2-DIMENSIONAL ALMOST AREA MINIMIZING CURRENTS

CAMILLO DE LELLIS

1. INTRODUCTION

The Plateau’s problem investigates those surfaces of least area spanning a given contour.
It is one of the most classical problems in the calculus of variations, it lies at the crossroad
of several branches of mathematics and it has generated a large amount of mathematical
theory in the last one hundred years. Although its original formulation is restricted to
2-dimensional surfaces spanning a given curve 7 in the 3-dimensional space, in modern
mathematics it is customary to consider a much more general setting, where the ambi-
ent space is a Riemannian manifold and the dimension of the surface is arbitrary. Such
generalization has not only an intrinsic mathematical beauty, but it has also proved very
fruitful. In fact even the condition of being area minimizing might be relaxed in several
ways.

The very formulation of the Plateau’s problem has proved to be a quite challenging math-
ematical question. In particular, how general are the surfaces that one should consider?
What is the correct concept of “spanning” and the correct concept of “m-dimensional vol-
ume” that one should use? The author believes that there are no final answers to these
two questions: many different significant ones have been given in the history of our subject
and, depending upon the context, the features of one formulation might be considered
more important than those of the others.

In this paper we focus on a point of view which is rather popular for its numerous
geometric applications. Let ¥ be a fixed smooth oriented manifold and I' a smooth m-
dimensional oriented submanifold of 3. On I' we can integrate compactly supported forms
and this action gives a natural correspondence between smooth submanifolds and linear
functionals on the space of smooth (compactly supported) forms D™(X). Following a
pioneering idea of De Rham (cf. [28]) we define the m-dimensional currents as linear
functionals on D™ (X)) satisfying a suitable continuity property. The action of a current T
on a form w is then given by T(w) and we can introduce naturally a concept of boundary
“enforcing” Stokes’ theorem: 07 (w) := T'(dw).

Note however that De Rham’s theory allows real multiplicities, or more generally oriented
surfaces with variable densities, which in several situations is certainly not desirable. We
could try to remedy to this shortcoming by considering only the subspace of currents which
can be represented as classical chains with integer multiplicities and then look at its closure
in the appropriate topology. This point of view was taken in the celebrated paper [30] by
Federer and Fleming and the corresponding objects, called integral currents, provide an

ideal framework for the general oriented Plateau’s problem. In fact the work of Federer
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and Fleming is the natural generalization of a previous theory developed by De Giorgi in
codimension 1, following a pioneering idea of Caccioppoli, cf. [9, 11, 12, 14].

The fundamental paper of Federer and Fleming addresses some of the basic questions
that a satisfactory variational theory is expected to handle. In particular they give a rather
general and powerful existence theorem for the Plateau’s problem and very flexible approx-
imation results. Since then a lot of efforts have been dedicated to “regularity questions”.
More precisely, how regular is a minimizer in the Federer-Fleming theory? The problem is
especially intriguing in all those cases where it is known that minimizers are not necessarily
regular: of course in these cases it is highly desirable to have a good description of the
singular set.

Thanks to the efforts of several outstanding mathematicians a rather far-reaching (and
satisfactory) regularity theory was achieved in the seventies in codimension 1 (see for
instance [34]). This theory has been digested by the subsequent generations of scholars
working in differential geometry and PDEs, leading ultimately to many breakthroughs in
different problems in geometry, PDEs and mathematical physics. Indeed the codimension
1 case is considerably easier than the higher codimension: the reason is that integral m-
dimensional cycles in R™*! are in fact (countable integral combinations of) boundaries of
sets.

In the higher codimension case the most important conclusion of the regularity theory can
be attributed to the monumental work of a single person, F. J. Almgren Jr., [4], originally
a typewritten manuscript of more than 1700 pages. Unlike the codimension one case,
only a relatively small portion of the theory of Almgren has been truly understood. In a
recent series of papers Emanuele Spadaro and the author have given a new, much shorter,
account of Almgren’s regularity program, relying on the several advances in geometric
measure theory of the last two decades and on some new ideas, cf. [19, 20, 23, 21, 22| and
the survey papers [44, 16, 17].

In a nutshell Almgren’s main theorem asserts that the set of interior singularities of
an m-dimensional Federer-Fleming solution of the Plateau’s problem is a closed set of
Hausdorff dimension at most m — 2. By a classical theorem of Federer it is known that
if the ambient space has dimension stricty larger than m + 1, then Almgren’s result is
optimal: indeed holorphic subvarieties of C" are always area minimizing integral currents.
Of special interest is then the case of 2-dimensional area minimizing currents: holomorphic
curves in C" might have isolated singularities, where they “branch”. In [10] Chang, a
student of Almgren, built upon Almgren’s work to show that for general 2-dimensional area
minimizing integral currents the set of interior singular points is discrete and moreover in a
neighborhood of each singularity the current in question behaves essentially as a branching
holomorphic curve.

In [10] however, the author does not give the details of a rather important portion of
the proof, the construction of the so-called branched center manifold. Such proof needed a
suitable modification of the most complicated part of Almgren’s theory (the construction
of a non-branched center manifold, which occupies more than half of Almgren’s original
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monograph). In a series of joint works with Emanuele Spadaro and Luca Spolaor we
have given a complete proof of the existence of such center manifold. In addition we
have extended the regularity result of Chang to two interesting classes of 2-dimensional
currents which are not area minimizing, but could be considered as some sort of “perturbed
cases”: these are semicalibrated currents and spherical cross-sections of 3-dimensional area
minimizing cones. In this note we will describe the theorems and the main ideas of the
proofs contained in the corresponding papers [27, 26, 24, 25].

2. THE MAIN REGULARITY THEOREM

From now on we assume that the reader is sufficiently familiar with the classical results of
the Federer-Fleming theory of integral currents, namely compactness theorems, boundary
rectifiability, homotopy formulae, deformation lemma and isoperimetric inequalities. We
will also assume familiarity with the preliminary facts in the regularity theory of stationary
and area minimizing currents, namely

e The monotonicity formula for stationary currents;

e The precompactness of sequences of area minimizing currents under a uniform
control of their mass;

e The existence of tangent cones.

This material is covered in classical textbooks such as [29] and [43]. However for a gentle
introduction to the topic the reader may consult the first sections of the survey [16], whereas
who is already familiar with some of the relevant concepts may consult the first sections
of [17] for the notation and terminology which we will use in this note.

Our results will concern three special classes of 2-dimensional integral currents:

(a) area minimizing in Riemannian manifolds ¥. As it is customary in the regularity
theory, we will assume X to be at least of class C? and to be a submanifold of the
Euclidean space. Note that by Nash’s isometric embedding theorem, this does not
mean any loss of generality.

Thus from now on X is a fixed C? submanifold of dimension 2+ of the Euclidean
space R*™™. As usual a 2-dimensional (integral) current 7" in R?**" whose support
is contained in X is area minimizing in ¥ if M(T + 9S) > M(T) for every 3-
dimensional (integral) current S wth spt(S) C X.

(b) Semicalibrated currents in a Riemannian manifold ¥. Even in this case we assume
that ¥ is a C? embedded submanifold of R*™. For the meaning of the terms
“semicalibrations” and “semicalibrated” we refer to Section 2.1 below.

(c) Spherical cross sections of area minimizing 3-dimensional cones. In this case the
2-dimensional current 7' is assumed to be supported in some sphere dBr(p) C R?**"
of radius R and center p: T is then a spherical cross section of an area minimizing
cone if T'x p is area minimizing in R?*".

We warn the reader that in case (c) we are not assuming that 7 is a cycle: 9T is not
necessarily 0.

Occasionally we will state some intermediate theorems for the more general case of m-
dimensional currents 7', since the proof for m > 2 does not need any substantial change.
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In this case we keep the notation n and n for the codimension of the current 7" in the
Riemannian manifold ¥ and in the ambient euclidean space. Of course the dimensions of
the latter objects are then m + n and m + n.

Note that a spherical cross section 7" as in (c) is not always area minimizing in the sphere
that contains it. In fact it is well-known that the round spheres contain no nontrivial
area minimizing cycles, whereas on the other hand there is an abundance of cycles T
supported in B4 (0) for which the cone 0% T is area minimizing. Now, if 7" were a regular
submanifold, then it would be at least area minimizing in any sufficiently small ball. This
is however a trivial property of any smooth minimal surface, even if highly unstable: the
price to pay for such generality is that the scale at which such minimizing property “kicks
in” is that at which the surfaces is sufficiently close to its tangent space. Thus, although
being a spherical cross section of an area minimizing euclidean cone is a rather strong
assumption, there is no obvious reduction of the regularity theory for (c¢) to that for (a),
because in our case both classes of currents do allow for singularities.

2.1. Calibrations and semicalibrations. We illustrate here the simple, yet elegant and
fruitful principle behind calibrations and calibrated geometries. Recall first the notion of
comass of a form

Definition 2.1 (Comass, cf. [29, Section 1.8]). Let w € D™(X) with ¥ Riemannian
manifold. Then the comass of w is the norm
|wlle :=max {{(w(p),v1 A ... Avp) 1 Ao Aoy =10, € T,E,pe X} .
Calibrations are a particular subclass of closed forms.

Definition 2.2 (Calibrations, cf. [35]). A calibration w is a closed m-form on a Riemannian
manifold ¥ such that ||w|. < 1. An integer rectifiable current 7" is said to be calibrated

by a calibration w if (w,, T(p)) = 1 for | T|-a.e. p.
A semicalibration is a form w satisfying the requirements above except for the closedness.

—

The corresponding 7" such that (w,, T'(p)) = 1 for || T||-a.e. p are then called semicalibrated
by w.

Observe in particular that the inequality M(T") > T'(w) holds for every semicalibration w
and for every current 1. Moreover the equality sign holds if and only if 7" is semicalibrated
by w. The following is then a trivial fact.

Lemma 2.3. If T is calibrated by a calibration w, then T is an area minimizing current.
Proof. Assume dim(7") = m and let S be an (m + 1)-dimensional integral current. Then
M(T) =T (w) = T(w) 4+ S(dw) = (T + 05)(w) < M(T + 0S) . (1)
O
Of course, if w were just a semicalibration, then (1) could be replaced by
M(T) < M(T + 0S) + ||dw]|oM(S) VS integral with spt(S) C X. (2)

Assume now that B,,(p) N ¥ is diffeomorphic to the closed unit ball of R™*" (which is
certainly true for a sufficiently small rq) and let T” satisfy
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e spt(7”) C B,(p) N X for some 7 < rp;
e J(T"+TLB,(p)=0.

Then, by the isoperimetric inequality there is a current S supported in B,(p) such that

S =T+ TLB,(p) and M(S) < C(||T||(B,(p)) + ||T’||(BT,(QD)))IJFI/M7 where the constant
C' depends only on ¥ (and in particular might be assumed independent of r < ry). Hence
the inequality (2) implies

17118 (p)) < 17"[(B,(p) + Clldello(IT (B (p)) + 17| (B (p)) "

So, although semicalibrated currents are not area minimizing, they could be considered as
“almost minimizing”.

2.2. The main regularity theorem. We are now ready to state the main regularity
theorem contained in the papers [27, 26, 24, 25]. We first introduce the relevant concepts
of singular and regular sets for an integral current 7.

Definition 2.4. Given an integer rectifiable current 7', we denote by Reg(T") the subset
of spt(7T") \ spt(9T) consisting of those points = for which there is a neighborhood U such
that T'L_U is a (constant multiple of) a regular submanifold. Correspondingly, Sing(7T’) is
the set spt(7') \ (spt(07") U Reg(T)).

Observe that Reg(T) is relatively open in spt(7) \ spt(97") and thus Sing(T') is relatively
closed.

Theorem 2.5. Let ¥ be a C*%0 submanifold of R*™ and w a C*° semicalibration, where
go > 0. If T 1s a 2-dimensional current satisfying any of the following requirements, then
Sing(T") consists of isolated points:

(a) T is area minimizing in X;

(b) spt(T) C X and T is semicalibrated by w;

(c) ¥ = 0Bg(p), spt(T) C ¥ and Tx p is area minimizing in R*™™.

Clearly Chang’s result is covered by case (a). An alternative proof of Chang’s theorem
has been found by Riviere and Tian in [41] for the special case of J-holomorphic curves.
Later on the approach of Riviere and Tian has been generalized by Bellettini and Riviere
in [7] to handle the first and (prior to the papers [27, 26, 24, 25]) only case which is not
covered by [10], namely that of special Legendrian cycles in S° (see also [8] for a further
generalization). Observe that these currents form a special subclass of both (b) and (c).
Indeed these cycles arise as spherical cross-sections of 3-dimensional special Lagrangian
cones: as such they are then spherical cross sections of area minimizing cones but they are
also semicalibrated by a specific smooth form on S°.

As already mentioned, the regularity theory of [27, 26, 24, 25] proves in fact much more,
since it gives also a rather precise description of the asymptotic behavior of the current T’
at each singular point. However the corresponding statement would become much more
involved and we prefer to analyze it while describing the main steps of the proof of Theorem
2.5.
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3. PRELIMINARY CONSIDERATIONS AND ALMOST MINIMIZING PROPERTIES

A first important elementary remark is that in the semicalibrated case we do not loose
any generality if we consider ¥ to be the ambient Euclidean space. More precisely, it is
simple to prove the following lemma (cf. [27, Lemma 1.1]).

Lemma 3.1. Let k € N\ {0}, g0 € [0,1], ¥ C R™™ be a C*1e0 m + n-dimensional
submanifold, V. C R™"™ an open subset and w a C*< m-form on VN, If T is a cycle
in V NY semicalibrated by w, then T is semicalibrated in V by a C**0 form @.

Thanks to such lemma, in the case (b) of Theorem 2.5 we can assume that the ambient
submanifold is in fact X itself. In particular we can formulate Theorem 2.5 in the following
simplified version:

Theorem 3.2. Let ¥ be a C*%° submanifold of R>™ and w a C*%° semicalibration, where
go > 0. If T is a 2-dimensional current satisfying any of the following requirements, then
Sing(T") consists of isolated points:

(a) T is area minimizing in X;

(b) spt(T) C X = R?™ and T is semicalibrated by w;

(c) ¥ = 0Bg(p), spt(T) C ¥ and Tx p is area minimizing in R*™™.

Observe that in both cases (a) and (c) of Theorem 3.2 the current 7" is stationary in
Y (resp. in 9Bg(p)) and has, therefore, bounded generalized mean curvature in R**". Tt
turns out that 7" has bounded generalized mean curvature in case (b) as well. Additionally,
even in the case (c) we have an “almost minimizing property” which resembles formally the
one described in the previous section for semicalibrated currents. More precisely, relatively
simple computations in [27] show the following proposition, which in fact is not limited to
the 2-dimensional case

Proposition 3.3 (Cf. [27, Proposition 1.2]). Let T' be an m-dimensional current as in
Theorem 8.2(b) or (c) (where we replace R*™ with R™™ ). Then there is a constant §
such that

M(T) < M(T + 9S) + QM(S) VS € L, 1 (R™)  with compact support. (3)

More precisely, Q < ||dwl||o in case (b) and Q@ < (m + 1)R™! in case (c).
Moreover, if x € C°(R™™\ spt(9T"), R™"), we have

0T(x) = T(dw Jx) in case (b), (4)
0T (x) = /lex -x(2)d|T||(x) in case (c). (5)

As already mentioned, the monotonicity formula holds for area minimizing currents.
Thanks to the pioneering work of Allard [2], the monotonicity formula holds for currents
(in fact more generally for varifolds) with bounded generalized mean curvature. In turn
this fact can be combined with Proposition 3.3 to show that in all cases of Theorem 3.2
the current T has a “classical” almost minimizing property.
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Definition 3.4. An m-dimensional integer rectifiable current 7' in R™*" is almost (area)
minimizing if for every x & spt(0T') there are constants Cy, ¢, g > 0 such that

(B, (2)) < 1T+ OS|(B,(x) + Cyr+es (6)
for all 0 < r < ry and for all integral (m + 1)-dimensional currents S supported in B,.(z).

Proposition 3.5 (Cf. [27, Proposition 0.4])). Any m-dimensional current T' as in (a), (b)
and (c¢) of Theorem 3.2 is almost minimizing in the sense of Definition 3.4. Indeed the
exponent ag can be taken equal to 1 and the constant Cy is proportional to the L™ norm
of the second fundamental form of ¥ (in case (a)) and to Q as in Proposition 3.3 (in the
cases (b) and (c)).

4. THE UNIQUENESS OF TANGENT CONES

As already observed, in all the three cases of Theorem 3.2 the current T satisfies (a
suitable perturbation of) the classical monotonicity formula. More generally, it is possible
to derive a suitable monotonicity formula for almost minimizing currents as in Definition
3.4. It is also rather straightforward to see that, under the very same assumption, all
tangent cones at a point p € spt(7") \ spt(07") must necessarily be area minimizing currents
in the euclidean space. Under the assumption that T is 2-dimensional, it is then well
known that such tangent cones must necessarily be of the form ), Q; [m;], where the 7;’s
are finitely many distinct 2-dimensional planes, each pair of which intersects only at the
origin, cf. [31].

