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0. INTRODUCTION

Introduced by F. Almgren in his groundbreaking monograph [AIm00], multiple valued functions
are an indispensable tool to address the regularity problem for area minimizing currents in
codimension higher than one. In recent years, C. De Lellis and E. Spadaro have brought to
a successful conclusion the challenging project to revisit Almgren’s regularity theory, taking
advantage of the tools from metric analysis and metric geometry developed in the last couple of
decades in order to substantially reduce the complexity of the subject and give a new insight
of the whole theory itself, cf. [DLS11l [DS15, [DI.S14, IDLS16al [DLS16b] and also [DL16]. Since
then, the techniques pioneered by De Lellis and Spadaro have been fruitfully applied to a wide
variety of problems, including the regularity of 2-dimensional integral currents that are (in a
suitable sense) almost minimizing the area functional [DLSS18, [DLSS17, [DSS], the boundary
regularity of area minimizing integral currents [DDHM], and the regularity of integer rectifiable
currents that minimize the mass in their homology class modulo p [DHMS19a, [DHMS19b].

Understanding the connection between multiple valued functions and integer rectifiable
currents is crucial to carry on the Almgren-De Lellis-Spadaro program. A basic observation
is that one can naturally associate an integer rectifiable current to the graph of a Lipschitz
multiple valued function. This can be done by defining a suitable notion of push-forward of
a Lipschitz manifold through a multiple valued function, see [DS15] and § below. On the
other hand, a highly non-trivial procedure allows one to approximate the rescalings of an area
minimizing current at an interior branch point of density ) with the graphs of a sequence of
Q-valued functions which converge, in the limit, to a Q-valued function which is Q-harmonic, in
the sense that it minimizes a conveniently defined Dirichlet energy. This fact is the key to reduce
the regularity problem for area minimizing currents to the regularity problem for Dir-minimizing
-valued functions.

When performing the above approximation procedure, it is crucial that the limiting Dir-
minimizer “inherits” the singularities of the current. In order to guarantee that this happens, it is
necessary to suitably construct a regular manifold (the center manifold) which is an approximate
“average” of the sheets of the current itself, and to approximate with high degree of accuracy the
current with @-valued functions defined on the center manifold and taking values in its normal
bundle. This goal is achieved in [DLS16a]. The key step is to derive a result concerning the
possibility to reparametrize the graph of a Lipschitz multiple valued function. Specifically, the
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problem of interest here is the following: let f:  C R™ — Ag(R") be a Lipschitz Q-valued
function, and let ¥ be a regular manifold which is the graph of a sufficiently smooth function
p: QO C Q — R If the Lipschitz constant of f is small and ¥ is sufficiently flat, then is it
possible to represent the graph of f also as the image of a Lipschitz multiple valued function F
defined on ¥ and taking values in its normal bundle? Furthermore, which control do we have on
the Lipschitz constant of F' in terms of the Lipschitz constant of f and of the geometry of X7

Such a problem has been tackled in [DS15], where the authors apply the theory of currents in
metric spaces & la Ambrosio-Kirchheim (see [AK00]) to successfully prove the reparametrization
theorem needed in [DLS16a).

The ultimate goal of this note is to provide a completely elementary and purely geometric
proof of such a reparametrization theorem for Lipschitz multiple valued functions, without
making use of the Ambrosio-Kirchheim theory (see Theorem . This is achieved by developing
a theory of multiple valued sections (Q-multisections) of an abstract vector bundle II: F — %
over an abstract smooth Riemannian manifold, stemming from some unpublished ideas of W.
Allard [AII13] and generalizing the notion of @-valued function. Two properties of coherence and
vertical boundedness for a QQ-multisection are particularly relevant, as they “mimic” the classical
Lipschitz continuity in the vector bundle-valued case (see Propositions and .

The theory of @Q-multisections seems to be of independent interest, yet to be fully developed
and capable of further applications. As in the single-valued case, indeed, it is often of interest
to minimize a given functional of the Calculus of Variations among multiple valued functions
which are constrained to take values in some vector bundle over a given manifold (see, for
instance, our paper [Stul9], where we develop a multivalued theory for the stability operator).
We strongly believe that the theory of Q-multisections may provide useful tools to deal with
similar situations.

0.1. Content of the paper. This note is organized in three sections and two appendices.
In Section [I] we provide a quick tutorial on multiple valued functions and integer rectifiable
currents, recall the relevant results that are used in the rest of the paper and fix terminology
and notation; Section [2] contains the definition of @-multisections, and a detailed analysis of
the aforementioned properties of coherence and vertical boundedness; our new approach to
@-valued reparametrizations is finally presented in Section [3] The two appendices contain some
further results on the theory of push-forwards through multiple valued functions: in particular,
in Appendix [A| we present a slightly simplified proof (with respect to [DS15, Theorem 2.1])
of the fact that the multi-valued push-forward operator on Lipschitz submanifolds commutes
with the boundary operator in the sense of currents; in Appendix [B] we extend the notion of
multi-valued push-forward to the class of integral flat chains.
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gestions and constant support, to William Allard for sharing with him some of his beautiful
ideas, and to Andrea Marchese for carefully reading a preliminary version of this manuscript
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their valuable suggestions.
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1. PRELIMINARIES

We recall here the basic facts concerning multiple valued functions and integer rectifiable
currents, mainly in order to fix the notation that will be used throughout the paper. Our main
reference for multiple valued functions will be [DLSI11], where De Lellis and Spadaro revisit
and simplify Almgren’s original theory in |[AIm00]. For a thorough discussion about currents,
instead, the reader can refer to standard books in Geometric Measure Theory such as [Sim83]
and [KP08], to the monograph |[GMS98] or to the treatise [Fed69].
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1.1. The metric space of Q-points. Let Q) be a fixed positive integer. We will denote by
Ag(R™) the set of Q-points in R™, defined by

=1

Q
Ag(R") = {T = Z[[vl]] : each v, € R”} ,

where [v] denotes the Dirac delta §, centered at v € R™.

The set Ag(R™) will be equipped with the structure of metric space: the distance between
two @-points is defined as the Wasserstein distance of exponent two between the associated
measures (cf. for instance [Vil03), Section 7.1]). Specifically, if T7 = Zlel[[vlﬂ and Ty = Zlel[[wl]],
then the distance between 17 and 75 is the quantity

2

Q
Ty, Ty) = i — 2
G(T1, T») (5271’%;'@[ wau)) ,

where Pg is the group of the permutations of {1,...,Q}. One can easily see that (Ag(R"),G)
is a complete, separable metric space.

If T € Ag(R™) can be written as T' = m[v] + Z?:Em [vi] with each v; # v, then we say that v
has multiplicity m in T. Sometimes, when v has multiplicity m in T we will write m = Op(v),
using a notation which is coherent with regarding 1" as a O-dimensional integer rectifiable current
in R" (see [Sim&3), Section 27] and Remark below).

Also, to any point "= }";[v;] € Ag(R™) one can naturally associate two objects, of which we
will make use in the sequel: the diameter of T is the scalar

diam(7") := ijer?lax o lvi — vjl,

whereas the center of mass of T is the vector

T Ly
n( )-—agvz-

1.2. Q-valued functions. Let ¥ = £™ be an m-dimensional C' submanifold of R%. In
what follows, integrals on ¥ will always be computed with respect to the m-dimensional
Hausdorff measure H™ defined in the ambient space. A Q-valued function on X is any map
u: ¥ = Ag(R™). If B C ¥ is a measurable subset, every measurable function u: B — Ag(R")
can be thought as coming together with a measurable selection, i.e. a @-tuple of measurable
functions u1,...,ug: B — R" such that

Q
u(p) = Z[ul(p)]] for H™-a.e. p€ B, (1.1)
=1

see [DLS11, Proposition 0.4].

The metric space structures of both ¥ and Ag(R") allow to straightforwardly define Hélder
and Lipschitz continuous Q)-valued functions on ¥. Moreover, a notion of differentiability can be
introduced for u: ¥ — Ag(R") as follows.

Definition 1.1 (Differentiable @-valued functions). A map u: ¥ — Ag(R") is differentiable at
p € X if there exist @ linear maps A\;: T,X — R" satisfying:
(i) G (u(expp(T)), Tpu(T)) = o(|7]) as || — 0 for any 7 € T,,3, where exp is the exponential

map on X and
Q

Tyu(r) :== > [u(p) + N - 7]; (1.2)

=1
(it) N = A if w(p) = wr (p).



We will use the notation Du;(p) for A;, and formally set Du(p) = Y_;[Dw;(p)]: observe that
one can regard Du(p) as an element of Ag(R™ ™) as soon as a basis of T,X has been fixed. For
any 7 € T,%, we define the directional derivative of u along 7 to be D u(p) := >;[Dw(p) - 7],
and establish the notation D,u = Y;[D-u].

A version of Rademacher’s theorem can be proved in this setting, and thus Lipschitz Q-
valued functions turn out to be differentiable in the sense of the above definition at H™-a.e. p
(cf. [DLSII, Theorem 1.13]). Furthermore, the result concerning the existence of measurable
selections can be improved, as Lipschitz QQ-valued functions enjoy the following Lipschitz selection

property.

Proposition 1.2 (Lipschitz selection, cf. [DS15, Lemma 1.1]). Let B C ¥ be measurable, and
assume u: B — Ag(R"™) is Lipschitz. Then, there are a countable partition of B in measurable

subsets B; (i € N) and Lipschitz functions ul: B; — R" (1 € {1,...,Q}) such that
(a) ulp, = Elel [ul] for every i € N, and Lip(ul) < Lip(u) for every i,l;
(b) for everyi € N and I,I' € {1,...,Q}, either ut = ul' or ul(p) #u! (p)Vp € By;

(c) for every i one has Du(p) = Zlel[[Dui(p)]] for a.e. p € B;.

1.3. General currents: an overview. Given an open set  C R? an m-dimensional current
in  is a linear and continuous functional

T:D™(Q) - R,

where D™(2) denotes the space of smooth and compactly supported differential m-forms in
Q, equipped with the standard locally convex topology of C2°(Q2, A™(R%)), A™(R%) being the
vector space of m-covectors in R? (cf. [Sim83, Sections 25 and 26)).

