [P+ vp| Mp Vg, |7 de
U

< / kp| MV uy, p|7 dx —|—/ Vg, nP + |Vuy, [P de.
U (T2, (Su))eysy /2

The same estimates yielding (198]) and (199)) show that the right hand side is infinitesimal.
Furthermore the constraint (unh,hvvnhvh) € Y? is satisfied once we choose Ny = €pop.

Observing that
/U\Vunh|p + vp|MpVuy, |" de < F(uy,,1,U) = F(u,1,0)

the previous two equations entail

lim sup Fy, (uy, b, vn, U) < F(u,1,U).
h

Subtracting the constant term F'(u,1,U \ ) we remain with
F(u,1,) > limsup Fj,(ty, n,vn, U) — F(u,1,U \ Q)
h

= lim sup F,(up,, h, Vns Q) + Fp(wy, n,vn, U\ Q) = F(u, 1,U \ Q)
h

= lim sup Fh(unh,ha Uhs Q) + Fh(ua vp, U \ Q) - F(U, LU \ Q)
h

= lim sup Fj,(uy, 1, v, ) + / (vp + kp, — 1)| M, Vu|” dz
h U\Q

= lim sup F},(wy, 1, vh, 2).
h

It remains to evaluate the asymptotic of MMy (vy, 4,82). First of all changing back
variables we have that
_ g—n -1 g, W —up) .
M Mp (v, ) = e (DT, o T3, ) Vunl! + === dar | det DT, | da
Ty, () h

and by and Lemma this is asymptotic to MMy (vy, T, (2)): we now show
that if g—: = 0, — 0 sufficiently fast then the last energy is asymptotically equal to
M My(vp, Q), namely M My, (vy, Ty, (2) \ Q) — 0.

Fix a radius R such that spt(w) C B} and 2™ (Ba., N1y, (2)\Q)) < C(ep R)™ .
We can cover S;, g with (closed) balls of radius e;, R centered at zo € S:

Senr C U B., r(x0).
moESu

By Besicovitch’s covering Lemma there are IV disjoint subfamilies F; that still cover the
set of old centers, namely S,: by triangle inequality

N
SahR C U U BQahRa

=1 F;
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and the assumption of M*™~"(S,) implies that #F; < C(g;,R)"™™; as a consequence
the family of double balls {Bs., r} has bounded overlap. Without loss of generality we
can also assume that M*™7"(S, N By, r(xo)) = ™ "(Su N Bae, r(20)), recalling that
this is true at almost every radius. For any of such double ball

M My, (vp, Bae, r(z0) N (T, (2) \ ©2))
o N / (@00 o |V ¥+ W (W) dy (207)
€p Bap(0)N—r—

€h

Yn(y) = wp, <d(y, Su — xo)) :

Eh

with

The integral can be simply bounded by

(Lip(an)+ [ o) 2™ ( Bar(0)  FELDZI0) < w2

Recall the construction of wy, from w in (193)) gives that Lip(wy) < CLip(w). Summing
on the number of balls we have

MMy (on, 0y, \ 9) < Ceft (@0 R)" " (Lip(n)? + [ W) R4 22
= C(Lip(@)" + [ W) " 2 = 0,
h

Suppose now that J2~"(S, NQ N ONQ) = 0: then M "(S, N Q) = A" "(S, NQ)
by Lemma m (applied to S = S, N Q). Moreover:

MEP(S0) < MG (S0 010) + MG (S, 0109) = A (S, 1) + ME™" (5,1 09).

Regarding the last term, by (203) the reflection map II,, that swaps Q and U \  has a
jacobian uniformly close to 1 as we move close to 02 and therefore

1 1
M;“]m_”(Su NoN) = 5/\/l*Um_"(Su NoN) = ijfm*”(Su N o).
In conclusion

1
limsup M Mp,(vp, ) < (6 +7) (A" (S N Q) + iﬁm‘"(su N o))
h
and the assertion follows by letting 7 — 0. (]

5.7. General Lagrangians

The I'-convergence Theorem proved in the previous sections can be extended,
always in the setting of higher codimension singular sets, to polyconvex Lagrangians of
more general form than Definition ((5.1.1)).

Indeed the key ingredients for the I' — liminf are again the compactness Theorem
which is at the heart of Theorem [5.1.2] as well as the lower semicontinuity of
the energy for the convergence provided by it. Regarding the I' — lim sup in order to
approximate the size term we rely on the same Modica-Mortola approximation of before.
The recovery sequence is obtained via an approximation in measure of the limit function
u, with regular functions u. € R, coinciding with u outside the narrow sets S.. The
proof of Proposition [5.5.4] amounts to show that the contribution to the bulk energy in
S, is infinitesimal.
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Both these arguments can be adapted to a broader class of Lagrangians, related to
the one described in Theorem Let s, p satisfy , and assume that the following
hypotheses on the functions f : Q x R” x R¥ — [0, 400) and g : 2 — [0, 00) are satisfied:

(a) fis L x B(R"*)-measurable;
(b) for L™-ae. x € Q, (u,w) — f(z,u,w) is lower semicontinuous;
(c) for Z™-a.e. x € Q and for every u € R" the map w — f(z,u,w) is convex in
R ;
() c(|ur]? + ¥(Jwy])) < flz,u,w) < C(1+ [ul* + |wi|P + |wy,|7) for ¥ convex and
superlinear at infinity and for some constants v > 1, ¢,C > 0;
and g € C°(Q), g > ¢ > 0. (Compare the hypotheses of the compactness Theorem: (a),
(b), (c) are identical, (d) instead is more stringent since we now require a growth bound

from above of the integrand). Then thanks to the Theorem the energy

E(u, ) = / f(x,u, MV u) d$+0'/ gdFA™ ", (208)
Q QNSy,

is lower semicontinuous along sequences converging strongly in L® and with equibounded
energies. The upper bound on f on the other side allows to prove the upper limit
statement. The approximating energies will be

E(u,v,Q) := / flz,u,Vu,...,My_1Vu, (v+ k) M,Vu)dx
Q
—i—/ g(x) <aq_"]Vv\q + I/V(in—v)> dx.
Q

We therefore have:

THEOREM 5.7.1. Let Q be a bounded open subset of class C' of R™ and suppose

n 1
s p7 1<v< 54— q>n, ke = o(e).
n—op n L

Suppose the integrands f, g satisfy the assumptions above. Then:

(a) For every sequence ((uh,vh)) C Y(Q) such that iminfy, o Ep(up, vp, Q) < 00
and (up,vp) = (u,v) in X () we have

u€ GSB,V(Q),v=1 and lihminfé'h(uh,vh,ﬁ) > E(u, Q).
— 00

(b) For everyu € GSB,V () such that £(u,1,Q) < oo and M "(Sy) = A "(Su)
there exists a sequence ((up,vp)) C Y(Q) such that (up,vp) — (u,1) in X(Q)
and

lim sup &, (up, va, Q) < E(u, ).

h—o00
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