A remarkable theorem of White, [46], asserts that such tangent cones are unique (at
each point p) if the original 2-dimensional current 7" is area minimizing in the ambient
Euclidean space. More precisely, consider the currents (ty,);7’, where the map ¢g, is
given by R*™ 3 y s =2 e R2™", Recall that an area minimizing cone S is an integral
area minimizing current such that (¢, )yS = S for every r > 0. Then White’s Theorem
guarantees that, if T is 2-dimensional and area minimizing in R?**", then at each point
p € spt(T)\spt(9T') the limit of T}, . as r | 0 exists and is a cone .S, which as discussed above
takes the special form ), Q; [m;], for finitely many positive integers @); and 2-dimensional
oriented planes 7;’s, each pair of which intersects only at the origin.

The uniqueness of tangent cones for 2-dimensional area minimizing currents in Riemann-
ian manifolds (case (a) of Theorem 3.2) was proved by Chang in [10]. The same statement
for semicalibrated integral 2-dimensional cycles (case (b) of Theorem 3.2) has been shown
more recently by Pumberger and Riviére in [37]. As far as we know the result for spherical
cross sections of 3-dimensional area minimizing cones was open so far. In both [10] and [37]
the proofs followed from inspecting White’s epiperimetric inequality, the key point of [46],
and showing that his argument can be suitably modified to handle the respective cases of
interest.

In [27] we have instead noticed that for general 2-dimensional currents the almost min-
imizing property of Definition 3.4 implies an epiperimetric-type inequality which can be
reduced to White’s statement via a simple compactness argument. This gives therefore a
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rather short and direct proof of the uniqueness of tangent cones in all possible “perturba-
tive cases”, together with a suitable rate of convergence which is in turn a fundamental
starting point of the proof of Theorem 3.2. In this section we explain these consequences
and give a rough outline of the contents of [27] and [46].

4.1. Uniqueness and irreducibility. The main theorem in [27] is then the following

Theorem 4.1 (Cf. [27, Theorem 0.2]). Assume T is a 2-dimensional integral almost
minimizer in R""? in the sense of Definition 3.4. Then for every p € spt(T) \ spt(9T)
there is a 2-dimensional integral area minimizing cone T, with 9T, = 0 such that T, , — T,
(in the sense of currents) as r | 0.

In fact the proof of Theorem 4.1 gives several additional pieces of information which turn
out to be rather useful: the most notable consequence is a rate of converge of T}, towards
the tangent cone. To state things more precisely, we introduce a suitable flat distance on
the space of integral currents. More precisely, for any given m-dimensional integral current
R in R™" (for which from now on we will use the abbreviation R € I,,,(R™*™)), we set

F(R) :=inf{M(Z) + M(W): Z €L, W € L1, Z + OW = R} .

Theorem 4.2 (Uniqueness of tangent cones for almost minimizers, cf. [27, Theorem 3.1]).
Let T € I,(R""2) be an almost minimizer and p € spt(T)\spt(0T). Then there is ayy > 0,
J 2-dim. distinct planes m;, each pair of which intersect only at 0, and J integers n; such
that, if we set S =), n;[m], then

F((Tpr — S)LBy) < Ciy 1™, (7)
dist (spt(TLB,(p)),spt(S)) < Cyqr' 0. (8)

Moreover, there are ¥ > 0 and J > 1 currents T7 € Iy(B(z)) such that

(i) 0TV B(p) = 0 and each T7 is an almost minimizer;
(il) TLBs(p) = >, T7 and spt(T;) Nspt(T3) = {p} for every i # j;
(iii) n;[m;] is the unique tangent cone to each T? at p.

Precise bounds for 7y can be written in terms of the exponent gy appearing in the almost
minimizing condition and of the density ©(T,z) (which in turn equals »_;n;). A rather
elementary consequence of Theorem 4.2(ii) is that each “piece” T} is in fact area minimizing,
semicalibrated or a spherical cross section of an area minimizing cone whenever the original
T is. This suggests the introduction of a suitable “irreducibility concept”, which simplifies
certain technical aspects in both the statements and the proofs of our main theorems

Definition 4.3 (Irreducibility, cf. [24, Definition 1.2(iii)]). A current T is irreducible in
any neighborhood U of p € spt(T') \ spt(97") with respect to the point p if it is not possible
to find S, Z non-zero integer rectifiable currents in U with 0S =0Z =0 (inU), T = S+Z
and spt(S) Nspt(Z) = {p}.

It is rather easy to see that any almost-minimizing current can be decomposed into
irreducible pieces and in fact for the purpose of the regularity theory we can assume, in all
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our cases, that the current in question is irreducible in any neighborhood of p with respect
to p. More precisely, Theorem 3.2 can be reduced to the following statement:

Theorem 4.4. Let X be a C3° submanifold of R**™ and w a C*° semicalibration, where
go > 0. Let T be a 2-dimensional integral current and p € Sing(T') a point with respect
to which T 1s irreducible in any neighborhood. If in addition one of the following three
conditions holds, then p is necessarily an isolated singularity:

(a) T is area minimizing in 3;

(b) spt(T) C X =R"*2 and T is semicalibrated by w;

(c) spt(T) C X = 0BRr(p) and px T is area minimizing in R**".

An obvious consequence of the assumptions of Theorem 4.4 is that the tangent cones S
as in Theorem 4.2 is necessarily the multiple of a single plane.

Corollary 4.5. Assume T and p are as in Theorem 4.4. Then the unique tangent cone S
to T at p has the form Q [mo] for some 2-dimensional plane wy and some Q@ € N\ {0}.

4.2. White’s epiperimetric inequality. As already mentioned, the key ingredient in the
proof of Theorem 4.2 is a suitable generalization of White’s epiperimetric inequality [46].
To explain the concept of “epiperimetric inequality”, consider an area minimizing integral
current 7" without boundary in 0B;(0) and let Z be its spherical slice: Z := 9(T'LB;(0)).
The cone 0% Z over Z is then a competitor for the minimality property of T" and we have
the obvious estimate

I711(B1(0)) < [|0% Z[|(B1(0)) - (9)

The latter inequality leads then directly to the well-known monotonicity formula. Assume
next that 7" is in the proximity of a cone S, for instance a tangent cone Ty to 7" at 0, which
therefore has less mass then T'. The following would then be an improvement of the crude
estimate (9) if ¢ > 0

I71(B1(0)) < (1 =2)[[0x Z|[(B1(0)) + £[|To[|(B1(0)) -

A key observation of Reifenberg in his pioneering work [38] is that such an improvement
would then imply a power-law (in ) convergence of Tj . to Ty (and thus also the uniqueness
of the tangent cone to T" at 0).

It is known from the work of Adams and Simon, see [1], that we cannot expect an
epiperimetric inequality to hold for general area minimizing currents. However, such an
inequality always holds in the 2-dimensional case: this is essentially the content of White’s
work [46], which we summarize in the following proposition (although the literal statement
is not present in [46]).

Lemma 4.6. Let S € I,(R""?) be an area minimizing cone. There exists a constant €13 > 0
with the following property. If R := 0(SLBy) and Z € 1,(0B,) is a cycle with
(1) ~F(Z — R) < €13,
(i) M(Z) = M(R) < 13,
(iii) dist(spt(Z),spt(R)) < €13,
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then there exists H € I5(By) such that 0H = Z and
[H[(B1) < (1 —e13)[|0x Z[|(By) + &13]|5]|(By) -

The paper [27] contains indeed a derivation of Lemma 4.6 which differs from that of
White in [46] in a minor technical point. First following [46] the lemma is reduced to the
case where Z is a curve “winding” @) times in the proximity of a circle R: the main idea
of [46] is then to first parametrize such a curve over [0,27Q)] as (cos@,sinf, f(sinf)) €
R x R x R™ for a 27() periodic f: if the system of coordinates is chosen appropriately, a
harmonic-like extension of f yields the desired surface (current) H (in fact such harmonic
extension is what we describe in Section 8.2 as a centered harmonic extension of a multiple
valued map). In particular it suffices to choose the system of coordinates so that the Fourier
modes v cos § +w sin 6 in the Fourier decomposition of f are not too large compared to the
whole f. White in [46] achieves the existence of such coordinates via an implicit function
theorem, whereas in [27] we point out that it suffices to solve an elementary minimum
problem.

The main contribution of [27] is instead the observation that an inequality as in Lemma
4.6 can be derived in the almost minimizing case directly from Lemma 4.6, via a standard
contradiction argument. More precisely we have

Proposition 4.7 (Cf. [27, Proposition 3.4]). Let S € Io(R™"*2) be an area minimizing cone.
For every Cio > 0 there exists a constant €11 > 0, depending only on the constants Cy; and
ag of Definition 3.4 and upon S, with the following property. Assume that T € To(R™"*?) is
an almost minimizer with 0 € spt(T') and set T, := (10,,)4T. If r is a positive number with

e 0 <27 < min{27'dist(0, spt(9T)), 2e11 },

o F((Tyy — S)LBy) < 2¢yy, [|T|(By,) < Char?

e and O(T_B,) € I;(R""2),
then

IT[[(B1) < (1 = €12) [0 O(T:. L B1)|(B1) + €12 S[[(By) + 7. (10)

¢ depends only on Cyi, oy and ©(0,S) and €12 > 0 is any number smaller than some
€ > 0, which also depends on Coy, o and ©(0,5). Moreover ¢ depends linearly on Cyy. In
particular, if T is as in Theorem 4.4, then oy = 1 and: ¢ depends linearly on A = || As||so
in case (a), it depends linearly on = ||dw||s in case (b) and it equals CoR™ for some
geometric constant Cy in case (c).

From this proposition it is then relatively straightforward to infer Theorem 4.2 (again
the proof is a minor adaptation of [46]).

5. THE CLASSICAL £-REGULARITY THEOREM

The first breakthrough in the regularity theory of area minimizing currents is due to De
Giorgi: he realized in his fundamental work [13] that in codimension 1 the existence of
one flat tangent plane at p is enough to conclude that p is a regular point. His theorem
was then extended to any codimension by Almgren in [3] (see also [42]) under an impor-
tant assumption on the density which we will discuss extensively in a moment (indeed the
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latter theorem can be suitably generalized to Hilbert spaces, cf. [6]). In fact Almgren’s
statement covers many more geometric functionals, which satisfy an appropriate ellipticity
assumption. In the framework of minimal (i.e. only stationary) surfaces the most impor-
tant generalization of De Giorgi’s e-regularity theorem is due to Allard in [2] (cf. also [43,
Chapter 4] and [15]): his theorem, valid for a far reaching generalization of classical sta-
tionary surfaces (namely integer rectifiable varifolds with sufficiently summable generalized
mean curvature) is the starting point of a variety of applications of the minimal surface
theory to geometric and topological problems.

We will recall the De Giorgi-Almgren e-regularity theorem in all dimensions and codi-
mensions, after introducing the key parameter of “flatness”

Definition 5.1 (Spherical excess). Let T be an integer rectifiable m-dimensional current
and 7 be an m-dimensional plane, oriented by the unit simple m-vector 7. The (spherical)
excess of T' in the ball B,(p) with respect to 7 is the quantity

1 = —
E(T,B,(p), 7) := m/ T (x) — 7*d|| T (x). (11)
WP B,(p)
The excess in B,(p) is
E(T,B,(p)) :== min{E(T,B,(p), ) : 7 is an oriented m-plane} . (12)

If 7 achieves the minimum in the right hand side of (12) we then say that m optimizes the
excess.

Since we will often deal with m-dimensional balls in m-dimensional planes 7, we intro-
duce here the notation B, (p, 7) for the set B,(p) N (p + 7).

Theorem 5.2 (e-regularity). Let T be an m-dimensional integer rectifiable area minimizing
current in a C? submanifold ¥ of dimension m + fi. There are constants o > 0, € > 0
and C, depending only upon m and n, such that the following holds. Assume that for some
p > 0 and some m-dimensional plane ™ we have

) OTL By, (p) = 0;
) O(T,p) =Q and © = Q ||T||-a.e. on By,(p), for some positive integer Q;
) IT1(Bay(p)) < (@i + 2)(29)"
(d) E:=E(T,By,(p),7) < € and pA := pmaxsnp,, ) |As| < c.
Then TLB,(p) = QI for a surface T' which is the graph of a suitable C** function
u: B.(p,m) — mt. Moreover [Du)o < C(E'? + pA)p~®

(a
(b
(c

The essential point in the proof of Theorem 5.2 is that, under the above assumptions,
the current T is close to the graph of an harmonic function v and hence the excess in a ball
is close to the L? mean oscillation of the gradient of Duv: since the latter quantity has nice
decay properties for harmonic functions, it is possible to show that the spherical excess of
T decays suitably. We do not discuss this point further and we instead refer the reader
to the surveys [16, 17], where a rather detailed description is given. We only point out
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that the exponent a can be made arbitrarily close to 1, namely that, for any fixed positive
0 > 0, if ¢ is chosen suitably small then under the Assumptions of Theorem 5.2 we have

E(T.B,(p)) < 2**E(T. By (p)) (13)

The Holder exponent of the conclusion in Theorem 5.2 will then equal 1 — §.

5.1. The e-regularity theory in codimension 1. It is rather simple to see that the
conditions (a), (¢) and (d) will be met at a sufficiently small radius p as soon as p €
spt(7T) \ spt(0T') and there is at least one flat tangent cone at p. It seems therefore that
we are in a wonderful position in the case of 2-dimensional area minimizing currents where
we have reduced our attention to points where the tangent cone is flat and even unique.
However condition (b) makes the story much harder and indeed discriminates severely
between the codimension 1 case (7 = 1) and the higher codimensions. The structure of
integral currents 7' in codimension 1, more precisely the fact that they can be regarded,
away from spt(9T), as boundaries of sets, allows to show, via a coarea-type formula and
elementary PDE considerations, that the condition (b) is in fact redundant, see [17] for a
thorough discussion. More precisely we have the following

Corollary 5.3. If T is an area minimizing current of dimension m in a C? submanifold
Y2 of dimension m + 1, then any point p at which there is a flat tangent cone is a reqular
point.

In fact, for the sake of our future discussions we stress on an equivalent way to state the
e-regularity theory in codimension 1, underlying that “singularities persist in the limit”:
we will see later that this persistence can be seen as the major difference between the
codimension 1 and the higher codimension.

Proposition 5.4 (Persistence of singularities in codimension 1). Let 3 be a sequence
of C? submanifolds of R™™ of dimension m + n which converge in C? to X and let Ty,
be a sequence of integer rectifiable area minimizing currents in Xy of dimension m with
sup, M(Ty) < oo. Assume that 0T, = 0 on some open set Q0 and that Ty .Q — T. If
pr € Sing(Ty) and pr, — p € Q, then p € Sing(T).

In the next section we will discuss why the conclusion of the e-regularity theorem fails in
higher codimension if we drop assumption (b) and we will in fact see that both Corollary
5.3 and Proposition 5.4 fail in codimension higher than 1.

6. HOLOMORPHIC CURVES AND BRANCHING POINTS

We start by recalling that holomorphic subvarieties of C**/, namely zeros of holomorphic
maps u : C¥*7 — C7 (k and j being, respectively, the complex dimension and codimension
of the variety) can be given a natural orientation. In what follows we identify C**/ with
R?*27 in the usual way: if z1, ..., 2x4; are complex coordinates and z; = Re z;, y; = Im z;,
we let 1,1, ..., %kij, Yes; be the standard coordinates of R?**™2. Recall then that an
holomorphic subvariety T' of C¥/ of complex dimension k is a (real analytic) submanifold
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of R?+27\ Sing(T") of (real) dimension m = 2k, where Sing(I") is an holomorphic subvariety
of complex dimension £ — 1.

Furthermore, at each point p € I' \ Sing(I'), the (real) tangent 2k-dim. plane 7,I" can
be identified with a complex k-dimensional plane of C™. If vy, ..., v; is a complex basis of
T,I', we can then define a canonical orientation for 7,I" using the simple 2k-vector

Revi AImuvy A ... ARev, Almuy, .

This allows us to define the current [I'] by integrating forms over the oriented submanifold
[\ Sing(T"). It is also easy to check that O [I'] = 0, the reason being that the “singular
set” Sing(T) is a set of (locally) finite H2*~2 measure.

The discussion can be “localized” to holomorphic subvarieties in open subsets Q of CK*J
(and more generally in complex hermitian manifolds). Note also that, if €’ is a bounded
open subset of the domain € where I' is defined, then [I'] has finite mass in €’ and it is thus
an integer rectifiable current. The following fundamental observation is due to Federer and
is based on a classical computation of Wirtinger ([47]).