The space of m-currents in € is therefore the topological dual space of D" (Q2), and will be
denoted by D,,(€2). Observe that if ¥ C Q is an oriented m-dimensional submanifold, then there
is a corresponding m-current [X] € D,,,(2) defined by integration of m-forms on ¥ in the usual
sense of differential geometry:

[5](w) ::/Ew Vw e D™(Q).

Remark 1.3. In particular, if p € € then the action of the 0-dimensional current associated to
p is given by

[pI(f) = f(p) ¥ feDQ)=Cx(9),
and thus [p] is the Dirac delta §, centered at p and acting on smooth and compactly supported
functions. Therefore, the notation here adopted for the current associated to a submanifold is
coherent with that already used before to denote the Q-points in Euclidean space.

If T is an m-currents, the symbol 0T will denote its boundary, namely the (m — 1)-current
whose action on any form w € D™~1(Q) is given by

0T (w) := T(dw),

where dw is the exterior differential of w.

The mass of T' € D,,,(2), denoted M(T), is the (possibly infinite) supremum of the values
T'(w) among all forms w € D™(Q) with ||w(p)|lc < 1 everywhere H If the class of competitors in
the supremum is restricted only to those forms w with spt(w) C W for some W & 2 then we
obtain the localized mass of T' in W, denoted My (T').

The support spt(T) of the current T is the intersection of all closed subsets C' such that
T(w) = 0 whenever spt(w) C R?\ C.

Observe that if T = [X] is the current associated with an oriented m-dimensional submanifold
¥ then 0[X] = [0%] (here, 0% is oriented by the Stokes’ orientation induced by X), M([X]) =
H™(X) and spt([X]) = X.

1Here, the symbol ||w||. denotes the comass of the covector w (cf. [SIm83, Section 25)).
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A suitable notion of convergence of currents can be defined by endowing D,,(€2) with the
weak-* topology induced by D™(2). Hence, we will say that a sequence {T},}7°; C D, ()
converges to T' € D,, () in the sense of currents, and we will write T}, — T, if T, (w) — T'(w)
for every w € D™(R2). It is clear that if T}, — T then also 9T}, — 0T. Moreover, the mass is
lower semi-continuous with respect to convergence in the sense of currents.

1.4. Classes of currents. We will denote by %,,,(£2) the set of integer rectifiable m-currents in
), that is the set of currents T" whose action on forms is given by

T(w):= [B<w(p),?(p))9(p) dH™(p) VweD™(Q), (1.3)

where:

e B C Qis a (countably) m-rectifiable set, i.e. H"™(B N K) < oo for any compact K C 2,
and moreover B can be covered up to a H™-null set by countably many m-dimensional
embedded submanifolds of R¢ of class C';

e the function 7: B — A,,(RY), where A,,(R?) denotes the vector space of m-vectors
in R is a measurable orientation of B, namely 7(p) = 71(p) A --- A Tm(p), where
(11(p), ..., Tm(p)) is an orthonormal basis of the approximate tangent space Tan(B, p)
at H™M-a.e. p € B;

e 0L}, .(B,Z;H"L B).

We write T' = [B, 7, 0] if T is an integer rectifiable current as in .

Integer rectifiable currents with integer rectifiable boundary are called integral currents. We
write T' € %, (Q) if T is an integral m-current in .

If K C Qis a compact set, we will denote by %, k() (resp. I k(€2)) the set of integer
rectifiable (resp. integral) m-currents T with spt(7") C K. We also set

Tk (Q) = {T=R+03S: RE Bi(Q) and S € Bpr1.x()},

and we let .%,,(2) be the union of the sets .%,, x(€2) over all compact K C Q. Currents
T € F,(Q) are called m-dimensional (integral) flat chains in Q. On each set %, k() one can
define a metric as follows: for T € %, k(9), set

Fr(T) :=inf {M(R) + M(S) : R € Zpm k(Q),S € Zm+1,k()such that T = R+ 0S},
and then let the distance between 77 and T3 (usually called flat distance) be given by
dFK (Tl, TQ) = FK(T1 — TQ)

It turns out that the resulting metric space (%, k(Q2), dr) ) is complete. Moreover, the mass
functional is lower semi-continuous with respect to the flat convergence. It is immediate to show
that if a sequence {T},} of flat chains converges to T with respect to the flat distance then it
also weakly converges to T. The two notions of convergence are in fact equivalent if {T}} is
a sequence of integral currents with equi-bounded masses and masses of the boundaries (cf.
[Sim83, Theorem 31.2]).

1.5. Push-forwards through multiple valued functions. Let 7' € D,,(f2) and suppose
f:Q — R"is a C* map. If fis proper (i.e. f~1(K) is compact for any compact K C R"),
then the push-forward of T through f is the current fyT" € D,,(R") defined by

HT(w) == T(f'w) VYwe D™R"),

where ffw denotes the pull-back of the form w through f. The push-forward operator fy is linear,
and moreover an elementary computation shows that it commutes with the boundary operator:

A fyT) = fy(oT).

If T'= [B,7,0] is rectifiable, then it is straightforward to verify that the push-forward fyT" is
given explicitly by

KT (W) =/B<M(f(p)),Df(p)ﬁ(p)>9(29) dH™(p) Vwe D™(R"),
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where
Df(p)s7(p) :== (Df(p) - 11(p)) A= A (DF(p) - Tm(p))-
The hypotheses on f can in fact be relaxed, as the above formula makes sense whenever
f: B — R™ is Lipschitz and proper. In this case, D f(p) has to be regarded as the tangent map
of f at p, which exists at H"-a.e. p € B since B is rectifiable and f is Lipschitz. Also, it is
not difficult to show that in this case f;T' is also m-rectifiable, and in fact fyT' = [f(B),7, O],
where 7(y) = m(y) A - Anm(y) is a simple unit m-vector field orienting Tan(f(B),y) at H™-a.e.
y € f(B) and
Df(p):7(p)
O(y) := 0(p) <77( ) ez ) . Byi={p€B: Jf(p) >0},
Z(p) y [Df(p):7(p)]

p€B+: f
having denoted Jf(p) = |D f(p)s7(p)| the tangential Jacobian of f.

In [DS15], the authors take advantage of the Lipschitz selection property stated in Proposition
above in order to tackle the problem of extending the above results to the context of multiple
valued functions.

More precisely, let us assume that ¥ is an m-dimensional C' submanifold of R? and B C ¥
is H™-measurable. Recall that a measurable function u: B C ¥ — Ag(R") is proper if there

exists a measurable selection u = 2169:1 [w;] such that the set UlQ:1 u; '(K) is compact for any
compact K C R".

Definition 1.4 (Q-valued push-forward, cf. [DS15, Definition 1.3]). Let B C ¥ be as above,
and let u: B — Ag(R™) be Lipschitz and proper. Then, the push-forward of B through u is the

current Ty, 1= > .y ZlQ_l(ul»)ﬁ[[Bi]] where B; and u} are as in Proposition that is,

ZZ/ ), Dul(p)s7(p) ) dH™(p) Vw € D™(R"). (1.4)

€N =1

Using the classical results concerning the push-forward of integer rectifiable currents through
(single valued) proper Lipschitz functions recalled above and the properties of Lipschitz selections,
it is not difficult to conclude that Definition is well-posed.

Proposition 1.5 (Representation of the push-forward, cf. [DS15, Proposition 1.4]). The
definition of the action of Ty, in (1.4)) does not depend on the chosen partition B;, nor on the
chosen decomposition {ul}. Ifu = > [w], we are allowed to write

/ )), Du(p)s7(p)) dH™(p)  Vw € D™(RY). (1.5)
B 1

Thus, Ty, is a (well-defined) integer rectifiable m-current in R"™ given by T, = [Im(u), 7, O],
where:

(R1) Im(u) = U,ep spt(u(p)) = Ujen UZQZ1 ub(B;) is an m-rectifiable set in R™;
(R2) 1] is a Borel unit m-vector field orienting Im(u); moreover, for H™-a.e. y € Im(u), we
have Dué(p)ﬁ(p) # 0 for every i,l,p such that uk(p) =y and
) Duj(p)7(p
ily) = l( )U ) ;
[ Du;(p)g7(p)]
(R3) for H™-a.e. y € Im(u), the (Borel) multiplicity function © equals
Dul(p)s7(p)
O(y) = <77(y)7 T ) (1.7)
2 AT D))

: ool —
i,lLp: ui(p)=

(1.6)

Remark 1.6. The definition of push-forward can be easily extended to the case when the domain

Y. is a Lipschitz oriented m-dimensional submanifold. In this case, indeed, there are countably

many submanifolds ¥; of class C' which cover H™-a.a. ¥, and such that the orientations of %
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and ¥ coincide on their intersection (see [Sim83, Theorem 5.3]). Hence, if B C ¥ is a measurable
subset and u: B — Ag(R"™) is Lipschitz and proper, then the push-forward of [B] through u
can be defined to be the integer rectifiable current T, := ;’il Ty, where u; 1= ul Bny;- All the
conclusions of Proposition [1.5{remain valid in this context (cf. [DSI5, Lemma 1.7]). Furthermore,
the push-forward is invariant with respect to bi-Lipschitz homeomorphisms: if u: ¥ — Ag(R"™)
is Lipschitz and proper, ¢: Y — ¥ is bi-Lipschitz and @ := u o ¢, then Ty = T,,.

In Appendix [B] we will take advantage of the polyhedral approximation theorem in order to
further extend the domain of the multi-valued push-forward operator to the much larger class of

integral flat chains.

The notion of push-forward allows one to associate a rectifiable current to the graph of a
multiple valued function. Here and in the sequel, if ¥ C R¢ is an m-dimensional Lipschitz
submanifold and u: B C ¥ — Ag(R") is a Q-valued map we will denote by Gr(u) the set-
theoretical graph of u, given by

Gr(u) == {(p,v) e R¢x R": pe B, v e spt(u(p))}.

Definition 1.7. Let u = >;[w]: B C ¥ — Ag(R") be a proper Lipschitz Q-valued map, and

define the map
Q

Idxu:pe B> [(p,ulp)] € Ag(RY x R™).
=1
Then, the push-forward Tpqx,, is the integer rectifiable current associated to Gr(u), and will be

denoted by Gy,.

An important feature of the notion of push-forward of Lipschitz manifolds through multiple
valued functions is that, exactly as in the single valued context, it behaves nicely with respect to
the boundary operator.

Theorem 1.8 (Boundary of the push-forward). Let ¥ C RY be an m-dimensional Lipschitz
manifold with Lipschitz boundary, and let u: ¥ — Ag(R™) be a proper Lipschitz map. Then,
oT, =T

The first instance of such a result appears already in [AIm00, Section 1.6], where Almgren
relies on the intersection theory of flat chains to define a multi-valued push-forward operator
acting on flat chains and study its properties. A more elementary proof was then suggested
by De Lellis and Spadaro in [DS15, Theorem 2.1]. In Appendix [A] we will provide a slightly
simplified version of their proof, relying on a double inductive process, both on the number @ of
values that the function takes and on the dimension m of the domain.

ulos -

2. (Q-MULTISECTIONS

The goal of this section is to define the notion of multiple valued section of an abstract vector
bundle over a given Riemannian base manifold. The main ideas of this section were introduced
in the unpublished note [All13], where Allard studies the properties of the push-forward of the
elements of a fairly large subclass of the class of integer rectifiable currents on a given manifold
through coherent and vertically limited Q-valued sections of a vector bundle on the manifold.
This is more than what we need to prove the reparametrization theorem of Section [3 for which
we will instead only use the elementary theory of § [I.5] and the new techniques discussed in the
coming paragraphs.

2.1. Preliminary definitions. In what follows, ¥ = 3™ denotes an m-dimensional Riemannian
manifold of class C!, and E is an (m + n)-dimensional manifold which is the total space of a
vector bundle IT: E — ¥ of rank n and class C! over the base manifold ¥. Following standard
notations, we will denote by E, := II"1({p}) the fiber over the base point p € ¥. We will let
{(Un, ¥o) }aer be a locally finite family of local trivializations of the bundle: thus, {U,} is a
locally finite open covering of the manifold ¥, and

o T HU) — Uy x R?
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are differentiable maps satisfying:
(1) pro ¥, = H‘H—l(ua), where p1: Uy X R™ — U, is the projection on the first factor;
(1) for any o, 8 € I with Uy NUg # 0, there exists a differentiable map
Tap: Ua NUg — GL(n, R)
with the property that
\I!ao\IIEI(p,v):(p,Tag(p)-v) VpelUs, NUg, Vv € R".

Without loss of generality, we can assume that each open set U, is also the domain of a local
chart ¢, : U, — R™ on X.
Let now @ be an integer, () > 1.

Definition 2.1 (Q-valued sections, Allard [All13]). Given a vector bundle II: £ — ¥ as above,
and a subset B C X, a Q-multisection over B is a map

M:E—>N (2.1)

with the property that

Z M) =Q for every p € B. (2.2)
S

Remark 2.2. If s: B — E is a classical local section, then the map M: F — N defined by

M(§) ;:{

is evidently a 1-multisection over B, according to Definition 2.1} On the other hand, given a
1-multisection M, condition ensures that for every p € B there exists a unique { € F), such
that M (&) > 0. If such an element ¢ is denoted s(p), then the map p — s(p) defines a classical
section of the bundle E over B. Hence, 1-multisections over a subset B are just (possibly rough)
sections over B in the classical sense.

1, if there exists p € B such that £ = s(p),

0, otherwise

(2.3)

The above Remark justifies the name that was adopted for the objects introduced in Definition
@Q-multisections are simply the Q-valued counterpart of classical sections of a vector bundle.
From a different point of view, we may say that QQ-multisections generalize Almgren’s Q-valued
functions to vector bundle targets. Indeed, @-valued functions defined on a manifold ¥ might
be seen as Q-multisections of a trivial bundle over X, as specified in the following remark.

Remark 2.3. Assume F is the trivial bundle of rank n over X, that is £ = ¥ x R™ and II is the
projection on the first factor. Then, to any Q-multisection M over ¥ it is possible to associate
the multiple valued function ups: ¥ — Ag(R"™) defined by

un(p) = 3 Mpo)le] (24
veER™
Conversely, if u: ¥ — Ag(R"™) is a multiple valued function then one can define the Q-multisection
M,, induced by u simply setting
A4ﬁ(pvv):::()uQﬂ(U)v (2'5)
where ©,;,)(v) is the multiplicity of the vector v in u(p).

2.2. Coherent and vertically limited multisections.

Definition 2.4 (Coherence, Allard [All13]). A @Q-multisection M of the vector bundle II: £ — ¥
over X is said to be coherent if the following holds. For every p € 3 and for every disjoint
family V of open sets V' C F such that each member V € V contains exactly one element of
My, :={{ € E,: M(§) > 0}, there is an open neighborhood U of p in 3 such that for any ¢ € U

S M) =M(©) if ¢ € M,NV. (2.6)
CEMGNV
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The following proposition motivates the necessity of introducing the notion of coherence: it is
a way of generalizing the continuity of Q)-valued functions in the vector bundle-valued context.

Proposition 2.5. Let E = % x R" be the trivial bundle of rank n over X. Then, a Q-
multisection M is coherent if and only if the associated multiple valued function ups: ¥ — Ag(R™)
18 continuous.

Proof. Let u: ¥ — Ag(R™) be a continuous @-valued function, and let M: ¥ x R®™ — N be
the induced multisection defined by . In order to show that M is coherent, fix a point p
in the base manifold 3, and decompose u(p) = 23']:1 m[vj] so that vj # vy when j # j' and
mj := M(p,vj). Now, let V = {V1,...,V;} be a disjoint family of open sets V; C R™ with the
property that if M, := {v € R": M(p,v) > 0} then M, NV, = {v;}. Let € > 0 be a radius such
that B.(v;) C Vj for every j =1,...,J. Then, since u is continuous, there exists a neighborhood
U of p in ¥ such that

u(q) € Bs (u(p)) = {T € AQ(R™) : G(T,u(p)) < ;} ,

for every ¢ € U. From the definition of the metric G(,-) in Ag(R™), it follows naturally that for
every q € U it has to be

Z M(q,w) =m; for every j € {1,...,J},
weVj

and thus M is coherent.

Conversely, suppose M is a coherent (Q-multisection of the trivial bundle ¥ x R"™, and let
u be the associated multiple valued funtion as defined in (2.4). The goal is to prove that u
is continuous. Fix any point p € X, and let {p;};°; C ¥ be any sequence such that py — p.
Since M is coherent, for any ball Br C R™ such that spt(u(p)) C Bpr there exists hyp € N such
that spt(u(py)) C Bg for every h > hgy. In particular, |u(ps)|? := G(u(pp), Q[0])?* < QR? for
every h > hg, and thus the measures {u(py)} have uniformly finite second moment. Therefore,
since the metric G on Ag(R™) coincides with the L2-based Wasserstein distance on the space
of positive measures with finite second moment, from [AGS08|, Proposition 7.1.5] immediately
follows that G(u(pp),u(p)) — 0 if and only if the sequence u(py) narrowly converges to u(p),
that is if and only if

i (u(pr), f) = (u(p), f) v f e Cy(RY), (2.7)
that is, explicitly,
lim 3" M 0)f(0) = 3 Mp)f(v) ¥/ € GRY), (28)
vER™ vER™

where Cp(R"™) denotes the space of bounded continuous functions on R"™. So, in order to prove
this, fix f € Cp(R"™) and € > 0. Let vq,...,v; be distinct points in M), and let n = n(e) > 0 be
a number chosen in such a way that

lv—vj| <n = |f(v) — f(vj)] <e for every j=1,...,J. (2.9)

Choose now radii r1,...,ry such that r; < I, the balls B; := Brj(vj) are pairwise disjoint and
M (p,v) =0 for any v € Bj \ {v;}. Since M is coherent, in correspondence with the choice of
the family {B;} there is an open neighborhood U of p in ¥ with the property that

Z M(q,v) = M(p,v;) for every g € U. (2.10)
'UGBj

Since Z‘jjzl M (p,v;) = @Q, equation ({2.10)) implies that

J
Z Z M(q,v) =Q for every q € U, (2.11)
7j=1 UEBJ‘



and thus, whenever ¢ € U, M(q,v) =0if v ¢ U}]:1 Bj. Therefore, only the balls B; are relevant,
namely

J
Z M(q,v) = Z Z M(q,v) for every g € U. (2.12)

vERM j=1veEB;

We can now finally conclude the validity of (2.8]): Let N € N be such that p, € U for every
h > N and estimate, for such h’s:

> M(p,v)f(v) = > M(p,v)f(v)

veR? veER™

Jj=1|veB;
J
< XD M(pw,v)|f(v) = f(vy)]
j=lveB;
< Qe
which completes the proof. U

The next step will be to define a suitable property of Q-multisections that is equivalent to
Lipschitz continuity of the associated multiple valued function whenever such an association is
possible. We start from a definition in the easy case when the vector bundle F coincides with
the trivial bundle € x R™ over an open subset Q C R™.

Definition 2.6 (7-cone condition, Allard [All13]). Let 7 > 0 be a real number. We say that a
@-multisection M : Q2 x R™ — N satisfies the 7-cone condition if the following holds. For any
x € Q, for any v € My = {v e R": M(z,v) > 0}, there exist neighborhoods U of x in 2 and V/
of v in R" such that

{(y,w) eUxV: M(y,w) >0} CKZ,, (2.13)
where
Kiv i ={(y,w) e R" xR": |w—v| < 7l]y — 2|} (2.14)

is the 7-cone centered at (z,v) in R™ x R™.

Proposition 2.7. Let 0 C R™ be open and convex. If u is an {-Lipschitz Q-valued function,
then the induced multisection M, : 2 x R® — N is coherent and satisfies a T-cone condition
with 7 = £. Conversely, if a Q-multisection of the bundle 2 x R™ is coherent and satisfies the
T-cone condition, then the associated Q-valued function upr: @ — Ag(R™) is Lipschitz with

Lip(uy) < V/QT.
Proof. One implication is immediate. Indeed, first observe that the continuity of v implies that
M = M, is coherent by Proposition Then, fix x € Q, and suppose that u(z) = Z}]:1 m;[v;],
with the ?;’s all distinct and m; := M (x,?;). Let € > 0 be such that the balls B.(9;) C R" are
a disjoint family of open sets such that M, N B.(9;) = {0;}. Since M is coherent, there exists
an open neighborhood U of x in €2 such that the following two properties are satisfied for any
yeU:

(Z) ZwEBg(ﬁj) M(y7 w) = my;

(13) if u(z) = Zlel [vi] with the first m; of the v;’s all identically equal to 0y, the next mg all

identically equal to 02 and so on, and if u(y) = Zlel Jw;] with the w; (not necessarily all

1
distinct) ordered in such a way that G(u(z),u(y)) = (Zlel |y — wl|2) *, then w; € Be(v;)

for every 1 € {1,...,Q}.
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Thus, for such y’s it is evident that the Lipschitz condition G(u(y),u(x)) < |y — x| forces
|w; — vy| < L|y — x| for every I = 1,...,@Q, which is to say that for every j =1,...,J

{(y,w) € U x B(¥) : M(y,w) >0} C Ky,

as we wanted.