Theorem 6.1 (Federer, cf. [29, Section 5.4.19]). Consider standard coordinates z, =
2y +iyp in C*I | let w be the standard Kdhler form

w = dxy Ndys +dxo Ndys + ...+ dxpy; N dypej
and denote by v its k-th exterior power divided by k!:

v=—wA...\w.
k! ~——
k times
Then v is a calibration in R?***2 and it calibrates holomorphic subvarities of CF+J.
Hence, for every finite collection I'y, ... Ty of holomorphic subvarities of complex dimen-
sion k in Q C CFJ = R¥**2 and for every finite collection ki, ..., kx of positive integers,
the current T :=ky [I1] + ... + kn [['n] is area minimizing in .

Indeed the above theorem holds in general Kéhler manifolds, cf. [29, 5.4.19]. In the rest
of this section we will use holomorphic curves to gain an inutition on the many difficulties
that one has to face to prove Theorem 4.4.

6.1. Singularities disappear. Theorem 6.1 has very deep consequences in the regularity
theory for area minimizing currents in codimension higher than 1. Holomorphic subvarieties
give easy counterexamples to Corollary 5.3 when 7 > 1: assumption (b) in Theorem 5.2 is
absolutely crucial in this case. As a byproduct even Proposition 5.4 fails and singularities
might disappear in the limit when we deal with sequences of area minimizing currents in
codimension higher than 1: one core difficulty in the proof of Theorem 4.4 is precisely
this phenomenon of “disappearance of singularities”. We illustrate these points with three
explicit examples.

Example 6.2. Let 6 > 0 be a small number and consider the holomorphic curve

[s5:= {(z,w) € C*: 2% = dw}
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and the plane

7 :={(z,w) € C*: z = 0}. (14)
There is no neighborhood of 0 where I's is the graph of a function z = f(w), in spite of the
fact that E([I's],B1(0), ) converges to 0 as § | 0. In fact the conclusion of Theorem 5.2
does not apply: although each I's is smooth and it is graphical in B,(0) for any p, there is
no uniform control of the C'1® norm of the graph in terms of the excess. Observe that the
I's do not satisfy the condition (c) in Theorem 5.2, although they satisfy (a), (b) and (d).
This is however a minor problem: by the monotonicity formula, we do know that (c) holds
for a sufficiently small ball B,(0): at that scale we will be able to apply Theorem 5.2 and
conclude regularity and graphicality with respect to the plane 7.

Example 6.3. The following holomorphic curve is instead much more problematic:
[:={(z,w) € C*: 2* = w’}.
The origin belongs to Sing([I']). On the other hand:

e The unique tangent cone at 0 is given by 2 [x] for 7 as in (14).
e The density of [I'] equals 2 at 0;

lriﬁ)lE([[F]] ,B,(0),7)=0.

Therefore:

e Corollary 5.3 is false for 2-dimensional area minimizing currents in R*: T' is singular
at the origin in spite of the existence of a flat tangent cone there.

e Again Theorem 5.2 does not apply in any ball By,(0). Note however that the only
missing assumption is (b): the density ©([I'],p) equals 1 at every point p € I'\ {0}
and equals 2 at p = 0.

e Proposition 5.4 fails for 2-dimensional area minimizing currents in R*. Indeed 0 is
a singular point for [I'];, for every positive r. On the other hand [I'],, — 2[x]
and thus 0 is not a singular point of the limit: the singularity “has disappeared”.

Example 6.4. Consider next the holomorphic curve
== {(z,w) € C*: (z — w?)* = w?}.

All the considerations valid for the holomorphic curve I' of Example 6.3 are also valid for =.
= does not add much for the moment to our discussion, but it will play a crucial role later:
observe that 0 is a singular point in spite of the fact that = is an almost imperceptible
perturbation of the smooth current 2 [{z = w?}]. In fact consider the variant

2= {(z,w) € C*: (z — w?h(w))? = w?}.

If we want to capture the singular behavior {z? = w5} via an anisotropic scaling of
type w — %, 2 — —55, then we should find a way of removing all the terms apw® with
k <1006 in the Taylor expansion of h at 0.

We will call “construction of a center manifold” the procedure which, roughly speaking,
given a rather general current as in Theorem 4.4 and a singular point, identifies this
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particular smooth function which must be “removed” in order to capture the singular
behavior via an anisotropic scaling.

6.2. Main singularity models. Much more complicated examples can be constructed
iterating the structure of the previous one. More precisely, consider a sequence of integers

{Q1,...,Qn} C N\ {0,1} such that

D1 D2 PN
1< < — < << =
P00 T Qs Q... Qn
and MCD(p;, Q1 -...-Q;) =1. We can then construct the holomorphic curve
A={(zw): ((...((= - wPo)9r — P1)@2 )@ PN )@V — wh} (15)

_Z

If we “zoom” into the signularity and rescale anisotropically the two coordinates as z — -,

w — %, the corresponding sequence of currents converge to

Q... Qn[{z=w"}] .
If we could first “subtract” this regular part and then zoom again, this time rescaling
2+ rP/Q1 2 we would see in the limit the current

QQ-...-QN[[Zlewpl}]] ,

which is a “simple” branching singularity as in Example 6.3. However this is not the end
of the story, if we could “mod out” this branching at the next step and rescale the z
coordinate according to z — rP2/(@1@2) 7 we would see a “finer branching”, that is

Qs ... Qu [(99 =w]

this second branching winds )5 times around the singularity for each “turn” which is taken
by the first branching.

If we proceed further we can expand the singular behavior of A into a hierarchy of
N layered basic “singular blocks”. Note moreover that the currents [A] in (15) do not
really display the most general behavior. In particular we could perturb each block w? by
multiplying it with an holomorphic function h;(w) subject to the requirement h;(0) # 0.
That is, at the first step rather then removing w?° it might be that we have to remove a
polynomial of type agw?® + a;wPo! + ... apwPo*, where k is the largest integer such that
po+ k< %. Similarly at the second step we might need to remove a polynomial of type
bowP' + ...+ bwP ™" this time & is the largest integer such that plQ—t“ < ﬁ.

The object which must be “removed” at each stage of this analysis in order to capture the
finer singular behavior is called “branched center manifold”. The example just described

will serve as a guiding model for illustrating the proof of Theorem 4.4.

7. MULTIPLE VALUED FUNCTIONS

As it is rather clear from the examples of the previous section, we cannot hope that
a current with small excess around a certain point p in codimension n > 1 can be well
approximated by a the graph of a single-valued function. We could instead hope that there
is an approximation with a multivalued graph. Note also that, if the multiplicity at the
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point p is an integer (), it seems reasonable to expect that the corresponding approximating
map takes at most () values.

This discussion motivates the starting idea of Almgren’s monograph: in order to proceed
towards a good dimensional bound for the singular set of area minimizing currents in
codimension higher than 1 we need to develop an efficient theory for “multiple valued
functions” minimizing a suitable generalization of the Dirichlet energy, where we can (and
we will) consider the multiplicity to be a constant preassigned positive integer Q).

7.1. The metric space of unordered ()-tuples. The obvious model case to keep in
mind is the following. Given two integers k, Q with MCD(k, Q) = 1, look at the set valued
map which assigns to each point z € C the set M(z) := {w* : w? = 2z} € C. Obviously for
each z we can choose some arbitrary ordering {u,(z),...,ug(z)} of the elements of the set
M (z). However, it is not possible to do it in such a way that the resulting “selection maps”
2+ u'(z) are continuous: even at the local level, this is impossible in every neighborhood
of the origin.

Our example motivates the following definition. Given an integer () we define a )-valued
map from a set £ C R™ into R™ as a function which to each point z € F associates an
unordered @)-tuple of vectors in R™. Following Almgren, we consider the group g of
permutations of @) elements and we let Ag(R™) be the set (R")? modulo the equivalence
relation

(Ul,...,UQ)E(Uﬂ-(l),...,’vﬂ(Q)) Vme 7.
Hence a multiple valued map is simply a map taking values in Ag(R™). There is a fairly
efficient formulation of this definition which will play a pivotal role in our discussion,

because the set Ag(R") can be naturally identified with a subset of the set of measures
(cf. [4] and [19, Definition 0.1]).

Definition 7.1 (Unordered Q-tuples). Denote by [P;] the Dirac mass in P; € R™. Then,

Q
Ag(R") := {Z[[R]] : P, € R" for every i = 1,...,@} .

=1

Observe that with this definition each element of Ag(R") is in fact a 0-dimensional
integral current. This set has also a natural metric structure; cf. [4] and [19, Definition
0.2] (the experts will recognize the well-known Wasserstein 2-distance, cf. [45]).

Definition 7.2. For every 11,7, € Ag(R™), with 71 = ), [P;] and T = >, [Si], we set

2
T1,15) = i P, — Al 1
g( 1, 2) ggg}g \/Z‘ 7 Sa(z)‘ ( 6)
Remark 7.3. Since we will often need to compute G(7,Q [0]) we introduce the special
notation |7'| for the latter quantity. Observe, however, that Ag(R") is not a linear space
except for the special case @) = 1: the map 7' — |T'| is not a norm.
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7.2. (Q-valued maps. Using the metric structure on Ag(R") one defines obviously mea-
surable, Lipschitz and Holder maps from subsets of R™ into Ag(R™). One important point
to be made is about the existence of “selections”. A selection for a Q)-valued function u is
given by @ classical single valued functions u, ..., uq such that u(x) = 2?:1 [u;(z)], cf.
[19, Definition 1.1]. If the u; are measurable, continuous, Lipschitz, etc. the selection will
be called measurable, continuous, Lipschitz, etc. It is rather easy to show that a measur-
able selection exists for any measurable u, cf. [19, Proposition 0.4]. Incidentally, this will
be used repeatedly as we write
Z [wi]

for any given measurable ()-valued map wu, tacitly assuming to have chosen some measurable
selection.

However continuous maps (resp. Sobolev, Lipschitz) do not possess in general selections
which are continuous (resp. Sobolev, Lipschitz): the primary examples are the maps
stemming from holomorphic subvarieties already discussed at length. If, however, they do,
the corresponding selection will be called regular. Only maps defined on 1-dimensional
intervals are a notable exception, since they always have regular selections: this fact plays
a crucial role when the domain of the maps is 2-dimensional and we will come back to it
later.

7.3. The generalized Dirichlet energy: geometric definitions. If we want to ap-
proximate area minimizing currents with multiple valued functions and “linearize” the
area functional in the spirit of De Giorgi, we need to define a suitable concept of Dirich-
let energy. We will now show how this can be done naturally, proposing three different
approaches.

Consider the model case of @ = 2 and assume u : Q@ — Ay(R") is a Lipschitz map. If,
at some point z, u(x) = [P1] 4+ [FP2] is “genuinely 2-valued”, i.e. P, # P», then there exist
obviously a ball B,(z) C 2 and a regular (Lipschitz) selection, namely Lipschitz classical
maps uy, us : B.(xr) — R" such that u(y) = [ui(y)] + [ua(y)] for every y € B,(z). On
the other hand on the closed set where the values of u are “collapsed” we can find a single
Lipschitz map v such that v = 2 [v]. It is easy to generalize this to the )-valued case and
to maps defined on a manifold >:

Lemma 7.4 (Decomposition, cf. [20, Lemma 1.1)). Let M C ¥ be measurable and F :
M — Ag(R™) Lipschitz. Then there are a countable partition of M in bounded measurable

subsets M; (i € N) and Lipschitz functions f : M; = R" (j € {1,...,Q}) such that

() Flu, = Z?Zl [[ff]] for every i € N and Lip(fg) < Lip(F) Vj,j,'
(b) Vie N and j,7" € {1,...,Q}, either f] = ff, or fl(x) # fij,(:v) YV € M;.

The Dirichlet energy can be defined for Lipschitz maps F' as above by

Dir(F, ) :Z/M IDfI?. (17)
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W12 maps and their Dirichlet energy can then be defined by relaxation: assuming that
Q is open W'2(Q, Ag(R™)) consists of those measurable maps v : Q — Ag(R") for which
there is a sequence of Lipschitz maps u, converging to v a.e. and enjoying a uniform bound
Dir(Q, u) < C. The Dirichlet energy Dir(£2, v) is the infimum of all constants C' for which
there is a sequence with the properties above.

Another possible definition of the Dirichlet energy follows more closely Almgren’s original
idea: for ()-valued maps we can introduce a notion of differentiability in the following way

Definition 7.5 (Q-valued differential, cf. [19, Definition 1.9]). Let f : Q@ — Ag and
o € 2. We say that f is differentiable at xq if there exist ) matrices L; satisfying:

(i) G(f(x), Tpof) = 0|z — :U0|) where
Tng Z [[L I — Io + fz(l’(])]] (18)

The @-valued map T, f will be called the first-order approzimation of f at xy. The point
> [Li] € Ag(R™™) will be called the differential of f at z( and is denoted by D f(zo).

A Rademacher’s type theorem shows that Lipschitz ()-valued maps are differentiable
almost everywhere and that the Dirichlet energy defined above corresponds to the integral
of |IDf| = G(Df,Q[0]) (our notation is consistent, cf. Remark 7.3). The proof is in fact
a straightforward corollary of Lemma 7.4 and elementary measure theory.

Proposition 7.6 (Q-valued Rademacher, cf. [19, Theorem 1.13] and [20, Lemma 1.1]).
Let f: Q0 = Ag be a Lipschitz function. Then, f is differentiable almost everywhere in )
and

Dir(f, Q) = /Q Y

where the left hand side is understood in the sense of (17). In particular the expression in
(17) is independent of the decomposition given by Lemma 7.4.

Almgren’s definition of Sobolev map does not follow, however, a “relaxation procedure”
but uses the (biLipschitz) embedding of Ag(R") in a large Euclidean space, see below.

7.4. W'? and the generalized Dirichlet energy: metric analysis definition. Al-
though the definition above is certainly very natural and gives a good geometric intuition
for the Dirichlet energy, it turns out that it is rather complicated to work with it, in partic-
ular if one wants to recover the usual statements of the Sobolev space theory for classical
functions.

Instead, a rather efficient way to achieve such statements is to rely on a more abstract
definition of Dirichlet energy and Sobolev functions, as proposed in [19]. A very general
theory has been developed in the literature for Sobolev maps taking values in abstract
metric spaces, following the pioneering works of Ambrosio [5] and Reshetnyak [40, 39].
The careful reader will notice, however, that there is a crucial difference between the
definition of Dirichlet energy in [40] and the one given below.
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Definition 7.7 (Sobolev @Q-valued functions, cf. [19, Definition 0.5]). A measurable f :
Q — Ag is in the Sobolev class WP (1 < p < 00) if there exist m functions ¢; € LP(Q; R™)
such that

(i) x = G(f(z), T) e W»(Q) for all T € Ag;

(i) 10;G(f,T)| < p; ace. in Q for all T € Ag and for all j € {1,...,m}.

It is not difficult to show the existence of minimal functions ¢; fulfilling (ii), i.e. such
that, for any other ¢; satisfying (ii), ¢; < ¢, a.e. (cf. [19, Proposition 4.2]). Such “minimal
bounds” will be denoted by |0; f| and we note that they are characterized by the following
property (see again [19, Proposition 4.2]): for every countable dense subset {7} }ien of Ag
and for every j =1,...,m,

|0;f| = sup|0;G(f,T;)|] almost everywhere in . (19)
ieN

We are now ready to give an abstract characterization of the Dirichlet energy.

Proposition 7.8 (Cf. [19, Proposition 2.17]). If u € W%2 is Lipschitz then
Ojul(2) = Y [Duilx) - ¢ (20)

at a.e. point x of differentiability of u, where Y, [Du;(x)] is the Q-valued differential in
the sense of Definition 7.5 and |0;u| is as in (19).

The main feature of the above proposition is that essentially all the conclusions of the
usual Sobolev space theory for single valued functions can be now reduced to routine modifi-
cations of the usual arguments: among them we mention Sobolev and Morrey embeddings,
compact embeddings, Poincaré inequalities, semicontinuity results, trace properties (cf.
[19, Chapter 4]).

We list here some of these facts and refer to [19] for their proof.

Definition 7.9 (Trace of Sobolev Q-functions). Let 2 C R™ be a Lipschitz bounded open
set and f € W'P(Q, Ag). A function g belonging to LP(992, Ag) is said to be the trace
of f at 02 (and we denote it by f|oq) if, for every T € Ag, the trace of the real-valued
Sobolev function G(f,T') coincides with G(g,T').

Definition 7.10 (Weak convergence). Let f, f € WP(Q, Ag). We say that fj, converges
weakly to f for k — oo, (and we write f, — f) in W'P(Q, Ag), if

1) [G(fx, [)P — 0, for k — oc;

(ii) there exists a constant C' such that [|Dfi|P < C < oo for every k.