For the converse, consider a (-multisection M, and assume it is coherent and satisfies the
7-cone condition. Define u: Q@ — Ag(R") as in (2.4). We will first prove the following claim,
from which the Lipschitz continuity of u will easily follow:

Claim. For every x € () there exists an open neighborhood U, of x in {2 such that

G(u(y),u(z)) < /Qtly — z| for every y € U,. (2.15)

In order to show this, fix a point x € Q, and let {v1,...,v;} be distinct vectors in M,. Since
M satisfies the 7-cone condition, there exist open neighborhoods U of z in 2 and Vj of v; in R"
for every j =1,...,J such that

{(y,w) e U xV;: M(y,w) >0} C K], Vi=1,...,J. (2.16)

Z,v5

In particular, condition implies that M, N'V; = {v;} for every j. Up to shrinking the
V;’s if necessary, we can also assume that they are pairwise disjoint. Hence, since M is also
coherent, we can conclude the existence of a (possibly smaller) neighborhood of z, which we will
still denote U, with the property that not only is satisfied but also

ZM(y,w):M(x,vj) Vi=1,...,J,VyeU. (2.17)
weVj

Therefore, if y € U we can write

J
ZZ (y, w)[w], (2.18)
j=lweV;

whereas

J
Z (x,v5)[v;]- (2.19)

Using (2.17)), (2.18]), (2.19) and the fact that if (y, w) € U x Vj then M (y,w) >0 = |w—uv;| <
T|y — x|, we immediately conclude that

J
g(u(y),u(as))2 < (Z M (x, vj)) 72|y - x\Q for every y € U, (2.20)
j=1

which proves our claim.

Next, we prove that u is Lipschitz continuous with Lip(u) < /@Q7. To achieve this, fix two
distinct points p, ¢ € Q. Since 2 is convex, the segment [p, ¢] is contained in 2, and let e denote
the unit vector orienting the segment [p, q] in the direction from p to ¢g. By the claim, for every
x € [p, ¢] there exists a radius r, > 0 such that

G(u(y),u(z)) < \/@T|y — x| for every y € I, := (x — rpe,x + rze) . (2.21)

The open intervals I, are clearly an open covering of [p,q]. Since the segment is compact,

it admits a finite subcovering, which will be denoted {I,,})¥,,. We may assume, refining the

subcovering if necessary, that an interval I, is not completely contained in an interval I, if

1 # j. If we relabel the indices of the points x; in a non-decreasing order along the segment, we

can now choose an auxiliary point y; ;41 in I, N Iy, N (zi,x;41) for each i =0,...,N — 1. We
11



can finally conclude:
G(u(p),u(q)) <G(u(p), u(zo))
-1
+ D (G(u(@i), u(yiiv1)) + G(u(yii1), w(ziv1))) + G(u(zn), ulq))

1=

=

[en]

(2.22)

Nl

< VQr [ |zo —pl+ Z (|1Yi,i+1 — zi| + |Tit1 — Yiit1]) + | — 2N ]
i=0

:\/@T‘q 7p‘7

which completes the proof. O

Definition 2.8 (Allard, [AIl13]). Let II: E — ¥ be a vector bundle, M a @Q-multisection over
Y and 7 > 0. We say that M is m-vertically limited if for any coordinate domain U, on ¥ with
associated chart 1, : U, — R™ and trivialization W, : I~ (U,) — U, x R™ the multisection

M, :=Mo \Ilgl ) (w(;l X ian> s ha(Uy) X R" = N
satisfies the 7-cone condition.

Remark 2.9. Note that the constant 7 in Definition depends on the choice of the family of
local trivializations of the vector bundle.

3. REPARAMETRIZATION OF MULTIPLE VALUED GRAPHS

In the remaining part of this note, we will apply the theory of @-multisections of a vector
bundle in order to derive a more elementary proof of the reparametrization theorem for multiple
valued graphs mentioned in the Introduction.

Before stating the precise result we are aiming at, we need to introduce some notation and
terminology, which will be used throughout the whole section.

Assumptions 3.1. Let m, n and @) denote fixed positive integers. Let also 0 < s < r < 1. We
will consider the following:

(A1) an open m-dimensional submanifold ¥ of the Euclidean space R"*" with H™(X) < oo
which is the graph of a function ¢: By C R™ — R™ with [|¢|cs < ¢
(A2) a regular tubular neighborhood U of ¥, that is the set of points

Ui={¢=p+v:peX, vel} s, |[v[<c}, (3.1)

where the thickness ¢y is small enough to guarantee that the nearest point projection
II: U — ¥ is well defined and C?;
(A3) a proper Lipschitz Q-valued function f: B, C R™ — Ag(R").

Some comments about the objects introduced in Assumptions [3.1] are now in order. First
observe that the map ¢ induces a parametrization of the manifold X, which we denote by

®: 2 B, CR" = ®(2) := (z,p(x)) € R, (3.2)

The inverse of ® can be used as a global chart on . If p € ¥, then 7, and s, will denote the
tangent space T,% and its orthogonal complement in R"™*" respectively. The symbols my and
7y, instead, will be reserved for the planes R™ x {0} ~ R™ and {0} x R™ =~ R™ respectively. In
general, if 7 is a linear subspace of R™*™, the symbol p, will denote orthogonal projection onto
it.

Concerning the tubular neighborhood U, we will denote by {v1,...,v,} the standard orthonor-
mal frame of the normal bundle of ¥ described in [DS15, Appendix A]. Such a frame is simply
obtained by applying, at every point p € ¥, the Gram-Schmidt orthogonalization algorithm
to the vectors pi,(em+1),- - Psx,(€min), Where {€m41,...,€min} is the standard orthonormal
basis of {0} x R™ C R™*". The analytic properties of the frame v, ..., are recorded in the
following lemma.

12



Lemma 3.2 (cf. [DS15, Lemma A.1]). If || De|co is smaller than a geometric constant, then
V1i,...Vp 8 an orthonormal frame spanning s, at every p € ¥. Consider v; as functions of x € B,
using the inverse of ® as a chart. For every v+ k > 0, there is a constant C = C(m,n,~,k)
such that if ||@||crr2r < 1, then ||Dvil|cr~ < C||D@||crtr,-

Recall that, for any @-valued function f as in assumption (A3), Gr(f) and G denote the
set-theoretical graph of f and the integral m-current associated to it respectively. The concept
of reparametrization of f is introduced next.

Definition 3.3. Given X, U and f as in Assumptions (3.1} we call a Lipschitz normal reparametriza-
tion of the Q-function f in the tubular neighborhood U any Q-valued function F': ¥ — Ag(R™*™)
such that the following conditions are satisfied:

(7) foreveryp € 3, F(p) = ZlQ:l[[p—i—Nl (p)], with N: ¥ — Ag(R™"") a Lipschitz continuous
Q-valued function;
(#7) p+ Ni(p) € U and Ni(p) € s, = TpJ-Z for every 1 € {1,...,Q}, for every p € ¥;
(iii) Tp = G;LU.

We are now ready to state the main theorem of this section.

Theorem 3.4 (Existence of the reparametrization). Let Q, m and n be positive integers, and
0 < s <r<1. Then, there are constants co,C > 0 (depending on m, n, Q, r — s and %) with
the following property. For any ¢, ¥, U and f as in Assumptions[3.1] such that

lllez + Lip(f) <o, ll@lico + I fllco < cos, (3-3)

there exists a Lipschitz normal reparametrization F' of the Q-valued function f in U. Furthermore,
the associated normal multi-valued vector field N satisfies:

Lip(N) < C ([|N||lco [ D?llco + [|Dp|co + Lip(f)) , (34)

2\}QIN(‘@(I))I < G(f(2), Qle(2)]) < 2v/QIN(®())| YV € B, (3.5)

[noN(®(z))| < Clno f(x) - e(x)| + CLip(f)|Dp(z)||N(®(x))| V€ Bs.  (3.6)
Finally, assume x € Bg and (z,mo f(x)) =p+v for somep € X and v € TPLE. Then,

G(N(p),QI¥]) <2V QG(f(x),Qln o f(a)])- (3.7)

As already mentioned in the Introduction, Theorem [3.4] was already proved in the same form
by C. De Lellis and E. Spadaro in [DS15, Theorem 5.1], and it plays an important role in the
approximation of an area minimizing current at an interior branch point of density ) with the
graph of an almost Dir-minimizing @-valued function (cf. [DLS16a, Theorem 2.4]), which is
the key for deducing the celebrated partial regularity result for area minimizing currents in
codimension higher than one [DLS16b, Theorem 0.3].

The argument will be divided into two parts: in the first part, we will suppose to be given ¥, U
and f as in Assumptions [3.1 and we will associate in an extremely natural way to the Q-valued
function f a @Q-multisection M of the tubular neighborhood U, regarded as (the diffeomorphic
image of) an open subset of a rank n vector bundle of class C? over . Under suitable smallness
assumptions on the universal constant ¢y which controls the relevant norms of the functions
@ and f as in , we will be able to show that the multisection M so defined enjoys good
properties of coherence and vertical boundedness. In the second part of the argument, we will
produce the reparametrization F' using the multisection M previously analyzed, and we will
prove that the aforementioned geometric properties of M do suffice to conclude the proof of
Theorem using techniques that have been already introduced in the proofs of Propositions
2.5 and

We start with the first part of our program. Assume, therefore, that the manifold 3, the
tubular neighborhood U and the @-valued function f are given, and that the functions ¢ and
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f satisfy the bounds in . Suitable restrictions on the size of the constant ¢y will appear
throughout the argument. Let
M;: R™ x R" = N (3.8)

be the @-multisection over B, associated to f. Observe that, setting ¢ := Lip(f), Proposition
guarantees that M is coherent and satisfies an /-cone condition.

Now, we define a Q-multisection M of the tubular neighborhood U as follows: for any &£ € U,
M (&) coincides with the multiplicity of the “vertical coordinate” Pt (&) in f(Pry(£)). In symbols,
we set:

M(E) := O f(pry (6) (Pt (§)) = Mp(Pry(§), Prs (), for every £ € U. (3.9)

The following Proposition shows that, under suitable smallness conditions on ¢y, M is indeed
a coherent (Q-multisection over the base manifold X.

Proposition 3.5. If ¢y is small enough, depending on m, n, r — s and %, then the identity

Y, MO=@ (3.10)
gl ({p})
holds for every p € 3, and thus M is a Q-multisection over . Moreover, M is coherent.

Proof. First, we claim the following: the current 7' := G L U satisfies II;T = Q[X]. In order
to see this, fix a point £ € spt(T"). By definition, £ = (y, fi(y)) for some y € B, and for some
le{l,...,Q}; furthermore, there exist a point p = (x,¢(x)) € ¥ and a vector v € TPJ-Z with
[v| < ¢o such that £ = p+ v. Hence, we can easily estimate

‘y| = |pn0(p+v)| < ’-’L'| + ‘V| < 5+ ¢g.
This implies that if we choose ¢y suitably small, say
1
co < 5(r—s), (3.11)

then the current (pr,); 7" is compactly supported in B;, and thus (90Gf)LU = (Gy,, )LU = 0.
Now, we estimate more carefully the quantity |v| = |{ — p| = dist(£, X). Decompose

V12 = [Pro (V)1 + [Pt (V)7 (3.12)
and observe that the hypothesis (3.3|) readily implies that
P (VP = [fily) — (@) < s (3.13)

As for the “horizontal” component of the vector v, write
n
V= szyi(x), (3.14)
i=1

where v = (v,...,0") € R?, {v1,...,v,} is the standard orthonormal frame on the normal
bundle of ¥ previously introduced, and where, with a slight abuse of notation, we are writing
vi(x) instead of v; (®(x)). In this way,

n 2
pro (V) < (ZIU”I%(W(%))!) : (3.15)
i=1

Clearly, in doing this we are tacitly assuming that cg is chosen so small that all the conclusions
of Lemma 3.2/ hold (in particular, we will always assume ¢y < 1). Now, the quantity |pr,(vi(z))]
can be estimated by

ey ()| < [eos (5~ 6i@)) (3.16)

where 0;(z) is the angle between v;(x) and Prt (vi(x)). In turn, this angle is controlled by

C|Deg(z)|, with C a geometric constant, because v;(x) is orthogonal to Tg(,) 2. Thus, one has

[P (vi(2))] < [sin(6i(2))] < ClDe()]. (3.17)
14



Further estimating |[Dep(x)| < |[[Dellco < ¢ by (3.3) and inserting into (3.15)) yields:

n 2 n
Pr (V)2 < O3 (z w) < CRY W = O (318)
=1 =1

with C' = C(m,n). Combining (3.12)), (3.13) and (3.18) produces

V]2 < CE|v|? + c2s® (3.19)

2 <ol <1 _ <i>2> , (3.20)

then the term Cc3|v|? on the right-hand side can be absorbed on the left-hand side, and in turn

(3.19) leads to

If

dist(¢,£)% < ¢gr?, (3.21)

which shows that the current 7" is in fact compactly supported in U. Together with the fact that
G ¢ has no boundary in U, such a result implies that the boundary of 7" is actually supported in
I1-1(9X) as soon as the constant ¢y is chosen in agreement with (3.11]) and (3.20])). Hence, under
these conditions we can deduce that OII;7T" is supported in 93. Thus, we are allowed to apply the
constancy theorem (cf. [Sim83, Theorem 26.27]), and consequently conclude that IT;T" = k[X]
for some k € Z. In order to show that k = @, we consider the functions ¢, := t¢ for t € [0, 1],
the corresponding manifolds ¥; := Gr(¢;) with the associated projections II;: U; — ¥;. Also in
this case, the constancy theorem produces (II;);(G L U;) = k(t)[¥;]. On the other hand, since
the map

t e [0, 1] — (Ht)ﬁ(Gf |_Ut)

is continuous in the space of currents, one infers that ¢ — k(t) is a continuous integer-valued
function, and thus it is constant. Since k(0) = @, then necessarily also k = k(1) = @, and the
claim is proved.

Now, the fact that IT = Q[X] does not immediately imply that 3.cp, M(§) = @, since
there could in principle be cancellations, and the total mass on the fiber could be larger than
Q. To see that this is not the case, consider, for every p € 3, the 0-dimensional current
T, := (Gy,IL,p) supported on the intersection Gr(f) NII~'({p}). By the slicing theory (cf.
[Fed69) Section 4.3]), one has that there exists a set Z C ¥ with H™(Z) = 0 such that the
following holds for every p € ¥\ Z:

(1) T, consists of a finite sum of Dirac masses Z;]il m;[&;] with coefficients m; € Z;
(ii) for every j € {1,...J,}, & € Gr(f) NI 1({p}) and |m;| = Mf(pﬂo(fj),pﬂé(fj)) =
M(&;);

(iii) if ¥ is the continuous unit n-vector orienting IT~!({p}) compatibly with the orientation
of X, then the sign of m; is sgn ((’f(fj) NT(&5), é}), where €:=e; A---Aep A+ Aemn,
with {e1,...,en} the standard orthonormal basis of R x {0} and {en41,.-.,€m+n}
the standard orthonormal basis of {0} x R™.

Since [|¢||c1 + Lip(f) < co, if ¢g is suitably small then every f(éj) is close to €, :=e1 A+ Aepm,
whereas every /(&) is close to €, := €m41 A+ A €myn, and therefore every my is positive. Since

;]il mj = @ because II;T = Q[X], we conclude that holds for every p € ¥\ Z.

Therefore, if Z denotes the set of points p € ¥ such that does not hold (and hence
>eem, M(§) > Q) then one has Z C Z. Now, we claim that in fact Z = ). At the same
time, we will also prove that M is coherent. In order to see this, fix p € ¥, and assume that
M, = {&, ..., &}, with mj == M(&;). Let V = {Vi,...V;} denote a collection of disjoint
bounded open sets in U such that M, N V; = {{;} for every j =1,...,J. We will show that for
every j there is an open neighborhood U; of p in X such that
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> M(()=my; for every q € Uj, (3.22)
CeEM NV
so that the coherence condition will hold in ¢ := (;U;. Consider the current T} := Il;(GyL V;).
We claim the following: there exists Z]j C X open neighborhood of p such that

spt (9(T; LUy)) € ;. (3.23)

The validity of this claim allows us to conclude the proof, showing both that Z = @ and that M
is coherent. Let us assume the claim for the moment. If holds true, then the constancy
theorem implies the existence of a constant k; € N such that le_?]j = k; [[Z]j]], which in turn gives
(G LV}, 10, q) = k;j[q] for H™-a.e. ¢ €U;, cf. for instance [Fed69, Theorem 4.3.2(7)]. Then,
since no cancellations are allowed, M((G; L V},1L,q)) = k; for H™-a.e. q € U;. At the same
time, under the assumption that ¢y is smaller than a geometric constant, the Taylor expansion
for the mass of a multi-valued Lipschitz graph (see [DS15, Corollary 3.3]) gives that
1 e 1GAIBE (&) w IG£II(B;(£5)) 1

< < li <m;+ —. 3.24
mj g Shmipt == e < limst omp =Mty (3:24)

Thus, if we consider slices (Gy,II, ¢) at points ¢ in a suitable neighborhood p € U; C Z]j then
the density estimate implies that k; > m;. Now, if, by contradiction, the point p has
been chosen in the set Z, namely 23-121 m; = Q' > @, then the above discussion gives that at
H™-a.e. point ¢ € U = ;U; one has 3 .cpy, M(C) > Q' > Q. Hence, Z contains a set of full
measure, which is the required contradiction. This concludes the proof that M is a well-defined
@-multisection of the normal bundle of ¥. At the same time, the fact }°.c M, M () = Q at every
q forces k; = m; for every j, and thus the validity of in a suitable neighborhood p € U;
follows again from . This shows that M is coherent.

Therefore, we are just left with showing . By contradiction, assume that there exists
a sequence {py}3°; C ¥ with p, — p and such that p, € spt(97;) for every h. Since the
push-forward and boundary operators commute, and since G; has no boundary in V}, this
would imply the existence of a sequence of points ¢;, € Gr(f) N dV; such that I1(¢,) = pn. By
the compactness of OV; and the continuity of the projection, a subsequence of the (;’s would
converge to a point ¢ € 0Vj such that II(¢) = p. Furthermore, since f is continuous Gr(f) is
closed, and thus ¢ € Gr(f). But this is an evident contradiction, since by assumption G 7 is
supported outside of II"1({p}) N dV;. This shows the validity of , and concludes the proof
of the Proposition. O

As an immediate consequence, the above result allows us to define the required reparametriza-
tion F: if ¥, U and f are such that (3.3]) holds with the constant ¢y given by Proposition

we set
F(p):= > M([] forevery p € X (3.25)
¢ell=1({p})

By Proposition [3.5] F is a well defined @-valued function on ¥. By construction, the associated
map N: ¥ — Ag(R™") given by

N(p):= >, M@OI[{-p] (3.26)
el ({p})

is a well defined @-valued vector field with values in the normal bundle, and hence it satisfies
property (ii) in Definition 3.3 Furthermore, it is evident from the very definition of M that
property (#i7) in Definition is satisfied as well.