Proposition 7.11 (Weak sequential closure). Let f € W'P(Q, Ag). Then, there is a
unique function g € LP(02, Ag) such that floq = g in the sense of Definition 7.9. More-
over, flaa = g if and only if G(f,T)|oa = G(g,T)|aq for every T in the usual sense, and
the set of mappings

W;’Z(Q,AQ) ={feW"(Q,Aq) : floa =g} (21)

is sequentially weakly closed in W12,
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Proposition 7.12 (Sobolev Embeddings). The following embeddings hold:
(i) if p < m, then W'P(Q, Ag) C LY, Ag) for every q € [1,p*], and the inclusion is
compact when q < p*;
(i) if p = m, then W'P(Q, Ag) C L1(Q, Ag), for every q € [1,4+00), with compact
mclusion;
(¢ii) if p > m, then WP(Q, Ag) C C**(Q, Ag), fora=1— =, with compact inclusion.

Proposition 7.13 (Poincaré inequality). Let M be a connected bounded Lipschitz open
set of an m-dimensional Riemannian manifold and let p < m. There exists a constant
C = C(p,m,n,Q, M) with the following property: for every f € WYP(M, Ag), there exists
a point f € Ag such that

1

(Lgﬁjf)w§0<éﬁaw>é (22)

Proposition 7.14 (Campanato-Morrey). Let f € W'2(By, Ag), with By C R™, and
€ (0,1] be such that

/ |IDf|> < Ar™ 2% for every y € By and a.e. v €]0,1 — |y|[.
Br(y)

Then, for every 0 < § < 1, there is a constant C' = C'(m,n,Q, ) with
sup Q(f(x), f(y)) _ [f]COa < C\/_ (23)

x,yEBs |$ - y|

Lemma 7.15 (Interpolation Lemma). There is a constant C = C(m,n, Q) with the fol-
lowing property. Let r >0, g € W'2(9B,, Ag) and f € W"*(8B,1_.), Ag). Then, there
exists h € WY2(B, \ By1—e), Ag) such that hlgp, = g, hop,,_., = f and

Dir(h, B, \ Byi--)) < Cer [Dir(g,0B,) + Dir(f,0B,1-¢))]+

o GG, (- ()
€T Jom,

7.5. Lipschitz approximation and approximate differentiability. An important fea-
ture of classical Sobolev maps is the existence of suitable smooth approximations. Since
the space Ag(R") is itself rather singular and lacks any linear structure, the usual ap-
proximation results are indeed much more subtle. However a robust way to approximate
Sobolev maps is to “truncate them” along the level sets of the Hardy-Littlewood maximal
function of the modulus of their gradient. This is possible in the setting of ()-valued maps
as well and will play a crucial role in the sequel.

Proposition 7.16 (Lipschitz approximation, cf. [19, Proposition 4.4]). There ezists a
constant C' = C(m,Q, Q) with the following property. For every f € WP(Q, Ag) and
every A > 0, there exists a Q-function fy such that Lip (f)) < C A,

Bl=|{r e f@) # )] < DD (25)
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Q\ E\ can be assumed to contain {x € Q : M(|Df]) < A}, where M is the mazimal
function operator.

A simple corollary of the previous proposition is that Sobolev maps are “approximate
differentiable” in the following sense:

Definition 7.17 (Approximate Differentiability). A @-valued function f is approximately
differentiable in x if there exists a measurable subset Q0 C Q containing z, such that Q
has density 1 at xy and f|g is differentiable at .

Corollary 7.18. Any f € WHP(Q, Ag) is approzimately differentiable a.e.

7.6. Chain rule formulas: ()-valued calculus. The latter property is very useful to
extend classical computations like the chain rule to Sobolev maps. Indeed, it is rather
easy to extend such formulas to Lipschitz maps using the multivalued differentiability:
Proposition 7.16 can then be used to routinely justify the same formulas for general Sobolev
maps.

Consider a function f : Q — Ag(R™). For every ® : Q — Q, the right composition f o ®
defines a Q-valued function on Q. On the other hand, given a map U : Q x R” — R*, we
can consider the left composition, x — ). [¥(z, f;(x))], which defines a Q-valued function
denoted, with a slight abuse of notation, by ¥(x, f).

Proposition 7.19 (Chain rules, cf. [19, Proposition 1.12]). Let f : Q@ — Ag(R™) be
differentiable at x.

(i) Consider ® : Q — Q such that ®(yo) = ¢ and assume that ® is differentiable at
Yo. Then, fod is diﬁerentz’able at yo and

D(f o ®)( Z [Dfi(wo) - DB(yo)] - (26)

(ii) Consider ¥ : Q, x R — R* such that VU is differentiable at (x, fi(xo)) for everyi.
Then, V(z, f) is diﬁerentiable at xog and

DW(, f))( Z [Du¥ (o, fi(xo)) - Dfi(xo) + Da¥ (o, filo))] - (27)

7.7. Almgren’s extrinsic maps. The metric G on Ag(R") is “locally euclidean” at most
of the points. Consider for instance the model case Q = 2 and a point P = [P] + [P]
with P, # P,. Then, obviously, in a sufficiently small neighborhood of P, the metric space
Ay (R™) is isometric to the Euclidean space R?". This fails instead in any neighborhood of
a point of type P = 2[P;]. On the other hand, if we restrict our attention to the closed
subset {2 [X] : X € R"}, we obtain the metric structure of R™.

A remarkable observation of Almgren is that Ag(R™) is biLipschitz equivalent to a
deformation retract of the Euclidean space (cf. [4, Section 1.3]). For a simple presentation
of this fact we refer the reader to [19, Section 2.1].

Theorem 7.20 (Almgren’s embedding and retraction). There ezists N = N(Q,n) and an
injective € : Ag(R™) — RY such that:
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(¢) Lip(§) < 1;
(#1) if Q= &(Ag), then Lip(§ ') < C(n,Q).

Moreover there exists a Lipschitz map p : RN — Q which is the identity on Q.

In fact much more can be said: the set Q is a cone and a polytope. On each separate
face of the polytope the metric structure induced by G is euclidean, essentially for the
reasons outlined a few paragraphs above (cf. again [4, Section 1.3] or [23, Section 6.1]). A
simple, yet important, observation of White is that the map & can be easily constructed
so that the Dirichlet energy of & o u (as clssical Euclidean map) coincides with that of u
(as multivalued map) for any u € W2,

Sobolev maps were initially defined by Almgren using the map & With this artifact
a lot of the theory outlined in the previous paragraphs can be recovered from the usual
(single valued) theory using the maps & and p. Presently such maps could be avoided for
essentially all the arguments. However a more complicated version of the map p will play
a rather important role at a certain point later. As already mentioned, for () > 1 the space
Ag(R™) is not linear and we cannot regularize ()-valued maps by convolution. Nonetheless
we will need a way to smooth W12 maps suitably with a procedure which retains some
of the basic estimates available for convolutions with a standard mollifier (in particular
when computing the energy of the regularizations). A possible approach is to smooth the
euclidean map &€ o u and then “project” it back onto Q using p. However, projecting back
might be rather costly in terms of the energy since the Lipschitz constant of p is indeed
rather far from 1.

To bypass this problem, we follow Almgren and prove the existence of “almost” pro-
jections, denoted by pj, which are (1 + p)-Lipschitz in the §-neighborhood of £(Ag(R™)).
These maps cannot be the identity on Q, but they are at a uniform distance n from it.
Almgren’s original proof is rather complicated. In [23, Proposition 6.2] we have proposed
a different proof which uses heavily Kirszbraun’s extension theorem and seems to yield
a better estimate of ¢ and 7 in terms of § (in particular in the version of [23] these are
suitable positive powers of §).

Proposition 7.21 (Almost projection, cf. [23, Proposition 6.2]). For everyn,@ € N\ {0}
there are geometric constants oy, C' > 0 with the following property. For every ¢ €]0, do|
there is pf : RN@M 5 Q = ¢(Ag(R™)) such that |p5(P) — P| < C'6* " for all P € Q
and, for every u € W12(Q,RY), the following holds:

/|D(p§ou)l2 < (1+058‘”Q‘1)/ |Dul*+C |Dul?. (28)
{dist (1,Q)<670+1} {dist(u,Q)>57 1}

8. Dir-MINIMIZERS AND THEIR REGULARITY IN 2 DIMENSIONS

We are now ready to state the main results in the theory of Dir-minimizing maps. In
what follows, 2 is always assumed to be a bounded open set with a sufficiently regular
boundary.
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Theorem 8.1 (Existence for the Dirichlet Problem, cf. [19, Theorem 0.8]). Let g €
Wh2(Q; Ag). Then there exists a Dir-minimizing f € WH(Q; Ag) such that flaq = gloa-

Theorem 8.2 (Hoélder regularity, cf. [19, Theorem 0.9]). There is a positive constant
a = a(m,Q) with the following property. If f € W'%(Q; Ag) is Dir-minimizing, then
f e C% () for every ¥ CC Q C R™. For two-dimensional domains, we have the explicit
constant «(2,Q) = 1/Q.

For the second regularity theorem we need the definition of the singular set of f.

Definition 8.3 (Regular and singular points, cf. [19, Definition 0.10]). A Dir-minimizing
f is regular at a point x € € if there exists a neighborhood B of x and ) analytic functions
fi - B — R™ such that

fly) = Z 1fi(v)] for every y € B (29)

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

Theorem 8.4 (Estimate of the singular set, cf. [19, Theorem 0.11]). Let f be Dir-
minimizing. Then, the singular set Sing(f) is relatively closed in Q. Moreover, if m = 2,
then Sing(f) is at most countable, and if m > 3, then the Hausdorff dimension of Sing(f)
15 at most m — 2.

Note in particular the striking similarity between the estimate of the size of the singular
set in the case of multiple valued Dir-minimizers and in that of area minimizing currents. It
will be discussed later that, even in the case of Dir-minimizers, there are singular solutions
(which are no better than Hélder continuous).

Complete and self-contained proofs of these theorems can be found in [19]. The key tool
for the estimate of the dimension of the singular set is the celebrated frequency function
(cp. with [19, Section 3.4]), which has been indeed used in a variety of different contexts in
the theory of unique continuation of elliptic partial differential equations (see for instance
the papers [32], [33]). This is the central tool of our proofs as well. However, our arguments
manage much more efficiently the technical intricacies of the problem and some aspects of
the theory are developed in further details. For instance, we present in [19, Section 3.1] the
Euler-Lagrange conditions derived from first variations in a rather general form. This is
to our knowledge the first time that these conditions appear somewhere in this generality.

Largely following ideas of [10] and of White, we improved the second regularity theorem
to the following optimal statement for planar maps.

Theorem 8.5 (Improved 2-dimensional estimate, cf. [19, Theorem 0.12]). Let f be Dir-
minimizing and m = 2. Then Sing(f) is discrete.

This result was announced in [10]. However, to our knowledge the proof has never
appeared before [19]. We will discuss the proof of Theorem 8.2 in the case m = 2 and that
of Theorem 8.5, since these are the two facts which are really relevant for this survey. For
Theorem 8.4 and Theorem 8.2 with m > 3 we refer instead to the survey article [17].
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8.1. Regular selections in 1 dimension. If the domain is a 1-dimensional interval con-
tinuous, Holder, Lipschitz and Sobolev multivalued maps have always correspondingly
regular selections: indeed there is a linear bound relating the regularity of the selection to
that of the initial map in all these cases. For the case of Sobolev and Lipschitz maps the
proof is very elementary, cf. [19, Proposition 1.2]. For continuous and Holder maps the
proof turns out to be much harder, cf. [4, Proposition 1.10] and the simpler (and more
general) approach of [18]. The latter approach has been extended in [36] to cover also a
large class of fractional Sobolev regularity.

We record here the 1-dimensional selection theorem which will be mostly needed in this
note. If I = [a,b] is a closed bounded interval of R we will denote by AC(I, Ag) the
space of absolutely continuous function in its classical meaning: f: I — Ag is absolutely
continuous if, for every € > 0, there exists 6 > 0 with the following property: for every
a§t1<t2<...<t2]\[§b,

Z(tzz — tgz‘_l) <9 1mp11es Z g(f(tgz), f(tgi_l)) < €.

Proposition 8.6 (Cf. [19, Proposition 1.2]). Let I = [a,b] C R and f € W'P(I, Ag) for
some p € [1,00]. Then,

(a) f € AC(I, Ag) and, moreover, f € C’O’l_%(I,AQ) forp>1;
(b) there exists a selection fi,..., fo € WYP(I,R™) of f such that |Df;| < |Df| almost
everywhere.

Proposition 8.6 cannot be extended to maps f € W'?(S!, Ag). For instance, identify
R? with the complex plane C and S! with the set {z € C : |z| = 1} and consider the map
f St = AQ(R?) given by f(2) = > _. [¢]. Then, f is Lipschitz (and hence belongs
to WP for every p) but it does not have a continuous selection. In the rest of the note
we will often use this identification of R? with complex plane and of S! with the unitary
complex numbers. Although Proposition 8.6 cannot be extended to maps over S, we will
use it to write any f € WHP(St Ag) into a superposition of “irreducible pieces” which
wind around the origin. This decomposition will play a fundamental role throughout the
rest of our discussions.

Definition 8.7. f € W'P(S, Ag) is called irreducible if there is no decomposition of f
into 2 simpler W? functions.
Proposition 8.8. For every Q-function g € W'P(S', Ag(R™)), there exists a decomposi-
tion g = Z;’:l lg;], where each g; is an irreducible W' map. A function g is irreducible
if and only if
(i) card(spt(g(2))) = Q for every z € S' and

(1) there exists a W' map h: S' — R™ with the property that f(z) = 3 o_, [M({)] -
Moreover, for every irreducible g, there are exactly QQ maps h fulfilling (ii).

The existence of an irreducible decomposition in the sense above is an obvious conse-

quence of the definition of irreducible maps. The interesting part of the proposition is the
characterization of the irreducible pieces, a direct corollary of Proposition 8.6.
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8.2. Centered harmonic extensions. The decomposition of g € WP(S!, Ag(R™)) in
irreducible pieces allows to define a major player in the regularity theory for 2-dimensional
area minimizing currents. For convenience, we introduce the symbol D for the unitary disk
of C centered at the origin (therefore, with our notation S! = 9D). Let g = Z;']:1 lg;] be a
decomposition into irreducible kj-functions as in Proposition 8.8. Consider, moreover, the
WP functions v; : S* — R™ “unrolling” the g; as in Proposition 8.8 (i):

gix) =Y )]

zi=x

We take the harmonic extension (; of 7, in D, and consider the k;-valued functions f;
obtained ‘“rolling” back the ¢;: fi(x) = x_, [G(2)]. If g € W2, then it is easy to check
that the Q-function f = 327, [£] is in W*(D). From now on such an f will be called the
centered harmonic extension of g. We caution the reader abot one important nontrivial
fact.

Remark 8.9. Centered harmonic extensions are mostly not Dir-minimizing. It is indeed
easy to give examples of ¢ for which the Dir-minimizer has more than one singularity (or for
which 0 is a regular point) and any centered harmonic extension has an isolated singularity
at the origin. For instance observe that, if spt(g(p)) has maximal cardinality @) for every
p and @) > 2, then its centered harmonic extension is always singular in 0.

It is rather easy to estimate the energy of the centered harmonic extension, for the simple
reason that via the conformal transformations z +— 29 and z +— 2% (the latter defined
only locally!) this can be reduced to an estimate for classical harmonic functions. In order
to carry on some important computations, which will be useful also later, we introduce the
following notation. If B, (z) is the boundary of some disk B,(x) C R?, we then denote by

e v the exterior unit normal to 0B, (x);
e 7 the unit tangent vector field to 0B, (x) orienting it counterclockwise.

Consistently, the notation 0. f and 0, f will be used for the multiple valued maps

pHZ[[Dfi(p) 7] and
P Y IDAG) .

when such objects are defined (for instance if f is approximately differentiable at p).
A first crude estimate for the energy of the centered harmonic extension is the following
(cf. [19, Section 3.2.]).

Proposition 8.10. If h is a centered harmonic extension of g : (S') — Ag(R") to D, then

Dir(h, D) < Q/Sl 0.9/ . (30)
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The latter easily gives the estimate

Dir(f, B,) < Qr/

0By

DS = Qrt (Dir(f, B,)). 31)

for any Dir-minimizing function. Integrating the differential inequality above we conclude
the decay estimate

Dir(f, B,) < Cr'/9 .,

Using Proposition 7.14 we then conclude that f is %—Hélder. Indeed the inequality (31)
can be improved using the equipartition of the energy (which will be explained thoroughly
Section 8.4 below) to

d

Dir(f, B,) < ‘- (Dir(f, B,)), 32)

r
which allows to conclude the local %—Hélder continuity of f. Notably, the latter exponent
is optimal!

8.3. First variations. There are two natural types of variations that can be used to
perturb Dir-minimizing ()-valued functions. The first ones, which we call inner variations,
are generated by right compositions with diffeomorphisms of the domain. The second,
which we call outer variations, correspond to “left compositions”. More precisely, let f be
a Dir-minimizing Q)-valued map.
(IV) Given ¢ € C°(£2,R™), for ¢ sufficiently small, z — ®.(z) = = + cp(z) is a diffeo-
morphism of © which leaves 02 fixed. Therefore,

_O/Q\D(fOQJE)F. (33)

(OV) Given ¢ € C*°(Q x R™, R™) such that spt(¢)) C ' x R" for some ' CC €, we set
U, (z) = . [filz) + e¢(z, fi(x))] and derive

/ |IDW_|?. (34)
e=0JQ

Using the multivalued chain rules we can turn the conditions (33) and (34) into the following
identities, which we state in the case of m-dimensional domains:

d
0= —
de

d
0= —
de

Proposition 8.11 (First variations. cf. [19, Proposition 3.1]). Let f : Q& — Ag(R") be
Dir-minimizing. For every ¢ € C°(2,R™), we have

2/Z<Dfi:Dfi-Dgo> —/|Df|2divgo:0. (35)

For every ¢ € C*(Q, x R R™) such that
spt() C Q' x R™  for some ' CC €,

and
|IDp| <C <oo and ||+ D] < C(1+ ul), (36)
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we have

/Z<sz Dol fla dm+/Z<sz ) Dub(a, f(x)) - D)) dw = 0.
(37)

8.4. Equipartition of energy and integration by parts formulae. (35) and (36)
give particularly interesting identities when tested with functions which depend on |z|.
The following proposition gives the relevant identities when we test with the singular
functions ¢(y) = 1p, ) (y)y and ¥(x,u) = ulp, () (y) (the proof follows from a standard
regularization of these ¢ and ).

Proposition 8.12 (cf. [19, Proposition 3.1]). Let x € Q and f : Q@ — Ag(R") be Dir-
minimizing. Then, for a.e. 0 < r < dist(z,0%2), we have

— Df|? = Df|? — o, f|?,
(m 2y4$ﬁ /l ré&@|f1 2réme /] (38)
Df? = o fi, ). 39
/?m| | té&@§;< ) (39)

Observe that in the case m = 2, the second identity (39) becomes the classical “equipar-
tition of energy” of the trace of an harmonic function on any circle, namely

1
[rese=[ o5 [ ioup. (40)
OBr(x) OBy () OB ()

In particular this identity allows to conclude the “improved” differential inequality (31)
from the crude estimate (30).

9. MONOTONICITY AND DECAY OF THE FREQUENCY FUNCTION

We next introduce Almgren’s frequency function and state his celebrated monotonicity
estimate, which is a straightforward consequence of the identities (38) and (39). Recall the
notation | f| for the function G(f, Q@ [0]).

Definition 9.1 (The frequency function, cf. [19, Definition 3.13]). Let f be a Dir-
minimizing function, z €  and 0 < r < dist(z, 0§2). We define the functions

_ 2 _ 2 _ 7Dy 5 (1)
D, (r) = /Br(x) \Df|*, Hyf(r)= /a& |fI° and I, f(r) = —H%f(r) . (41)

I, 5 is called the frequency function.

When z and f are clear from the context, we will often use the shorthand notation D(r),
H(r) and I(r).

Theorem 9.2 (Monotonicity of the frequency function, cf. [19, Theorem 3.15]). Let f be
Dir-minimizing and x € Q. FEither there exists 0 > 0 such that f|p,z) = 0 or I, ¢(r) is
an absolutely continuous nondecreasing positive function on |0, dist(z, OQ)[. This function
takes a constant value « if and only if f(y) is a-homogeneous in y — .
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This monotonicity is the main ingredient in the proof of Theorem 8.4. However, the
“improved” regularity statement in the 2-dimensional case, namely Theorem 8.5, relies on
a further feature of the frequency function, whose validity in higher dimensions is still an
open question, namely the power-law decay of I, (f) — lim,—o I, (f). In this section we
discuss the effects of the monotonicity of I (for simplicity only in the case m = 2), the
decay property and the proof of Theorem 8.5.

9.1. Proof of the monotonicity for m = 2. We start by assuming x = 0 and observing
that

D(r) = /a _IDfP (42)

A slightly more subtle computation gives

#0) =g (v [ Areopas) = [ (enPdes [ S056e) -0 o)

)

:@+2/BB Z<@ufiafi>‘ (43)

In particular we conclude that
;o rD'(r)  D(r) B rH'(r)D(r) _ rD'(r) B D(r) .
I'(r) = H(r) " H(r) H(r)? H(r) 2H(7“)2 /é)BT ;@Vf“ £

:rD’(r) 2

where in the last line we have used (39). Thus, we conclude also that
D'(r)H(r) — 2D(r)?
I'(r)=
(T> r H(T>2
On the other hand using (39), (40) and Cauchy-Schwartz we also conclude

D)) =2D6F =2 [ JoufP [ 1 -2 ( / Z@fi,f») =3

9.2. The first fundamental consequence of the monotonicity formula. Theorem
9.2 has two crucial consequences, when “blowing-up” a given Dir-minimizing function.
More precisely, consider a Dir-minimizing f taking ) > 1 values and a point p in its
domain. Without loss of generality we can assume that p = 0. If the support of f(0)
contains two different points, then, by continuity, in a neighborhood U of 0 f splits into
two separate functions u; and u, which are both W2 and continuous. It is simple to see
that both must be minimizers of the Dirichlet energy in U. 0 is then a good point, where
we have reduced the complexity of the problem. For instance, if () were 2 we would know
that u; and wus are two classical (single valued) harmonic functions. The “problematic
points” are then those p where f(p) = Q [q]-
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We can therefore assume that f(0) = @ [¢] for some ¢ € R™. Now, according to our
definition of the singular set Sing(f), we have two possibilities:

(a) f equals @ copies of a classical harmonic function in a neighborhood of 0;

(b) 0 is a singular point for f.
In general, an interesting object to look at is the average of the sheets of f = Y. [fi],
namely %ZZ fi. For this average we fix the notation n o f. It is not difficult to see that
n o f is a classical harmonic function. Indeed, if we define

f:Z[[fz_nof]] )
it is immediate to see that Dir(f) = Dir(f) + @Dir(n o f). In particular it is not difficult
to conclude that f is also a Dir-minimizer, cf. [19, Lemma 3.23]. Looking at the latter
function we can thus restate the alternative as: either f = @ [0] in a neighborhood of the
origin, or 0 is a singular point for f (and thus a singular point of f!).

The discussion above leads to the consideration that, without loss of generality, we can
assume 1 o f = 0. Assume further that the (more interesting!) alternative (b) above
holds. Then f does not vanish identically and therefore both Dg ¢(r) and Hy ¢(r) are
positive for some r. Using Theorem 8.2 it is not difficult to see that, under the assumption
f(0) = @Q[0], we have a uniform bound of the form

Hos(r) < CrDg (1) Vr € }O, w[ , (45)

where the constant C' is independent of f. The obvious consequence of Theorem 9.2 is that
there is also a reverse control

rDo (1) < CHof(r) (46)
although the latter constant C' depends upon the point (0 in this case) and the function
f. Indeed such constant approaches, for r | 0, the limit Io(f) := lim,yo Iy ,(f), which by
(45) is bounded away from 0 and by Theorem 9.2 is finite: on the other hand we have no
explicit (neither universal!) upper bound: we insist that Io(f) depends upon f and the
particular point (0 in this case) where we are “blowing-up”.

Consider now the rescaled functions fy,(x) := f(rz) and their renormalized versions

up () 1= _Jor :

" Dir(fo,, D)"/?
In particular the energy of ug, is 1 on the disk D. However the L? norm of |ug,| is also
under control because of (45). We then have compactness for the family {ug,},. Fix
a map u which is the limit of any subsequence wg,, with r;, | 0. Such a map will be
called, from now on, a “tangent function”. It is not difficult to see that a sequence of
minimizers with such uniform controls converge strongly in W1'? in any compact subset:
namely the Dirichlet energy of the limiting function is the limit of the Dirichlet energy of
the corresponding functions on any subdomain 2 which is compactly contained in D), cf.
[19, Proposition 3.20]. However the minimizing property alone does not guarantee strong
convergence on the whole domain .

(47)
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To understand the latter statement, consider for instance the planar (single valued!)
harmonic functions

fr(x1,9) = Re (z1 + img)k
and their normalizations
U -— fk/Dll‘(fk, Bl(O)) .

It is very elementary to see that uy converges to 0 in D: in fact most of the Dirichlet energy
of uy, lies in a thin layer around the boundary dD. For k large the layer becomes thinner
and thinner and all the energy is “pushed” towards the boundary dD. On the other hand
it is easy to see that the ratio

Do, (1) 1

Hovuk(]‘) N H07uk(]‘>

explodes, namely that the L? norm of u; on I converges to 0.

This highlights the first important consequence of the frequency function: the “reverse
Poincaré” inequality (46) excludes that the energy of ug, concentrates towards the bound-
ary. Any limit u of a sequence g, (i.e. any tangent function) must therefore have energy
equal to 1. Since Theorem 8.2 guarantees uniform convergence, we also conclude that
u(0) = Q[0]. Moreover, n o @ = 0 because 1 o ug, = 0.

Thus 0 must be a singular point of u as well: the only way @ could be regular around 0
would be to take the value @ [0] identically in a neighborhood of 0. However notice that
Ioa(r) = 1y,;(0) =: a for every . But then Theorem 9.2 implies that @ is a-homogeneous,
and if w would vanish in a neighborhood of 0, then it would vanish on the entire disk D,
contradicting the fact that the Dirichlet energy of u is indeed 1.

The conclusion is that the singularity has persisted in the limit. Recalling that our main
concern in proving Theorem 4.4 was the disappearance of singular points along sequences
of converging currents, the reader will understand why the monotonicity of the frequency
function is such an exciting discovery. It must also be noticed that the monotonicity of
the frequency function was unknown even for classical single valued harmonic functions
before [4]: the shear observation that Almgren was able to discover a new fundamental
fact for classical harmonic functions around 1970 gives in my opinion the true measure of
his genius.

9.3. The second fundamental consequence of the monotonicity formula. The
second fundamental consequence of the monotonicity of the frequency function is that
Io,a(r) is indeed constant in 7 and equals a := Ij ¢(0), which, as already noticed, gives that
@ is a-homogeneous. In particular when the domain is 2-dimensional, it is not difficult to
classify all a-homogeneous Dir-minimizers and to show that their only singularity is at the
origin, cf. [19, Proposition 5.1],

Lemma 9.3. If i : R? = Ag(R") is locally Dir-minimizing, a-homogeneous and nou = 0,
the either uw = Q [[0] or 0 is the only point at which u takes the value Q [0].
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Let us look at this statement a bit more closely. The homogeneity implies that « takes
the form

X

uuwﬂﬂw(—) for = # 0,

|

where g : S' — Ag(R™) is then the trace of @ at S' = dD. Assume for simplicity that
@ = 2. We then want to show that 0 is the only point at which u takes the value 2 [0],
unless « is the trivial function identically equal to 2 [0]. If spt(g(p)) consists of 2 distinct
points for each p € S, then we are done. If not, then there is a point py where g(py) = 2 [0]
(recall that mou = 0!). On the other hand, unless @ is trivial, there must be a point p where
g(p) = [P1] + [P2] for some P; # P,. Now notice that the presence of the “double point”
po and the “simple point” p imply the existence of two distinct “regular representations”
for g:
(a) There are two distinct W12 functions g, g2 : S' — R" such that g(z) = [g1(2)] +
lg2(2)] Vz € S
(b1) There is a W2 function v : S* — R™ such that g(z) = > ._, v(w), where again
we are identifiying points z,w € R? with complex numbers.

This has a rather interesting consequence. We pass to polar coordinates on R? and by the
Dir-minimality of @ we conclude that

(al) The maps h;(8, p) := p®g;() are both harmonic functions, and indeed hy = —ho;
(b1) The map ¢(6, p) := p**y(#) is an harmonic function and ((6, p) = —(0 + 27, p);
(c1) For each (6, p) we must have

f(0,0) =[9:(0,p)] + [92(0,p)] = [[g(g,plﬂ)]] + Hc(g + 7r,p1/2)]] .

However, it is rather easy to see that (al), (b1) and (cl) are not compatible, except for
the trivial case f = 2[0].

In fact the analysis above can be refined to give a classification-type result for tangent
functions u.

Proposition 9.4 (Cf. [19, Proposition 5.1]). Let f : D — Ag(R™) be a nontrivial, a-
homogeneous function which is Dir-minimizing. Assume in addition that mo f = 0. Then,
(a) a = g—* € Q, with MCD (n*,Q*) = 1;
(b) there exist injective (R-)linear maps L; : C — R"™ and k; € N such that

J

f@) =k 0]+ ks > [Li-="] = kol0l+ ) _k; L)) (43)

2Q% =g j=1

Moreover, J > 1 and k; > 1 for all j > 1. If Q* =1, either J > 2 or ko > 0.
(c) For any i # j and any x # 0, the supports of fi(x) and f;(x) are disjoint.
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9.4. Proof of Theorem 8.4 for m = 2. With Lemma 9.3 at hand, the proof of Theorem
8.4 for m = 2 is rather easy. Take a Dir-minimizing ()-valued function f and assume
without loss of generality that its domain 2 is connected. We claim now that, either

f=Q][no f] on the disk, or
Yo ={reQ: f(x) =Q[no f(z)]

is discrete. Without loss of generality we can assume that o f = 0, since as already
observed we can subtract the average from every sheet. In this case the claim reduces
to showing that the set Xg = {z : f(z) = Q[0]} is discrete. Fix a point p € Xg:
we will indeed show that if p is the limit of a sequence {p;} C Xg \ {p}, then f must
necessarily vanish identically in a neighborhood of p: then the original claim would be a
simple consequence of the connectedness of €.

Fix thus such a p and without loss of generality assume it is the origin. If f does not
vanish identically on any B,.(0), then obviously D(r) > 0 for every r and we can apply
Theorem 9.2 and the discussion of the previous sections. In particular, if we fix a sequence
of radii r; := 2|p;| and consider the corresponding blow-up sequence {u,,}, we conclude
that such a sequence converges to a nontrivial tangent function «: nontrivial in the sense
that the energy must be 1 on D and thus « cannot vanish identically. Hence, by Lemma
9.3, the origin is the only point p such that u(p) = 0. On the other hand, up to extraction
of a subsequence, we can assume that p;/r; converges to some p with |p| = % But then,
since the wg,, converge uniformly to @ on compact sets and ug,, (p;) = @ [0], we must
have u(p) = @ [0], which is a contradiction.

At this point the proof of Theorem 8.4 in the case m = 2 is essentially complete. Indeed,
by the Hélder continuity of Dir-minimizers, in 2\ ¢ f splits into simpler Dir-minimizing
functions and we can prove the claim of Theorem 8.4 by induction over (). For instance,
the argument above suffices to show that the singularities of a planar 2-valued function
are isolated, since on the open set {2\ Xy the function is locally the superposition of two
classical harmonic functions which assume nowhere the same value. So let ) = 3. In this
case, for each point p € Q0 \ X3 there is a neighborhood U, where u = v’ 4+ u” where " is
2-valued, ' is 1-valued and spt(u'(q)) Nspt(u”’(q)) = 0 for every ¢ € U,. We thus conclude
that the singular set of w is discrete in © \ X3 and hence countable. We then conclude
similarly by induction over Q).

However, as soon as Q > 3 the latter argument does not imply the discreteness of
Sing(f). In particular it does not exclude the following model situation:

e Y3 consists of a single point, say 0.
e There is a sequence of points {p;} C @\ {0} such that p; — p and the cardinality
of spt(u(p;)) equals 2 for every j. Namely u(p;) = 2 [P;] + [[Pj’]] for some P; # P;
e spt(u(p)) has cardinality 3 for every p ¢ {0} U {p; : j € N}, namely Sing(f) =
{0}U{p;:j €N},
In order to prove Theorem 8.5 we need to exclude that such a distribution of singulari-
ties might occur for a Dir-minimizer, namely that “singularities with lower multiplicities”
cannot accumulate towards “a singularity with higher multiplicity”.
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9.5. The decay of the frequency function and uniqueness of tangent functions.
The reason why Theorem 8.4 can be improved to Theorem 8.5 in 2 dimension is that it
that the frequency function converges to its limit in a power-law fashion. More precisely
we have the following

Proposition 9.5 (Cf. [19, Proposition 5.2]). Let f € W'2?(D, Ag) be Dir-minimizing,
with Dir(f,D) > 0 and set o = Iy s(0) = 1(0). Then, there exist constants v >0, C > 0,
Hy > 0 and Dy > 0 such that, for every 0 <r <1,

0<I(r)—a<Cr, (49)
H D
0< 2<7ﬂ) —Hy<Cr? and 0< (r) — Dy <Cr. (50)
r a+1 T.Qa

Although the proof of this result follows computations similar to those of [10], such a
statement for Dir-minimizer has appeared in [19] for the first time. A simple corollary of
(49) and (50) is the uniqueness of tangent functions.