Hence, we are only left with proving that N is Lipschitz continuous and that properties

(3.4)-(3.7) are satisfied.
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Proposition 3.6. If ¢y is small enough, depending on m, n, r — s and 3, then there exists
7 > 0 such that the multisection M is T-vertically limited. Furthermore,

7 < C (|INlleo ID*llco + 1Dl co + Lin(f)) , (3.27)
where C = C(m,n) and | Nl|co = sup,es [N (p)] = sup,ex G(N (1), Q[O])-

Proof. First, let us exploit again the orthonormal frame {vj,...,,} in order to introduce
coordinates on U. Precisely, we let ¥ denote the map £ € U — (II(§),v(£)) € ¥ x R", where

:= II(€) is the base point of £ on X, and v(§) = (v1(€),...,v™(£)) is the set of coordinates
of the vector v := { — p € s, with respect to the basis v1(p),...,vn(p), explicitly given by
V' (&) = (¢ — p,vi(p)) for i = 1,...,n. The map V¥ is a global trivialization of the bundle U;
moreover, since @1 is a global chart on ¥, then, in order to show that M is 7-vertically limited,
it suffices to prove that the Q-multisection

M:=MoWU 'o(® xidgn): By x R" - N

satisfies the 7-cone condition. In order to see this, fix (x,v) € Bs x R", and denote by £ = £(z, v)
the corresponding point in U, given by

&(z,v) == ®(x) + szuz(@ (3.28)
i=1

Assume that M (z,v) = M(€) > 0: the goal is then to prove that there exists a positive number
e such that if (y,w) € B(x) x BX(v) satisfies M (y,w) > 0, then necessarily

lw—v| < Fly — x| (3.29)

Let (2/,v") denote the coordinates of ¢ in the standard reference frame on R™*" that is
' = pr,(§) and v = Prt (£). Observe that the condition M (£) > 0 is equivalent to say

that v’ € spt(f(2)), and in fact M(§) = My(a’,v"). Now, since the Q-valued function f is
(-Lipschitz continuous, My satisfies the /-cone condition, and thus there exists § > 0 such that
if (y',w’) € Bj*(2') x B} (v') is such that My(y',w’) > 0 then

lw" — | <L)y — 2. (3.30)

We first claim the following: there exists 0 < ¢ = £(d, m,n) with the property that if
n
(=®(y)+) wr(y) with (y,w) € B'(z) x BX(v),
i=1

then
ProlQ) — 'l <8, [Py (C)— /| <.

This can be immediately seen by estimating:

€ =€l < |®(y) — ()| + D lw'vily) — v'vi(2)|
i=1

LN . (3.31)
< (1+ [Dplleo) ly = 2l + D (Jwilwi(y) - vi@)] + [ = w'l)

=1
< C(1+|Deller) ly — x| + Clw —v],

where C' = C(m,n) is a geometric constant. The conclusion immediately follows, since |px,(¢) —
2] = [ProlC — €)] < IC = ] and [P () — v'] = [P, (C — )] < IC — €.
Now, let (y,w) be any point in BI(x) x BI(v) such that for the corresponding ( € U
one has M(¢) > 0. By the above claim, if we set ¢y := pg,(¢) and v’ := pWOL(C), then
17



(v/,w") € Bj*(2') x By(v'), and thus the condition Mf(y',w’) > 0 implies that ([3.30) holds.
Hence, we proceed with the proof of (3.29). For any i = 1,...,n, one has:
' — '] = [(¢ = @(y),vi(y)) — (£ — (x),vi(x))]
< (€= @(2), vi(@) —vi(y) + K€ = Gy + [(®(x) — ®(y), vi(y)).
Now, since £ € Mg, the vector £ — ®(z) is in the support of N(®(z)), and thus
§ — @(x)] < [N (®(x))].
Therefore, if we apply Lemma [3.2 we easily estimate
(€ = ® (@), vi(2) = vi(y))] < ClIN o) ID*@llcoly — 2. (3.33)
In order to estimate the second and third term of (3.32)), instead, we first decompose both & — ¢

and ®(x) — ®(y) by projecting them onto the planes my and 7. Then, we use (3.17) to conclude
that

(3.32)

(€ = Cui@N < [ — 2, P (i ()] + (' = ', Pt (vi(y)))]
< CIDe)lly — o' + [ =] (3.34)
? (ClID@llco +0) |y — |,

and analogously

[(@(x) — @(y), vi(y)| < CIDe()lly — 2|+ |e(y) — ¢ ()]
< CHDwHCO\y — .
Inserting ([3.33 , and ( into ( , we then conclude the following estimate:
— sc(HNHCOHD%HCO +HD<PHco) ly— ol + (CIDllco + Oy — 2| (3.36)
Therefore, in order to conclude, we need to bound:

‘y/ - x,‘ = ’pﬂ'O(C) - pwg(f)‘

(3.35)

y+zwpﬂo vi(y *$*ZUPw0 vi(w |
i=1

n (3.37)

<ly—al+)] (\wzl\'/i(y) —vi(x)] + Jw' = vlllpwo(w(ﬂf))\)
i=1

< (1+C1D%lico) ly — 2| + C [ Depllcolw — v,

If we combine (3.36) and (3.37)), after standard algebraic computations we obtain:
w—v] < C ([Nl D*@llco + | Depllco + Lin(£)) [y — 2| + Ceglw - v], (3.38)

where the constant C' appearing on the right-hand side of the inequality is purely geometric,
and, in particular, does not depend on ¢y. This allows us to conclude that if ¢ is such that

1
Cc < 3 (3.39)
then a cone condition for M holds in the form
lw—v| < Tly — 2 (3.40)
with 7 as in (3.27)) for any (y,w) in a suitable neighborhood of (x,v) such that M(y,w) > 0.
Since the choice of the point (z,v) was arbitrary, the proof is complete. O

Proof of Theorem- We start proving that N is Lipschitz continuous. Let ¢y be such that
Proposition [3.5] and Proposition [3.6] both hold. We make the following

Clalm For every p € ¥ there exists an open neighborhood U, of p in ¥ such that

G(N(q),N(p)) < VQ7ds(q,p) for every q € U, (3.41)
18



where 7/ satisfies the same estimate as in equation and dx(-,-) is the geodesic distance
function on 3. In order to see this, fix a point p € ¥ and let M, denote, as usual, the set of
points £ € U such that II(§) = p and M(§) > 0. Assume that M, = {&,...&;}. If p = ®(x),
then for any j =1,...,J one has

x) + Y vivi(x). (3.42)
i=1

By Proposition there exist neighborhoods Uj; of z in By and Vj of v; := (vjl, . ,v}-"”) in R™
such that if

C=C(yw) = @(y) + > w'v(y)  with (y,w) € U; x V; (3.43)
is such that M (¢) > 0 then necessarily
lw —v;| < Tly — . (3.44)
Let (2(¢),v(¢)) denote the inverse mapping of {(z,v), given by
2(¢) = Pr o I1(¢),  '(¢) := (¢~ IL(¢), w(TL(())), (3.45)
and let
V= {Ce U (2(Q),0(Q) € Uy x Vi (3.46)

Each V; is an open neighborhood of &;, and moreover the cone condition (3.44) forces V; N M, =
{&}. We can also assume without loss of generality that the V;’s are pairwise disjoint. By
Proposition since M is coherent there exists a neighborhood ), of p in ¥ such that

Z M(¢) = M (&) for every q € U,,. (3.47)
Cell=1({gh)nV;
Since

J
Y M) =Q, (3.48)
=1

it is evident that when ¢ is chosen in U, then any ¢ € II71({g}) with M(¢) > 0 must be an
element of one and only one V;, and thus we can write

Z Z M(Q)[¢ - dl, (3.49)

J=1¢enn=1({g})nV

whereas p
=> M) - pl- (3.50)
=1
We can now estimate, for any ¢ € II"1({g}) N V; with M(¢) > 0 and ¢ = ®(y) € Up:

(C—a) - Z Zv vi(z

< 3= ('l — ()] + o =} (351
< CINloolID ool o1+ Clu -

(.49 R ~

e (INllcoll D2 plico +7) ly — 2l = 7|y — =l.
Observe that the constant C' appearing in (3.51]) is purely geometric, and that 7 also satisfies
the bound in (3.27). It is now evident that

G(N(q), N(p))* < QF|ly — a/?, (3.52)

from which the claim follows because |y — z| < |¢ — p| < dx(q,p)-
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Now, we show how from the claim one can easily conclude the Lipschitz continuity of NV with
the required estimates. Fix two distinct points p,q € ¥, and let : [a,b] — X be any (piecewise)
smooth curve such that v(a) = p and v(b) = q. By the claim, for every t € [a, b] there exists a
neighborhood U, ;) such that

G(N(2), N(1(1))) < VQFds(2,7())  for every = € Uygy. (3.53)
Since y is continuous, there exist numbers §; such that
Iy = (t =04t 4 6) C v (Uypy)- (3.54)

The family {I;} is an open covering of the interval [a, b], and thus by compactness we can extract
a finite subcovering {Iti}fio. We may assume, refining the subcovering if necessary, that an
interval Iy, is not completely contained in an interval Iy, if i # j. If we relabel the indices of the
points t; in a non-decreasing order, and thus in such a way that ~(¢;) preceeds 7(t;1+1), we can
now choose an auxiliary point s; ;41 in Iy, N Iy, , N (¢, ti41) for each i =0,..., K — 1. We can
finally conclude:

G(N(q),N(p)) < G(N(p), N(v(to)))
K-1
+ 2 (GIN(r(8), N(v(sii+1)) + GIN(vV(s0,641)), N (1(ti41)))) + G(N (7(tx)), N(q))

141

(3.55)

where Z(7) is the length of the curve 4. Minimizing among all the piecewise smooth curves =y
joining p to g, one finally obtains

G(N(q), N(p)) < VQF'dx(g,p), (3.56)
that is
Lip(N) < Q7. (3.57)
The estimate is now just a consequence of .

In order to complete the proof, we are left with showing the validity of , and .
This can be done by reproducing verbatim the proof suggested by De Lellis and Spadaro in
[DS15]; the arguments will be presented here only for completeness.

We start with the proof of and . Fix a point « € Bg, and let p := ®(x) € X. Observe
that, by and , the definition of the value of N(p) does not change if we replace ¢
with its first order Taylor expansion at x, since this operation preserves the fiber II=1({p}).
Furthermore, we can assume without loss of generality that © = 0 and ¢(0) = 0. We will still use
the symbols 7y and 73~ to denote the planes R™ x {0} ~ R™ and {0} x R ~ R" respectively,
whereas the tangent space TpY and its orthogonal complement T d‘E will be denoted 7 and .