Theorem 9.6 (Cf. [19, Theorem 5.3]). Let f : D — Ag(R™) be a Dir-minimizing Q-valued
functions, with Dir(f, D) > 0 and f(0) = Q[0]. Then, there exists a unique tangent map
u to f at 0 (i.e. the maps uy, defined in (47) converge locally uniformly to ).

The reason for the decay in Proposition 9.5 plays a primary role in the proof of Theorem
4.4 as well and it is achieved integrating the following differential inequality

I'(r) = 1(10) - a) . (51)
Recalling (44) the latter is equivalent to
2
D) > (27 4+ 40) D) — 229 gy
T

By a simple scaling argument we can assume r = 1. Moreover, by (40) we are left with
the inequality

(r+200D(1) < ala+)HW + [ (0.4 (52)

In order to show the latter inequality we will use the centered harmonic extension. For
simplicity we assume that f|si is irreducible. So, for some integer smaller or equal to @,
which by abuse of notation we keep denoting @),

=3 [ (4

J=1

where we are using polar coordinates (6,7) and v : S' — R" is a W2 (classical!) function.
We might expand v in Fourier series and give the corresponding representation for its
harmonic extension:

Qo > .
~(0) = 5 ;(ag cos 0 + b, sin £0) ,
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(0, p) = % + Zpg(ag cos 0 + bysin £0) .
=1

The centered harmonic extension of f to D is then the map

-5 L)

and straightforward computations give

D(1) <Dir(g, D) = WZE a2 + b?) (53)
H(1) :QWEO +Qr %:(af + b7) (54)

1
/S 0,12 Z%;mzmg). (55)

It then follows that, having fixed a > 0 and @ € N, the inequality (52) certainly holds if
~v > 0 satisfies the inequality
62
a+7v) < @—iroz(a—i—’y)Q, for every £ € N\ {0} .

The latter can be rewritten as

YQU—aQ) < (l—aQ)? for every £ € N\ {0}. (56)
However, since ¢ varies among the positive natural numbers, the following real
Yo = min{l — a@ : { > aQ, ! € N}
is positive and (56) is verified whenever v < v,/Q.

9.6. Proof of Theorem 8.5. In this section we will sketch the proof of Theorem 8.5,
which will serve as prototype for the approach to Theorem 4.4. We fix therefore a Dir-
minimizing Q-valued map f : Q@ — Ag(R"), where Q C R? is open, and a point xy which
is singular for f. Without loss of generality we can assume that

(a) 70 = 0 and £(0) = Q0]

(b) f is irreducible in any neighborhood U of 0, namely it is not possible to write f|y

as f1+ f2 for 2 Q;-valued maps f; with Q1+ Q2 = Q and spt(fi(z)) Nspt(fa(x)) =0
Vr e U\ {0}.

For what concerns (b) note that if such a decomposition existed, then necessarily f; and
fo would be Dir-minimizing and thus we could just restrict to show that for each f; the
singularity at 0 is isolated (or 0 is a regular point). Since max{Q1, @2} < @, this process
must end somewhere and we are left with an irreducible Dir-minimizer.

Note next that, as in the proof of Theorem 8.4, we can subtract the average of the sheets
to f and assume that n o f = 0. We then proceed with our blow-up approach, namely we
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define the maps ug, as in (47) and from the discussion of the previous subsection we infer
the following conclusions:

(i) ug, converges (locally uniformly on R?) to a unique tangent function ;
(ii) @ is Dir-minimizing and n o u = 0;
(ili) @ is a-homogeneous, where o = lim, o I(r) is a positive real number.

Now, it turns out, from (i) and (ii) that

G(f(x), ulx)) = of|z|"). (57)

From the latter decay property and (iii), it follows easily that @ must be itself irreducible
in any neighborhood of the origin, otherwise (b) would be violated. From Proposition 9.4,
it follows immediately that « must necessarily have the following representation. First of
all @« = n*/Q* for some integers n*, Q* with MCD(n*, @*). Next, @* > 1 and it is a divisor
of Q. Moreover, if we set Q1 = Q/Q*, then there is an injective linear map L : C — R" so
that

aw)= Y @ [L-2"]. (58)
2:2Q% =w
Note that any branch of z — 29" is conformal. Thus it is not difficult to see that (57)

and (58) together imply the existence of an r > 0 and of a Dir-minimizing ()-valued map
g : B.ox = Ag, (R") such that

fw)= > g(z). (59)

*
2:2Q% =w

So, our task is reduced to prove that either 0 is a regular point of g (which would happen
if and only if ¢ is identically equal to Q; [1 o g]) or that 0 is an isolated singularity of g.

If 0 is a singular point of g, we can obviously repeat the entire process above, i.e. subtract
the average, find a nontrivial tangent map and reduce further g in a neighborhood of 0 to
a representation of the type (59) namely

gw)= 3 9(2),

z:2@=w

where g5 is Qo-valued, Q2Q = @, and Q > 1.

However each time that we apply this analysis the number of sheets (); of the new
function decreases. So obviously the procedure must stop after a finite number of iterations
with a final function for which 0 is a regular point. In turn this implies that 0 is an isolated
singularity for our starting map f.

10. PRELIMINARIES, NOTATION AND MODEL SINGULARITY FOR THEOREM 4.4

We are now ready to start describing the proof of Theorem 4.4. The underlying theme
is that we would like to set up a recursive blow-up procedure as in Section 9.6 above: the
precise statement will be given in Section 11. In this section we collect first a series of
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simplifying assumptions that can be made and which are useful to reduce several tech-
nicalities. We then introduce some devices which will be of fundamental importance in
setting up the recursive step, whose precise statement is given in Theorem 11.4.

For the notation concerning submanifolds ¥ C R*™ we refer to [23, Section 1]. As in
the previous sections, with B,(p) and B,(x) we denote, respectively, the open ball with
radius r and center p in R?*™ and the open ball with radius r and center z in R?. C,(p)
and C,(z) will always denote the cylinder B,(z) x R", where p = (z,y) € R? x R". We
will often need to consider cylinders whose bases are parallel to other 2-dimensional planes,
as well as balls in m-dimensional affine planes. We then introduce the notation B, (p, )
for B,(p) N (p + 7) and C,(p, ) for B.(p,n) + 7. e; will denote the unit vectors in the
standard basis, 7y the (oriented) plane R* x {0} and 7, the 2-vector e; A ey orienting
it. Given an m-dimensional plane 7, we denote by p, and p: the orthogonal projections
onto, respectively, 7 and its orthogonal complement 7+. Since 7 is used recurrently for
2-dimensional planes, the 2-dimensional area of the unit circle in R? will be denoted by ws.

10.1. Multivalued push-forwards, graphs, the area formula and the Taylor ex-
pansion of the mass. One first technical detail that we have to tackle concerns the
currents which are naturally induced by multivalued maps. Assume therefore to have fixed
a Lipschitz map F : R™ D Q — Ag(R™"") on a bounded open set 2. Consider the regions
M; and the functions f/ of Lemma 7.4. Through them we can define the “multivalued”
pushforward

Tr = S () [M] -

)

In a similar fashion we can define multivalued pushforwards when the domain €2 is a
Riemannian manifold with finite volume. Moreover the current naturally carried by the
graph of a multivalued function u can be defined using the pushforward through the map
x = Y [(x,ui(x))]. Such current will be denoted by G, whereas for the set-theoretic
objects we will use the notation Im(F') and Gr(u).

The currents introduced above are well-defined (namely they are independent of the
decomposition chosen in Lemma 7.4) and in fact the assumption of boundedness of
and finiteness of the volume of M can be removed if F' satisfies a suitable “properness”
assumption, cf. [20, Definition 1.2 & Definition 1.3]. Moreover, the usual formulas and
conclusions valid in the classical-valued setting holds in the multivalued case as well. We
record here some important conclusions.

Lemma 10.1 (Bilipschitz invariance, cf. [20, Lemma 1.8]). Let F' : ¥ — Ag(R") be a
Lipschitz and proper map, ® : ' — 3 a bilipschitz homeomorphism and G := Fo®. Then,
Tr=Tg.

Lemma 10.2 (Q-valued area formula, cf. [20, Lemma 1.9]). Let ¥ C RY be a Lipschitz
oriented submanifold, M C ¥ a measurable subset and F' : M — Ag(R™) a proper Lipschitz
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map. For any bounded Borel function h : R™ — [0, oo, we have

[ ool < [ 5TnP ) I @ e, (60

where
JFi(z) = |DF/(z);€| = \/det((DFi(x))T - DFi(x))
FEquality holds in (60) if there is a set M' C M of full measure for which
(DF!(x)(x), DF'(y)e(y)) >0 Va,y € M" andi,j with F'(z) = F/(y).  (61)

If (61) holds the formula is valid also for bounded real-valued Borel h with compact support.

Corollary 10.3 (Area formula for Q-graphs, cf. [20, Corollary 1.11]). Let ¥ = R™,
M C R™ and f : ¥ — Ag(R™) be a proper Lipschitz map. Then, for any bounded
compactly supported Borel h : R™t" — R, we have

/( 41Gll(p /Zh e <1+Z 3 (detA)2>§dx. (62)

k=1 AeM¥*(Df?)

Theorem 10.4 (Boundary of the push-forward, cf. [20, Theorem 2.1]). Let ¥ be a Lipschitz
submanifold of RN with Lipschitz boundary, F : ¥ — Ag(R™) a proper Lipschitz function
and f = Flos. Then, 0Tr = Ty.

One crucial point in our discussions is the Taylor expansion of the mass of a multivalued

graph.

Corollary 10.5 (Expansion of M(Gy), cf. [20, Corollary 3.3]). Assume Q@ C R™ is an
open set with bounded measure and f : Q — Ag(R") a Lipschitz map with Lip(f) < ¢.
Then,

M(Gs) = @il [ D7+ | SR8, (63)

where Ry € Ct satisfies |Ry(D)| = |DPL(D) for L with Lip(L) < C and L(0) = 0.

10.2. Preliminary assumptions. In the rest of these notes we will always make the
following

Assumption 10.6. 7T is an integral current of dimension 2 with bounded support and it
satisfies one of the three conditions (a), (b) or (c¢) in Theorem 4.4. Moreover
e In case (a), ¥ C R*™ is a C**° submanifold of dimension 2 + 71 = 2 + n — [, which
is the graph of an entire function ¥ : R2*? — R! and satisfies the bounds
HD\I/HO S Co and A = HAEHO S Co, (64)

where ¢ is a positive (small) dimensional constant and gy €]0, 1.
e In case (b) we assume that ¥ = R*™ and that the semicalibrating form w is C**.
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e In case (c) we assume that T is supported in ¥ = 0Bg(py) for some py with
Ipo] = R, so that 0 € 9Bg(py). We assume also that To0Br(pg) is R*™~! (namely
po = (0,...,0,%|po|) and we let ¥ : R*™1 — R be a smooth extension to the
whole space of the function which describes 3 in B9(0). We assume then that (64)
holds, which is equivalent to the requirement that R~! be sufficiently small.

In other words:

(i) In case (b) we remove the ambient Riemannian manifold 3 thanks to Lemma 3.1.

(ii) In the cases (a) and (c) we assume that the ambient Riemannian manifold ¥ is very
flat and globally graphical. Since out theorem has a local nature and is invariant
under rescalings, it is clear that the latter assumption is totally harmless.

Next we focus our attention on a point in the support of T', which we assume to be a
singular point: the goal is thus to prove that this point is isolated. By the discussion in
Section 4 we can then impose also the next conditions.

Assumption 10.7. In addition to Assumption 10.6 we assume the following:
(i) 0T L C4(0,m) = 0;
(ii) 0 € spt(T) and the tangent cone at 0 is given by ©(T,0) [mo] where O(T,0) €
N\ {0}
(iii) 7 is irreducible in any neighborhood U of 0 in the following sense: it is not possible
to find S, Z non-zero integer rectifiable currents in U with 05 = 0Z = 0 (in U),
T =S+ Z and spt(S) Nspt(Z) = {0}.

10.3. Branching model. We next introduce the object with which we will model the
“most basic” singular behavior of a 2-dimensional area minimizing current: for each positive
natural number ) we will denote by B , the flat Riemann surface which is a disk with a
conical singularity, in the origin, of angle 27 () and radius p > 0. More precisely we have

Definition 10.8. 9B , is topologically an open 2-dimensional disk, which we identify with
the topological space {(z,w) € C? : w? = z,|z| < p}. For each (z9,wp) # 0 in Bg, we
consider the connected component ®(zg, wy) of Bg, N {(z,w) : |z — 20| < |20|/2} which
contains (zp,wp). We then consider the smooth manifold given by the atlas

{(®(z,w)), (71,22)) : (2,0) € B, \{0}},
where (x1,23) is the function which gives the real and imaginary part of the first complex
coordinate of a generic point of B¢ ,. On such smooth manifold we consider the following
flat Riemannian metric: on each ©(z,w) with the chart (xq,x2) the metric tensor is the
usual euclidean one dz? + dz3. Such metric will be called the canonical flat metric and
denoted by eq.

When Q = 1 we can extend smoothly the metric tensor to the origin and we obtain
the usual euclidean 2-dimensional disk. For ) > 1 the metric tensor does not extend
smoothly to 0, but we can nonetheless complete the induced geodesic distance on Bg ,
in a neighborhood of 0: for (z,w) # 0 the distance to the origin will then correspond
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to |z|. The resulting metric space is a well-known object in the literature, namely a flat
Riemann surface with an isolated conical singularity at the origin (see for instance [48]).
Note that for each 2y and 0 < r < min{|zo|, p — |20|} the set B, N {|z — 2| < r} consists
then of () nonintersecting 2-dimensional disks, each of which is a geodesic ball of B,
with radius 7 and center (zo,w;) for some w; € C with w? = z,. We then denote each of
them by B, (29, w;) and treat it as a standard disk in the euclidean 2-dimensional plane
(which is correct from the metric point of view). We use however the same notation for
the distance disk B,(0), namely for the set {(z,w) : |z| < r}, although the latter is not
1sometric to the standard euclidean disk. Since this might create some ambiguity, we will
use the specification R? D B,(0) when referring to the standard disk in R2.

10.4. Admissible @-branchings. When one of (or both) the parameters () and p are
clear from the context, the corresponding subscript (or both) will be omitted. We will
always treat each point of B as an element of C?, mostly using z and w for the horizontal
and vertical complex coordinates. Often C will be identified with R? and thus the coor-
dinate z will be treated as a two-dimensional real vector, avoiding the more cumbersome
notation (xy, z3).

Definition 10.9 (Q-branchings). Let o €]0,1[, b6 > 1, @ € N\ {0} and n € N\ {0}. An
admissible a-smooth and b-separated Q-branching in R*™ (shortly a Q-branching) is the
graph

Gr(u) := {(2,u(z,w)) : (z,w) € Bga,} C R*™ (65)

of amap u : By o, — R" satisfying the following assumptions. For some constants C; > 0
we have

e u is continuous, u € C** on B, \ {0} and u(0) = 0;

o |Diu(z,w)| < Cylz]' 7T V(z,w) # 0 and j € {0,1,2,3};

o [D3ulq B, (sw) < Cilz| 72 for every (z,w) # 0 with |z| = 2r;

e If @ > 1, then there is a positive constant ¢, €]0, 1[ such that

min{|u(z, w) — u(z,w')| : w # w'} > 4eg|2|° for all (z,w) # 0. (66)

The map ®(z,w) = (z,u(z,w)) will be called the graphical parametrization of the Q-
branching.

Any @Q-branching as in the Definition above is an immersed disk in R?*" and can be given
a natural structure as integer rectifiable current, which will be denoted by G,,. For Q) =1 a
map u as in Definition 10.9 is a (single valued) C** map u : R? D Bs,(0) — R™. Although
the term branching is not appropriate in this case, the advantage of our setup is that () = 1
will not be a special case in the induction statement of Theorem 11.4 below. Observe that
for @ > 1 the map u can be thought as a Q-valued map u : R? D By, (0) — Ag(R™), setting
w(2) = D2 wpes [u(z, wi)] for z # 0 and w(0) = Q [0]. The notation Gr(u) and G, is then
coherent with the notation introduced above for the (set-theoretic and measure-theoretic)
graphs of @)-valued maps.
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11. THE INDUCTIVE STATEMENT

Before coming to the key inductive statement, we need to introduce some more termi-
nology.

Definition 11.1 (Horned Neighborhood). Let Gr(u) be a b-separated @-branching. For
every a > b we define the horned neighborhood V. of Gr(u) to be

Vo= {(z,y) € R x R" : I(x,w) € By, with |y — u(z,w)| < cslz|*}, (67)
where ¢, is the constant in (66).

Definition 11.2 (Excess). Given an m-dimensional current 7" in R™"" with finite mass,
its excess in the ball B,.(x) and in the cylinder C,(p, 7’) with respect to the m-plane 7 are

E(T, B, (p). 7) = (2w ™) / T — 7P T (68)
BT(P)
E(T, C,(p, ), 7) 1= (2 r™) " / 7 — #2d|T]. (69)
CT(pvﬂ-/)

For cylinders we omit the third entry when 7 = 7/, i.e. E(T,C,.(p, 7)) := E(T,C,.(p,7), 7).
In order to define the spherical excess we consider 7' as in Assumption 10.6 and we say
that 7 optimizes the excess of T in a ball B, (z) if

e In case (b)

E(T,B,.(z)) := mTin E(T,B,.(z),7) = E(T,B,(z), 7); (70)
e In case (a) and (¢) 7 C T,,X and
E(T,B,(z)) := rrcn:;?z E(T,B,(x),7) = E(T,B,(z), 7). (71)

11.1. Inductive assumption and inductive statement. Our main induction assump-
tion is then the following

Assumption 11.3 (Inductive Assumption). T is as in Assumption 10.6 and 10.7. For
some constants Q € N\ {0} and 0 < a < % there is an a-admissible )-branching Gr(u)
with u : B, — R" such that

(Sep) If Q > 1, u is b-separated for some b > 1; a choice of some b > 1 is fixed also in the
case () = 1, although in this case the separation condition is empty.

(Hor) spt(7T") C V., U {0} for some a > b;

(Dec) There exist v > 0 and a C; > 0 with the following property. Let p = (xq,yo) €
spt(7') N C 5(0) and 4d := |zo| > 0, let V' be the connected component of V,, N
{(z,y) : | — 29| < d} containing p and let 7(p) be the plane tangent to Gr(u) at
the only point of the form (z, u(zo, w;)) which is contained in V. Then

E(TLV,B,(p),w(p)) < C}d*20®> Vo e [3dTD/2 d] . (72)

The main inductive step is then the following theorem, where we denote by 7, the
rescaled current (v, )37, through the map ¢, ,(q) := (¢ — p)/r.
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Theorem 11.4 (Inductive statement, cf. [25, Theorem 1.8]). Let T be as in Assumption
11.3 for some Q = Qg. Then,
(a) either T is, in a neighborhood of 0, a Q multiple of a Q-branching Gr(v);
(b) or there are r > 0 and Q1 > Qo such that Ty, satisfies Assumption 11.3 with
Q= Q1.

Theorem 4.4 follows then easily from Theorem 11.4 and Section 4. In fact, by Theorem
4.2 T satisfies Assumption 11.3 with Q = 1: it suffices to chose u = 0 as admissible smooth
branching. If T" were not regular in any punctured neighborhood of 0, we could then apply
Theorem 11.4 inductively to find a sequence of rescalings Ty ,; with p; | 0 which satisfy
Assumption 11.3 with @ = Q; for some strictly increasing sequence of integers. It is how-
ever elementary that the density ©(0,7") bounds (); from above, which is a contradiction.
Note the similarity with concluding argument of Section 9.6.

12. THE OVERALL APPROACH TO THEOREM 11.4

From now on we fix T satisfying Assumption 11.3. Observe that, without loss of gener-
ality, we are always free to rescale homothetically our current T" with a factor larger than 1
and ignore whatever portion falls outside Cy(0). We will do this several times, with factors
which will be assumed to be sufficiently large. Hence, if we can prove that something holds
in a sufficiently small neighborhood of 0, then we can assume, withouth loss of generality,
that it holds in C,. For this reason we can assume that the constants C; in Definition
10.9 and Assumption 11.3 are as small as we want. In turns this implies that there is a
well-defined orthogonal projection P : 'V, , N C; — Gr(u) N Cy, which is a C** map.

By the constancy theorem, (Py(T'LC;))L Cy/o coincides with the current QG, L Cy /o
(again, we are assuming C; in Definition 10.9 sufficiently small), where Q € Z. If Q
were 0, condition (Dec) in Assumption 11.3 and a simple covering argument would imply
that ||T']](Cy/2(0)) < CoC?, where Cy is a geometric constant. In particular, when Cj is
sufficiently small, this would violate, by the monotonicity formula, the assumption 0 €
spt(7T"). Thus @ # 0. On the other hand condition (Dec) in Assumption 11.3 implies also
that @) must be positive (again, provided C; is smaller than a geometric constant).

Now, recall from [27, Theorem 3.1] that the density O(p,T) is a positive integer at
any p € spt(7T) \ spt(0T). Moreover, the rescaled currents Tj, converge to ©(0,7") [mo].
It is easy to see that the rescaled currents (G,)o, converge to Q [mo] and that (PyT),
converges to O(0,T) [mo]. We then conclude that ©(0,7) = QQ.

We summarize these conclusions in the following lemma, where we also claim an addi-
tional important bound on the density of T" outside 0, which will be proved later.

Lemma 12.1 (Cf. [24, Lemma 2.1]). Let T and u be as in Assumption 11.8 for some
Q and sufficiently small C;. Then the nearest point projection P : Vi.NCy — Gr(u)
is a well-defined C** map. In addition there is Q@ € N\ {0} such that ©(0,T) = QQ
and the unique tangent cone to T at 0 is QQ [mo]. Finally, after possibly rescaling T,
O(p,T) < Q for every p € Co \ {0} and, for every x € By(0), each connected component
of {z} x R") NV, , contains at least one point of spt(T).
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Since we will assume during the rest of the paper that the above discussion applies, we
summarize the relevant conclusions in the following

Assumption 12.2. T satisfies Assumption 11.3 for some @ and with C; sufficiently small.
@ > 11is an integer, ©(0,7) = QQ and O(p,T) < Q for all p € Cy \ {0}.

The overall plan to prove Theorem 11.4 is then the following:

(CM) We construct first a branched center manifold, i.e. a second admissible smooth
branching ¢ on By, and a corresponding Q-valued map N defined on the normal
bundle of Gr(¢), which approximates 7" with a very high degree of accuracy (in
particular more accurately than u) and whose average n o N is very small;

(BU) Assuming that alternative (a) in Theorem 11.4 does not hold, we study the asymp-
totic behavior of V around 0 and use it to build a new admissible smooth branching
v on some ‘B, where k£ > 2 is a factor of @): this map will then be the one sought
in alternative (b) of Theorem 11.4 and a suitable rescaling of 7" will lie in a horned
neighborhood of its graph.

The first part of the program is achieved in [24], whereas the second part is completed in
[25]. Note that, when @ = 1, from (BU) we will conclude that alternative (a) necessarily
holds: this will be a simple corollary of the general case, but we observe that it could also
be proved resorting to the classical Allard’s regularity theorem. For poth portions of the
proof of Theorem 11.4, namely for (CM) and (B) described above, we can formulate a
single main statement, for which we refer to Theorem 13.3 and Theorem 14.1 below. The
inductive step, namely Theorem 11.4, is then a direct consequence of these two “pieces”,
although some nontrivial argument is still needed, cf. [25, Section 2.3] for the details.

13. THE CENTER MANIFOLD

In order to carry on the plan outlined in the previous subsection, it is convenient to use
parametrizations of )-branchings which are not graphical but instead satisfy a suitable
conformality property.

If we remove the origin, any admissible ()-branching is a Riemannian submanifold of
R27\ {0}: this gives a Riemannian tensor g := ®% (where e denotes the euclidean metric
on R?*™) on the punctured disk Bg o, \ {0}. Note that in (z,w) the difference between the
metric tensor g and the canonical flat metric eg can be estimated by (a constant times)
|z]?*: thus, as it happens for the canonical flat metric eg, when @ > 1 it is not possible
to extend the metric g to the origin. However, using well-known arguments in differential
geometry, we can find a conformal map from B¢, onto (a neighborhood of 0 in) Gr(u)
which maps the conical singularity of B¢, in the conical singularity of the ()-branching
Gr(u). In fact, we need the following accurate estimates for such a map.

Proposition 13.1 (Conformal parametrization, cf. [24, Proposition 2.4]). Given an ad-
missible b-separated a-smooth Q-branching Gr(u) with a < 1/(2Q)) there exist a constant
Co(Q,a) > 0, a radius r > 0 and functions ¥: By, — Gr(u) and \: Bg, — Ry such
that

(i) W is a homeomorphism of Bq . with a neighborhood of 0 in Gr(u);
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(i) ¥ € C**(Bg, \ {0}), with the estimates
|D'(®(z,w) — (2,0))| <CoCylz|'**" for1=0,...,3, 20, (73)
[D*W], B, 2y <CoCil2] 72 for z# 0 and r = |z|/2; (74)

(iii) ¥ is a conformal map with conformal factor X\, namely, if we denote by e the
ambient euclidean metric in R*™ and by eq the canonical euclidean metric of B,

g:=We = \eg on Bg, \ {0} (75)

(iv) The conformal factor \ satisfies
DY\ — 1)(z,w)| <CoCi|z**t for1=0,1,...,2 (76)
[D*Na.B, () <CoCil 2|2 for z# 0 and r = |z|/2. (77)

A proof of Proposition 13.1 is given in the appendix of [24].

Definition 13.2. A map ¥ as in Proposition 13.1 will be called a conformal parametriza-
tion of an admissible Q)-branching.

We are finally ready to state the theorem which identifies our center manifold.

Theorem 13.3 (Center Manifold Approximation, cf. [24, Theorem 2.6]). Let T be as
in Assumptions 11.5 and 12.2. Then there exist 1o,7%0,70,C > 0, b > 1, an admissible
b-separated ~yo-smooth Q-branching M, a corresponding conformal parametrization W :
Boo — M and a Q-valued map N : Bgo — Ag(R*T") with the following properties:

(i) QQ = O(T,0) and

|D(®(z,w) — (2,0))] < Cmy/?|z| (78)
|D>W (z,w)| + |2| | D*® (2, w)| < Cmy?|z| (79)

in particular, if we denote by Anq the second fundamental form of M\ {0},
[Ap(® (2, w)| + 27 | DA (B (2,w))] < Crg[2[ 07"

(il) Ai(z,w) is orthogonal to the tangent plane, at ¥(z,w), to M.

(ili) If we define S := Ty,,, then spt(S) N Cy \ {0} is contained in a suitable horned
neighborhood of the Q-branching, where the orthogonal projection P onto it is well-
defined. Moreover, for every r €]0,1] we have

17 5, |lo + sup p — P(p)| < Cmy'rt+2 (80)
pEspt(S)NP~1(¥(B,))

(iv) If we define

D) = [ DA and H(r) = | e,

B

F(r):= /07“ H() dt and A(r):=D(r)+F(r),

t2—0
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then the following estimates hold for every r €]0,1]:
Lip(A|g,) <Cmin{A™(r), m’r™} (81)

my’ /B |27 m o N(z,w)] <C A™(r)D(r) + CF(r). (82)
(v) Finally, if we set
F(z,w) = Z [P(z,w) + AN i(z,w)] ,

then
IS — T#||(P~'(®(B,))) <CA™(r)D(r) + CF(r). (83)

14. THE BLOW UP

We are now ready for the second main piece of the proof of Theorem 11.4, which is the
analysis of the asymptotic behaviour of A’ around the origin.

In order to state it, we agree to define W2 functions on B in the following fashion:
removing the origin 0 from B we have a C} . (flat) Riemannian manifold embedded in R*
and we can define W' maps on it following [19]. Alternatively we can use the conformal
parametrization W : R? = C — B given by W(z) = (2¢, z) and agree that u € W*(B)
if uo W is in WH2(R?). Since discrete sets have zero 2-capacity, it is immediate to verify
that these two definitions are equivalent.

In a similar fashion, we will ignore the origin when integrating by parts Lipschitz vector
fields, treating B as a C' Riemannian manifold. It is straightforward to show that our
assumption is correct, for instance removing a disk of radius £ centered at the origin,
integrating by parts and then letting ¢ | 0.

Theorem 14.1 (Blowup Analysis, cf. [25, Theorem 2.8]). Under the assumptions of
Theorem 13.3, the following dichotomy holds:
(i) either there exists s > 0 such that N|p, = Q [0];
(ii) or there exist constants Iy > 1, ag,7,C > 0 and an Iy-homogeneous nontrivial
Dir-minimizing function g : Bg — Ag(R**™) such that
—mog =0,
—g=>.,100,:;,0)], where gi(z) € R and (0, gi(x),0) € R* x R™ x R,

— and the following estimates hold:

G(N(z,w), g(z,w)) < C|z|fote V (z,w) € By, |z| <T, (84)
/ |DA(|? < Cr*otao L Cp2o=ly Y4 p<r <1, (85)

Br+p\BT—P
H(r) < CrD(r) Vr<l. (86)

Remark 14.2. Note that, when Q = ©O(T,0), we necessarily have Q = 1 and the sec-
ond alternative is excluded. In particular we conclude that T' coincides with [M] in a
neighborhood of 0 and thus it is a regular submanifold in a punctured neighborhood of 0.
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Remark 14.3. By a simple dyadic argument it follows from (85) and (86) that

/ IDAPP < Cr? and F(r) < Or?loto vy < 1. (87)
At this point, having split the proof of Theorem 4.4 into the two Theorems 13.3 and
14.1, we will dedicate the remaining sections to an informal description of their proofs.

15. AN INFORMAL DESCRIPTION OF THE CONSTRUCTION OF M AND A

15.1. The nonbranched center manifold. Let us look again at the proof of Theorem
8.4 given in Section 9.2. If we understand the case of a Dir-minimizing functions f as a
model, the role of the center manifold is in fact taken by the average of the sheets n o f:
thanks to some reminiscence of the linear structure of classical harmonic functions, no f is
harmonic and we can subtract it from all the sheets to gain a “well-balanced” Dir minimizer
f =" [fi —mo f]. Hence, the graph of n o f should guide us to understand the role
of the center manifold M of Theorem 13.3 and the map f should be substituted, in some
sense, by N[

For simplicity let us look at the “starting situation” of our inductive proof of Theorem 4.4
and discuss the construction of the very first center manifold M. More precisely consider
Theorem 11.4 in the case Q = 1. In this case M is parametrized by B, and will therefore
be a C''® graph over the reference plane R? x {0} = my. Our starting assumption is then
that the excess E(T, C,) decays like a power of r.

One first attempt would be to first approximate the current 7" with a Lipschitz graph
and then take the average of such approximation to build M. Although it is possible to
approximate 7" rather accurately with the graph G of a Lipschitz map (as we will see in
the next section), the graph of the average m o f will not be a satisfactory center manifold
M for at least two fundamental reasons.

(R) First of all M is, a-priori, not regular enough: even if the current 7" were already a
Q-valued graph, the nonlinearity of the problem does not give any partial differential
equation for the average of the sheets. We will need therefore an appropriate
regularization mechanism.

(L) Secondly, the approximation A should be accurate at every scale where the current
T is very flat and its sheets are very close, otherwise the estimate (82) could not
hold (observe that the left hand side is linear in A, whereas the right and side is
essentially quadratic).

If the first issue can be considered a minor one, since we have several tools to regularize
classical maps, the second issue is more serious and it is clear that we would like to “localize”
our Lipschitz approximation. Namely, for any point p we would like to identify a first scale
at which the current has either some well separated sheets or it is not very flat: at that
scale we would like to take a good Lipschitz approximation f and regularize its average.
The graph of such regularization would then be a local model for the center manifold and
we would thus like to patch all these local models together in a smooth (more specifically
C?) submanifold. Now it is clear that (R) and (L) together pose a lot of difficulties: on
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the one hand we might be forced to regularize functions at small scales, on the other hand
we still hope that our “patchwork” M stays C3.

An efficient way to perform the desired localization procedure is to use a Whitney type
decomposition of the reference plane R? x {0} and introduce corresponding stopping time
conditions for the refining of cubes, cf. [17] and Section 17.2 below for a thorough explana-
tion. Assuming to have constructed M in the fashion described above, we then follow the
same principle as in [21] to build the approximating map A(: around a given point we first
identify the “stopping scale” and hence we consider the approximation f for which M is
essentially a perturbation of no f; at this point we “reparametrize” M using the curvilinear
coordinates induced by the normal bundle of M, in particular the map A’ coincides with
such reparametrization in that region.

The latter reparametrization step is literally the same as in [21]: cf. [24, Section 9].
The major differences between the papers [21] and [24] are instead in the construction
of M. First of all observe that we need a suitable Lipschitz approximation in “straight
coordinates” when the cylindrical excess of the current 7" is small. For the area minimizing
case (i.e. (a) of Theorem 4.4) this is already accomplished in [23] and no additional work
is needed. There are instead several adjustments to be done in the cases (b) and (c) of
Theorem 4.4 to the proof of [23]. These are accomplished in the separate note [26] and will
be described in the next section.

The actual construction of the branched center manifold M of Theorem 13.3 differs
substantially from the construction of [21] even in the area minimizing case (a) and it
requires a lot more work especially in the cases (b) and (c). A more detailed idea of the
proof will be given in the subsequent sections: in the next paragraph we want to highlight
the additional challenges that we have to face compared to [21].