Now, concerning the estimate (3.5)), assume that f(0) = Zlel [vi], set & := (0,v;) € o x Ty
and q; ;== pr(&). If N(gq) = Z]Ci?:l[[QJ]], then there is an index j(l) such that (; ;) = &. If the
point ¢ ;) has coordinates (qi,v;) in the frame 7 X s, we get
ol < lail + il < lal + [N(0)[ + G(N(0), N(a))
< IN(0)| + (1 + Lip(N)) [q| < [N(0)] + C (1 + Lip(N)) [ Depl|co il

where we have used that ¢ = |p=(&)| < C|Dg(0)||&| = C||Depl|co|vi|. Now, we use (3.4]) with
¢ linear to estimate

(3.58)

Lip(N) < C (|Dgllco + Lip(f)) < Cep. (3.59)
Thus, we conclude

|vg] < |N(0)| 4+ C(1+4 Cep)eolvy]. (3.60)
Since the constant C' is purely geometric and does not depend on ¢y, we deduce that if ¢q is

sufficiently small then |v;| < 2|N(0)|. Summing over [ € {1,...Q} we obtain |f(0)| < 2/Q|N(0)].
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The proof of the other inequality, namely [N (0)| < 24/Q|f(0)], is analogous, reversing the roles
of the systems of coordinates my X 770L and 7 x 7. This concludes the proof of (3.5).

We proceed with the proof of (3.6). Assume once again that f(0) = ZIQZI [v], and write

N(0) = ZZQZI[[&]]. For every [ € {1,...,Q}, we set z; := pr, (&), w; := Prl (&) and w;] == p..(§),

so that the point & is represented by coordinates (x;, w;) in the standard reference frame 7y x Wé‘

and by coordinates (0, w;) in the frame 7 x . As usual, we have:

1] = [P (&) < ClD(0)][[&| < ClD@(0)[|N(0)] =: p. (3.61)

Using these notations, one has [ o N(0)| = Q' |3, wj|. On the other hand, under our usual
smallness assumptions on the size of ¢y, we can also assume that the operator norm of the
linear and invertible transformation L : Wé‘ — s is bounded by 2. Thus, we can further estimate

[mo N(O)| <207 [T, wi,

so that in order to get (3.6|) it would suffice to prove the following:

Z w Z v
=1
In order to show the validity of -, we notice that if we set h := Lip(f)p, then we can
decompose f(0) = Z}]:l [7;], where each T; € Aq,(R"), Z}]:1 @; = @ and with the property
that:

(i) diam(T}) < 4Qh;

(1) |y — z| > 4h for all y € spt(T;) and z € spt(T;) when i # j.

This claim can be justified with the following simple argument. First, we order the vectors
v, and then we partition them in subcollections T} according to the following algorithm: T}
contains v; and any other vector v, for which there exists a chain vy, ... vyg) with [(1) =1,
(k) = £ and |v(i41) — V)| < 4h for every i = 0,...,k — 1. By construction, diam(71) < 4Qh,
and if spt(71) = spt(f(0)) then we are finished. Otherwise, we construct T applying the same
algorithm to the vectors in spt(f(0)) \ spt(71). The construction of the algorithm guarantees
that also property (ii) is satisfied.

Given the above decomposition of f(0), we observe that from the choice of the constants
it follows that in the ball B, the function f decomposes into the sum f = 3-]:1 [f7] of J
Lipschitz functions f7: B, — Ag; (R") with Lip( f7) < Lip(f) for every j. In agreement with
this decomposition, also the graph Gr(f \ B, ) separates into the union U 1 Gr(f7). By the
definition of the vector field N (cf. again (3.9) and - the support of N (0) contains points
from each of these sets; furthermore, if £ € spt( 0)) ﬂGr(fJ) then M (&) = M; (Pry (), Prt (€)).

It follows that also N(0) can be decomposed into N(0) = 3-]:1 ZZ»Q:jl [[{Z] ] with the property that
& € Gr(f7) forevery i =1,...,Q;. '
Now, by the definition of the distance G, for each & € spt(N(0)) there exists a point
‘ i N )
Uk € spt(f7(0)) such that |w] — v | < G(f7(x]), f7(0)) < Lip(f)|z] | Lip(f)p = h.

Hence, we conclude:

+ CLip(f)p. (3.62)

Q Qj J Qj J Qj
Dol =303 wl| < 30D vl + 203wl — o]
=1 Jj=1i=1 Jj=1li=1 j=1li=1
Q J Qj , , Q
< Zvl —i-z (\wf — V(i) + Uk —Uf-!) < Zvl + Ch,
=1 j=1li=1 =1

where we used that diam(f7(0)) < 4Qh. This proves and concludes the proof of (3.6).
Finally, we show that holds. Let x € Bs, and assume that (z,n o f(z)) = p+ v for some
pE and v 6 TplE. Now, if v = 0 then the above assumption implies that n o f(z) = ¢(x),
and thus reduces to the first inequality in . On the other hand, if v # 0 then we shift
YtoX:i=v + 3. Then, if we apply Theorem |3 Wlth Y in place of ¥ we obtain a vector field N
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which satisfies N(p +v) = 3,[Ni(p) — v]. Hence, G(N(p), Q[v]) = G(N(p + v), Q[0]), which
reduces the problem again to the case v = 0. This completes the proof of Theorem O

APPENDIX A. COMMUTATION OF PUSH-FORWARD AND BOUNDARY IN THE (Q-VALUED
SETTING: AN ALTERNATIVE PROOF

In this Appendix we are going to provide an alternative proof (with respect to the existing
literature, see [Alm00] and [DSI5]) of the fact that the multi-valued push-forward operator
on Lipschitz submanifolds commutes with the boundary operator in the sense of currents. As
anticipated, the proof is based on a double induction, both on the dimension m of the manifold
and on the number @ of values that the function takes.

Proof of Theorem [1.8 First observe that since every Lipschitz manifold can be triangulated,
and since the statement is invariant under bi-Lipschitz homeomorphisms, it is enough to prove
the theorem with ¥ = [0,1]™. Furthermore, it suffices to show that the theorem holds in the
case of the currents associated to graphs. Indeed, suppose to know that G, = G,,,, and
let p: R x R” — R” be the orthogonal projection onto the second components. Then, it is
immediate to see that
P:Gu = PiTiaxu = Tpo(taxu) = Tus

where, for given Lipschitz F': R? — Ag(R"™) and ¢: R™ — R¥, we have used the notation ¢ o F
for the @Q-valued function ¢ o F(p) := ZlQ:l[[qb(F}(p))]] € Ag(RF). Then, using that push-forward
and boundary do commute in the case of single valued Lipschitz functions, one readily concludes

oT, = 6pﬁGu = pﬁaGu = pﬁGu\az = TU\az'

Hence, we show that dGy = G, The proof is by induction on both m and Q. If @ = 1, the
result is classical. On the other hand, the case m = 1 is a consequence of [DLS11 Proposition 1.2]:
if u: [0,1] = Ag(R™) is Lipschitz, then there exist Lipschitz functions uy,...,ug: [0,1] = R"
such that u = Zlel [w]. Therefore, T\, = >;(u)4[(0,1)], and thus

0T, =Y 0(u)s[(0, )] = D _(u)z (1] = [01) = > ([ue(1)] = [ur(0)]) = Ty,
l

l l

Then, we make the following inductive hypotheses:

(H1) the theorem is true when dim(X) <m — 1,

(H2) the theorem is true for dim(¥X) = m when the function u takes Q* values for every

Q" <Q,

and we show that the theorem is true for (m,@). In order to do this, we consider a dyadic
decomposition of ¥ = [0,1]™ in m-cubes of side length 27" with A € N, and for any integer
vector k € {0,1,...,2" — 1}™ we let Cj, . be the cube C,j := 27" (k + [0,1]™).

Now, for fixed h, let %}, be the set of all k € {0,1,...,2" —1}™ such that on the corresponding
cube C}, 1, one has

Jnax diam (u(p)) > 3(Q — 1)Lip(u)2~"v/m. (A.1)

By [DLS11), Proposition 1.6], if k € %}, then on the cube C},j the function u is well separated
into the sum

U|Ch,k = [[uk,QJ] + [[uk,Qz]]v (A2)

where uy g, € Lip(Chk, Ag, R™)), uk,g, € Lip(Ch i, Ag, (R™)) and Q1, Q2 < Q. Therefore, by
the inductive hypothesis (H2) we can conclude that

0G,, =G (A.3)

u‘ch,k u|ach7k

for every k € By,
If on the other hand k ¢ %}, consider the affine homotopy o: [0,1] x Cp,  x R" — R? x R™
defined by

o(t,p,v) := (p, (1 —t)mou(p) + tv), (A.4)
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and define the current
Ri = QGgauyc, , + ([0, 0] % Guye, ). (A5)
Here, 1 o u denotes the (single valued) Lipschitz function n o u: 3 — R™ given by

e
nou(p) == n(u(p)) = 0 > w(p).
=1

Since 1 o u is a classical Lipschitz function, the classical commutation rule of push-forward and
boundary gives

QG (moulc,, ) = QG mowlac, (A.6)
On the other hand, the homotopy formula [Sim83] (26.22)] yields
8Uﬁ([[(0, 1)]] X G“|80h7k) = Gu‘aoh,k — QG(UOU)mek — O'ﬁ([[(o, 1)]] X 8Gu|ach7k)' (A7)

Since OC}, i, is the union of (m — 1)-dimensional cubes, the inductive hypothesis (H1) ensures
that in fact 9G,, Cn = 0, and thus the last addendum in the r.h.s. of equation (A.7) vanishes.

Combining (A.6)) and (A.7) therefore yields

ORy = Gubch,k. (A.8)
For every h € N, define the current
Th:= Y Gu,, + D R (A.9)
ke% ’ k¢ %y,
and notice that by (A.3)) and (A.8) one has
0T = _ Gulye, , = Gulps (A.10)
k

because the common faces to adjacent cubes have opposite orientations. Furthermore, it is easy
to see that for every h € N and for every k € 4}, one has

M(Gyq, ) < C(1+ Lip(w))™H™ (Cp) < C(27")™, (A.11)
whereas, using [Sim83), (26.23)] to estimate M(oy([(0,1)] x G, k)), we get
M(Ry,) < C27")" + CM(Gyppe, ) sup  |(p,0) = (p,mou(p))|

" (p)eGr(ulacy, ;)

<ceEMm+oe™™t sup max Ju(p) —nou(p)
pe80h,k lG{l,.‘.,Q} (A12)

<c@Mm4+cemml sup diam(u(p))
peach’k

S 6(2—h)m

if k ¢ %y, for a constant C = C(m, Q, Lip(u)).
By equations (A.9), (A.10), (A.11)) and (A.12)) we immediately conclude that

M(T},) + M(0Ty,) < C, (A.13)

where C' = C(m, @, Lip(u)) is a constant independent of h. It then follows from the compactness
theorem for integral currents [Sim83, Theorem 27.3] that when h 1 oo a subsequence of the T}’s
converges to an integral current 7" such that 9T = Gy, -

We are only left to prove that in fact 7' = G,,. Since clearly spt(7') C Gr(u) and T is
integral, we have that 7' = [Gr(u), 7, ©O7] and G, = [Gr(u), 7, Og,]. We only need to show that
Or(p,v) = Og, (p,v) at H™-a.e. (p,v) € Gr(u). Let p € ¥, and denote by Dg(u) the closed set

Do(u) :={p € ¥ : u(p) = Q[v] for some v € R"}

of multiplicity @ points of the function u. If p ¢ Dg(u), then there exists a suitably large h

such that for every h > h one has p € C}, i, for some k € %), and thus it follows naturally that
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Or(p, w(p)) = Oa, (p,w(p)) for every I. Hence, if H™(Dg(u)) = 0 then we are done. Otherwise,
consider the 1-Lipschitz orthogonal projection on the first components p: R? x R® — R%. One
has that py7T" = O7[X] and pyG, = O¢g,[X], with

Or(z) = Z Or(z,v) and Og,(r)= Z Og,(x,v) forH™-a.e. xeX.
(z,0)E€Gr(u) (z,0)eGr(u)

In particular, for H™-a.e. p € Dg(u), if u(p) = Qv(p)] then O7(p) = Or(p,v(p)) and
Og,(p) = Og,(p,v(p)). On the other hand, by the definitions of u and T} it also holds
p:Gy = Q[X] = pyT), for every h. Since T' is the limit of (a subsequence of) the T},, then
necessarily Og, (p) = Q = O7(p) H™-a.e. on ¥, and thus finally Og, (p, v(p)) = Q = O1(p, v(p))
for H™-a.e. p € Dg(u). This completes the proof. O

APPENDIX B. MULTI-VALUED PUSH-FORWARD OF FLAT CHAINS

The goal of this Appendix is to extend the definition of multiple valued push-forward to the
class of integral flat chains. As already mentioned, the existence of a multi-valued push-forward
operator acting on flat chains has already been investigated by Almgren in [Alm00), Section 1.6].
In what follows, we deduce it as a rather immediate consequence of Theorem [I.§] and of the
polyhedral approximation of flat chains [Fed69, Theorem 4.2.22].

The first observation is that using similar arguments to those carried in Remark [I.6] it is not
difficult to extend the results of § [I.5] to multi-valued push-forwards of general integer rectifiable
currents. This was already observed by De Lellis and Spadaro in [DS15], without going further
into the details. Indeed, assume that © C R? is open and if T € %,,(Q2). Then, there exist a
sequence of C! oriented m-dimensional submanifolds 2 C R?, a sequence of pairwise disjoint
closed subsets K; C X;, and a sequence of positive mtegers k; such that 3272 k;H™(K;) < o0
and

o0
T =) kK] (B.1)
j=1
Now, if u: Q — Ag(R™) is Lipschitz and proper, we define the push-forward of T through u by
setting

oo
wT =Y kT, (B.2)
j=1

where u; := u|k;. We record the properties of u4T" in the following proposition.

Proposition B.1 (Q-valued push-forward of rectifiable currents.). The integer rectifiable current

wT € X (R™) defined in (B.2)) is independent of the particular representation (B.1) of T'. If
T = [B,7,0], then uyT acts on forms w € D™(R™) as follows:

(T = [ S lelule)). (o)) 00 7). (1.3)

=1
Moreover, uyT can be represented by uyT = [Im(u|p), 7, ©], where
(R1)" Im(u|p) = U52, Im(uy) is an m-rectifiable set in R"; ‘
(R2)" 1 is a Borel unit m-vector field orienting Im(u|p); moreover, if Kj = U;en Kj is a
countable partition of K; C X; in measurable subsets associated to a Lipschitz selection
ul i = Zl[[(u;)l]] of u as in Proposition then for H™-a.e. y € Im(u|p) one has that
J

D(u§)!(p)s7(p)
|D(u)!(p)y7(p)]

for all 3,4,1,p such that (u;)l(p) =y;

= +i7(y) (B.4)
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(R3) for H™-a.e. y € Im(u|g), the (Borel) multiplicity function © equals

) D) (p)s7(p) >
Oy) = Z)l(p):ye(l?) <77(y), \D(ué)l(p)ﬁ(l?)’ )

.. ) i
jﬂvlyp . (’U,J

(B.5)

Notation B.2. In the rest of this Appendix, we will use the symbol u4T" to denote the push-
forward of a current T' € D,,,(2) through a multiple valued function u: Q@ — Ag(R™) whenever
such a push-forward is defined. The symbol T, may be still used when it is understood that
the push-forward operator is acting on the whole domain of w. In particular, if ¥ C R? is an
m-dimensional Lipschitz submanifold and u: 3 — Ag(R™) then the writings T, and u;[X] are
equivalent.

We are now in the position to define ugT" when T' € .%,,,(€2). Let us fix the following hypotheses.

Assumption B.3. We will consider:

e a Lipschitz Q-valued function u: Q2 — Ag(R") defined in an open subset Q C R
e a compact subset K C §;
e an integral flat m-chain T € .%,,(R?) with spt(T) C intK.

Given K and T as in Assumptions [Fed69, Theorem 4.2.22] there exists a sequence
P; 122, of integral polyhedral m-chains supported in K such that
JJ5=1

1 1

Fg(T —Pj) <- and M(P;) <M(T)+ -. (B.6)
J J

Now, integral polyhedral chains are a subclass of the class of integer rectifiable currents, as

any P; can be written as the linear combination P; = Zfil Bjilloji] of a finite number of oriented
simplexes [o;;] with coefficients (j; € Z. Since we have a well defined notion of multi-valued
push-forward of an integer rectifiable current, we can consider the currents

k;
wgPj =" Bjiuglloyil.- (B.7)
=1

We also know that the mass of uy P; can be estimated by
M(u;P;) < CM(P)), (B3)
where C' is a constant depending on Lip(u), and Theorem guarantees that
O(uyPj) = us(OF;). (B.9)
Clearly, {P;} is a Cauchy sequence with respect to the flat distance Fg. Indeed, for any
7, h € N one can explicitly estimate
1

FK(Pj—Ph) SFK(Pj_T)+FK(T_Ph) < ] +

(B.10)

= =

Now, we have the following

Theorem B.4 (Push-forward of a flat chain). Let u, K and T be as in Assumptions . Then,
for any open subset W € Q with K C W, for any compact K' C R"™ containing Im(u|y ) =
Upew spt(u(p)), and for any sequence {P;}32, of integral polyhedral m-chains converging to T
with respect to d,. , the sequence {UﬁPj}‘]?‘;l is Cauchy with respect to dg,,. Therefore, there
exists an integral flat m-chain Z € Fp, i/ (R™) such that Fg/(Z —ugPj) — 0 as j 1 oo. Such a
Z does not depend on the approximating sequence P; converging to T'.

Definition B.5. The current Z € .%,,(R") given by Theorem is the push-forward of T
through u. Coherently with Notation we will set Z = uyT.

The proof of Theorem [B.4]is a simple consequence of the following lemma, the proof of which
can be found in [Fed69, Lemma 4.2.23].
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Lemma B.6. If K ¢ W C RY with K compact, W open, and P € 2,,(R?) with spt(P) C K,
then the quantity

G(P) = inf {M(P — 08) + M(S) : § € P11 (R?) with spt(S) < W} (B.11)
does not exceed F (P).

Proof of Theorem [B.]). Fix any open set W € Q with K C W, let K’ C R" be any compact set
containing Im(ulw ), and let {P;}72, be any sequence of integral polyhedral m-chains supported
in K and satisfying . For any j, h € N, consider the current P; — P, € 2,,(R%), and notice
that spt(P; — P,) C K. For any choice of polyhedral currents R € £,,(R%), S € 2,,,11(R%)
with spt(R) Uspt(S) C W such that

P; — P, =R+ 0S5, (B.12)
Theorem guarantees that
ug Py — uy P, = uy R + 0(uyS). (B.13)
Since uyR and uyS are rectifiable currents supported in K’, one has

F g (uy Py — uyPp) < M(uyR) + M(uyS)

< C(M(R) + M(S)). (B.14)

for some constant C' depending on Lip(u). Taking the infimum among all integral polyhedral
currents R and S supported in W such that (B.12)) holds, we immediately conclude from Lemma
that

Fi(usPj — ugPy) < CG(Pj — P) < CF(P; — Py) < 9 + % (B.15)

This proves that the sequence {uﬁPj}jzl is Cauchy with respect to dFK’ and, thus, has a
limit Z € %, k/(R"). In order to see that the limit does not depend on the approximating
sequence {P;}, consider two sequences of integral polyhedral m-currents {P;} and {P;} both
approximating 7' in the F g distance, and assume that uzP; and UﬁP flat converge to Z and Z
respectively. For any ¢ > 0, let jo € N be such that both Fx (T — Pj,) + Fx (T — Pj,) < ¢ and
Fr(Z —wPj) + Frr(Z — Uﬁﬁ’jo) < e. Then, we can estimate:

Fio (2~ 2) < Fro(Z = wsPy) + Frco (s, — w,Py) + Fir (P, — 2) (5.16)
< e+ Fror(ugPj, — uzPyy)

On the other hand, applying the same argument that we have used above to prove (B.15) to
Pj, — Pj, € 2,(R%) shows that

Fr (uﬁpjo - uﬁpjo) < OFK(PJ'O - Pjo) < Ce. (B'17)

Combining (B.16)) and (B.17), and letting & | 0 yields that Z = Z. O

Corollary B.7. Let u, K and T be as in Assumption . If Z = wT, then 0Z = uy(0T).

Proof. Let W € Q and K’ C R™ be as in Theorem and let {P;}22; be any sequence of

integral polyhedral m-chains F g-converging to 7. n, by Theorem [B.4] Z is the F g -limit

of the currents uyP;. Hence, since in general Fg (97T) S F k(T), we also have that 07 is the

F i/-limit of the currents 0(uyP;) = uyz(0P;) by Theorem On the other hand, since the JP;’s

are a sequence of integral polyhedral (m — 1)-chains which Fg-approximates 0T, the sequence

uy(0P;)) necessarily Fgr-converges to uy(0T'). The claim follows by uniqueness of the limit. [J
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