15.2. New challanges. A first major difference between the papers [21] and [24] is that
the center manifold of Theorem 13.3 must necessarily contain the origin, whereas this is
not the case for the corresponding object constructed in [21]. In particular the construction
of [21] would guarantee that the origin is contained in M only if the decay of the excess
around 0 would be sufficiently close to be quadratic. However Theorem 4.2 guarantees
only a small power of r and we cannot hope to do any better: for the holomorpic curve
{(z,w) : 29 = w9} the decay of the excess at the origin is of the order 7%/%.

In order to guarantee that the origin is contained in M we need to introduce more sophis-
ticated conditions to identify the scale at which one should perform the straight approxi-
mation f: in particular a new parameter, the distance from the origin, must be included
in the stopping condition. For this reason the starting configuration of the Whitney-type
recursive procedure which identifies the correct “stopping scale” must start from a decom-
position of (R?\ {0}) x {0} in dyadic cubes L such that their sidelength and their distance
from the origin are comparable. It must also be noticed that the new parameter in the
stopping time conditions must be carefully tuned with the several others in order to reach
the correct estimates. Such fine tuning requires a delicate analysis.
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A second obvious difference between [21] and [24] is that in Theorem 13.3 we need in
fact to construct “branched” center manifolds as soon as @ > 1. Although this is only a
technical point, which is solved introducing a Whitney decomposition of the flat Riemann
surface B¢ \ {0}, its solution requires care in terminology and notation.

Finally, the most important difference between [21] and [24] is in the regularization
procedure mentioned in (R). In the paper [21] such regularization procedure is achieved
by convolution with a smooth kernel which satisfies some momentum conditions. In [24]
we have realized that the latter “ad hoc” method can in fact be replaced by a much more
general and efficient PDE method: the regularization procedure for m o f consists then
in solving an appropriate linear (nonhomogeneous) elliptic system of partial differential
equations. FEspecially in case (b) of Theorem 4.4 such system differs from the Laplace
equation because of additional zero and first order terms. A regularization by convolution,
if possible at all, would then require a quite special choice of the kernel. The PDE approach
is rather flexible, since the relevant system of partial differential equations can be identified
following a suitable linearization procedure.

16. LIPSCHITZ APPROXIMATION

Based on the intuition that a “sufficiently flat” area minimizing current is close to the
graph of a Dir-minimizing multivalued function, we wish now to use the theory of multi-
valued Dir-minimizers to infer some interesting information upon area minimizing currents
in a region where they are rather flat, i.e. the tangent planes are almost parallel to a given
one (at least in an average sense). Such regions will then be cylinders C,(z) where the
excess is sufficiently small.

If T is a 2-dimensional integral current without boundary in C,(0), a Lipschitz u :
B.(0) = Ag(R™) is an efficient approximation if M(T — G,,) is small (compared to r?).
Since G, is, in a “loose” sense a @)-fold cover of B,(0), namely (pr,):G. = Q [B-(0)],
this condition must hold for a well-approximated current T as well. A fundamental step
in the proof of Theorem 4.4 is then the following approximation result. Since it can be
stated and proved with essentially no additional effort in the general case of m-dimensional
currents, we present the general results: of course for the purpose of proving Theorem 4.4
the relevant case is m = 2.

First of all we start stating the approximation theorem in the case of area minimizing
currents, following [23].

Assumption 16.1. ¥ C R™*" is a C? submanifold of dimension m +#n = m+n — [, which
is the graph of an entire function ¥ : R™*" — R! and satisfies the bounds

ID¥flg <co and A :=|[|As]lo < co, (88)

where ¢ is a positive (small) dimensional constant. 7" is an integral current of dimension
m with bounded support contained in ¥ and which, for some open cylinder Cy,.(z) (with
r < 1) and some positive integer (), satisfies

piTLCy(x) = Q[By(z)] and OTLCy(z) =0, (89)

where p : R™™ — R™x denotes the orthogonal projection onto the first factor.
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If we denote by p;- the projection of R™*" onto some plane 7, then a quantity which will
play a crucial role in the following discussion is the “height” of the current 7" in a given
set E compared to some reference plane 7, namely

h(T, E,7) :=sup{|p(z —w)| : z,w € spt(T) N E}.

Theorem 16.2 (Strong approximation, cf. [23, Theorem 1.4]). There exist constants
C,v1,e1 > 0 (depending on m,n,n, Q) with the following property. Assume that T is area
minimizing, satisfies Assumption 16.1 in the cylinder Cy,.(z) and E = E(T,Cy,(x)) < 1.
Then, there is a map f : B.(x) = Ag(R"™), with Gr(f) C X, and a closed set K C B,(x)
such that

Lip(f) < CE™ 4 CAr, (90)
GiL(K xR") =TL(K xR") and |B,(z)\K|<CE" (E+r*A?) ™, (91)

ITHCor @) = Qum o) 1 [ 1P| s CB™ (B4 A% " vo<o<1
Bo ()

(92)

If in addition h(T, Cy.(z),m) < 1, then
osc (f) < CW(T, Cyp(x),m0) + C(E2 + 1 A)r, (93)
where osc (f) :=sup{|p —q| : p € spt(f(2)),q € spt(f(y)),x,y € B(2)}.

The ideas of the proof of Theorem 16.2 are described in [17, Section 10]. In our context,
we need a more general version of Theorem 16.2, where the area minimizing assumption
is relaxed so to include the cases (b) and (c) in Theorem 4.4. In fact, since in case (c) the
cone T p is area minimizing, it is not difficult to see that the latter can be covered by a
suitable modification of the arguments in [23]. A more delicate point is instead to include
case (b).

In [26] we treat in fact a very general situation, which includes (b) as a very particular
case. More precisely we prove that

Proposition 16.3. There exist constants M, Cyy, Bo, €21 > 0 (depending on m,n, Q) with
the following property. Assume that T € 1,,,(R™*") is Q-minimal (namely it satisfies (3)),
that (89) holds in the cylinder Cy.(x) and E = E(T,Cy.(z)) < €21. Then, there exist a
map f: B,(z) = Ag(R"™) and a closed set K C B,(x) satisfying

Lip(f) < Oy B + Cy1Qr  in case (a) and (c), (94)
GiL(K xR") =TL(K xR") and |B,(z)\ K| < CxE®(E+r*Q*)r™, (95)
1
I71(Co(@) ~ Quar™ — 5 [ |DIP| < CuB*(B+ 202, (96)
By (x)

If in addition h(T, Cy,.(x)) < r, then
OSC(f) < Cglh<T, C4r($)) + 021 (E1/2 + TQ)T . (97)
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16.1. Truncations and homotopy lemma. Although the general strategy of the proof
of the latter Proposition is that of [23] for Theorem 16.2, several adjustments must be
made when the arguments of [23] use the minimality condition. To this aim, [26] supplies
suitable constructions of currents S to which the condition (3) can be applied in order
to infer the necessary estimates which in [23] would be an easy consequence of the area
minimizing assumption. Of course some care must be taken in order to show that the error
terms which are generated are under control and the main ingredients are essentially the
following ones.

The first is borrowed directly from [23], cf. [17, Section 10.3] for a thorough explanation.

Definition 16.4 (Maximal function of the excess measure, cf. [26, Proposition 1.7]). Given
a current 7' as in Assumption 10.6 we introduce the “non-centered” maximal function of

er:

mer(y) := sup er(By(w)) = sup E(T, C,(w)).

m
YEB; s (w) CBayr () Wm S YEB; o (w)C Bar(x)

Notice that with respect to [23, Definition 2.1], we define the Maximal function taking
the supremum over balls of radius s/2 and not s. This is just a technicality which allows to
construct the Lipschitz approximation of the next Proposition in the ball of radius 7r/2.

Proposition 16.5 (Lipschitz approximation; cf. [23, Proposition 2.2]). There ezists a
constant Cay(m,n, Q) > 0 with the following property. Let T be as in Proposition 16.3 in
the cylinder Cys(z). Set E = E(T,Cy.(x)), let 0 < 6 < 1 be such that

| B
ro := 16 mg<1,

and define K := {mey < 6} N Bry(x). Then, there is v € Lip(Brpy(x), Ag(R™)) such that
Llp(U) S CQQ (51/2,

G, (K xR")=TL(K xR"),

1 m
B.(x) \ K| < OT er({mer > 2775} 1 Buup(a)) Vs < % (98)

When § = E?2, the map u given by the proposition will be called, consistently with the
terminology introduced in [23], EP-Lipschitz approzimation of T in Crp(x).

The main new ingredient of [26] is then the following lemma, which is achieved using a
suitable “homotopy construction”, namely interpolating between the graphs of the maps
f and g below.

Lemma 16.6 (Homotopy Lemma, cf. [26, Lemma 3.1]). Let T be an Q2-almost minimizer
which satisfies (89). There are positive dimensional constants eo2 and Cos such that, if
E = E(T,Cy(x)) < €99, then the following holds. For every R € I,,(Cs.(x)) such that
OR = 0(T'_Cs,(z)), we have

| T)1(Csy(2)) < M(R) 4 Cosr™ 1 QE"? . (99)



50 CAMILLO DE LELLIS

Moreover, let f < 5=, s €]r,2r[, R = G,LCs(x) for some Lipschitz map g: By — Ag(R")
with Lip(g) < 1 and f be the EP-approzvimation of T in Cs,. If f = g on 0B, and
P € 1, (R™") is such that 0P = O((T — Gy)LCy), then

IT(Cu()) < M(Gy) + M(P) + Cos® (B - (M(P) "+ [ G(f,9)) . (100)

Bg(x)

17. THE CONSTRUCTION OF THE BRANCHED CENTER MANIFOLD

As already mentioned, the graph of the average no f in Proposition 16.3 provides a rather
good model for the branched center manifold at scales where the excess or the height are
small, but at least one of them is not too small. In order to identify these scales, an efficient
strategy is to set up a Whitney type refining procedure of a suitable cubical subdivision
of the rerefence By ,. Recall that we have a T satisfying Assumption 11.3. We then start
the refining procedure on some cubical subdivision of the model B4, \ {0}, where where
the squares become smaller and smaller as they approach the origin. For each square L
we look at the map u of Assumption 11.3 restricted on L and focus on the portion of the
horned neighborhood V,, (see again Assumption 11.3) which contains the graph of u|r.
We take the portion of the current 7" which is lying in this open set and we then look at
the excess of this current in a ball which has side comparable to the side of L. If the excess
and the height are both rather small, we then refine the square L in 4 squares of half the
side of L. Otherwise we keep L.

This process is repeated (respecting a certain order in the selection of the squares, see
the section below for the details). However, if we take this procedure literally we might
end up with nearby squares whose side ratios are not controlled. In order to avoid this we
also stop the subdivision of squares in any square which is adjacent to another one where
the subdivision was stopped at an earlier state of the process.

At the end of this procedure we are left with a closed subset I" of B ,\ {0} and a suitable
subdivision of its complement in dyadic squares. In each square of the final subdivision we
wish to select a suitable cylinder where we apply Proposition 16.3. In this region we will
use the graph of the average of the sheets of the approximation as model for the center
manifold, which will be written as a graph over L of a suitable map. The latter maps will
be then smoothed and patched together with a partition of unity: after showing that the
resulting function extends (smoothly) to T, its graph will constitute the center manifold
M of Theorem 13.3.

17.1. Choice of some parameters and smallness of some other constants. As in
[21] the construction of the center manifold involves several parameters. Three of them
will appear as exponents of the two relevant lenghtscales (sidelength of the specific square
and distance to the origin) in several estimates.

Assumption 17.1. Let T be as in Assumptions 11.3 and 12.2 and in particular recall the
exponents @, b, a and ~y defined therein. We choose the positive exponents 7y, 2 and d; (in
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the given order) so that

Yo < min{y, &, a — b,b— % log, 8} (101)
B < min{eg, 2, ¢ — 1,8 Loy b> (14 B,) (102)
Br—261 > 5 By(2—201) — 20, > 2B, (103)

(where S is the constant of [26, Theorem 1.5] and we assume it is smaller than 1/2)

Having fixed 79, B2 and §; we introduce five further parameters: My, Ny, C,, C}, and
g5. We will impose several inequalities upon them, but following a very precise hierarchy;,
which ensures that all the conditions required in the remaining statements can be met.
We will use the term “geometric” when such conditions depend only upon 7,7, Q, Q, Yo, B2
and 01, whereas we keep track of their dependence on My, Ny, C. and C}, using the notation
C = C(My),C(My, Ny) and so on. g9 is always the last parameter to be chosen: it will be
small depending upon all the other constants, but constants will never depend upon it.

Assumption 17.2 (Hierarchy of the parameters). In all the subsequent statements

e My > 4 is larger than a geometric constant and Ny is a natural number larger than
C(My); one such condition is recurrent and we state it here:

V2M2'0No < 7 (104)

o C, is larger than C'(My, Ny);
e (), is larger than C'(My, Ny, C.);
e c5 > 0 is smaller than ¢(My, Ny, C,, Cp,) > 0.

17.2. Whitney decomposition of B4 ,. From now on we will use 8 for B ,, since the
positive natural number Q is fixed for the rest of our discussions. In this section we show
how to decompose B \ {0} suitably. More precisely, a closed subset L of B will be called
a dyadic square if it is a connected component of 8 N (H x C) for some euclidean dyadic
square H = [a1, a; + 20] X [az, as + 2] C R? = C with

e (=277 4€N,j>2 and ac 217772

e HC[-1,1?and 0 ¢ H.
Observe that L is truly a square, both from the topological and the metric point of view.
20 is the sidelength of both H and L. Note that BN (H x C) consists then of Q distinct
squares Li,...,Lg. zg := a+ (£,{) is the center of the square H. Each L lying over H
will then contain a point (zg,wy), which is the center of L. Depending upon the context
we will then use z;, rather than zy for the first (complex) component of the center of L.

The family of all dyadic squares of 26 defined above will be denoted by ¥. We next

consider, for 7 € N, the dyadic closed annuli

A =80 (([-27, 27\ - 277 27712 x €).

Each dyadic square L of 9B is then contained in exactly one annulus A; and we define
d(L) := 27771, Moreover ¢(L) = 2797% for some k > 2. We then denote by €*J the
family of those dyadic squares L such that L C A; and (L) = 2797%. Observe that,
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for each j > 1,k > 2, €*J is a covering of A; and that two elements of €*J can only
intersect at their boundaries. Moreover, any element of €*7 can intersect at most 8 other
elements of 7. Finally, we set €* := > €%, Observe now that €* covers a punctured

neighborhood of 0 and that if L € €%, then

e L intersects at most 9 other elements J € €*;
e If LNJ #D, then £(J)/2 < ¢(L) < 2¢(L) and LN J is either a vertex or a side of
the smallest among the two.

More in general if the intersection of two distinct elements L and J in ¢ = |J, ¢* has
nonempty interior, then one is contained in the other: if L C J we then say that L is a
descendant of J and J an ancestor of L. If in addition ¢(L) = ¢(.J)/2, then we say that L
is a son of J and J is the father of L. When L and J intersect only at their boundaries,
we then say that L and J are adjacent.

Next, for each dyadic square L we set 77, := v/2Myl(L). Note that, by our choice of N,
we have that:

if L e (gk,j and k > N(), then Cﬁ4rL(ZL> - Cgl—j \C2—2—j. (105)

In particular V,,, N Cegy,, (21) consists of Q) connected components and we can select the
one containing (zy, u(zr,wr)), which we will denote by V. We will then denote by T, the
current T V. According to Lemma 12.1, V; N {z,} x R™ contains at least one point of
spt(7T): we select any such point and denote it by p;, = (z1,yr). Correspondingly we will
denote by By, the ball By, (pr).

Definition 17.3. The height of a current S in a set E with respect to a plane 7 is given
by

h(S, E, ) = sup{|px (p — ¢)| : p,q € spt(S) N E}. (106)
If £ = C,(p,m) we will then set h(S,C,(p,7)) := h(S,C,(p,7),n). If E = B,(p), T
is as in Assumption 10.6 and p € ¥ (in the cases (a) and (c) of Theorem 4.4), then
h(T,B.(p)) := h(T,B,(p), ) where 7 gives the minimal height among all 7 for which
E(T,B,.(p), ) = E(T,B,(p)) (and such that 7 C T, in case (a) and (c) of Theorem 4.4).
Moreover, for such 7 we say that it optimizes the excess and the height in B,.(p).

We are now ready to define the dyadic decomposition of B \ 0.
Definition 17.4 (Refining procedure). We build inductively the families of squares
S and W =W . UH,UW,,,

together with their subfamilies .7* = . N €%, /% = . N €% and so on. First of all,
we set % = #'* = () for k < Ny. For k > Ny we use a double induction. Having defined
K W for all k' < k and %I %9 for all j' < j, we pick all squares L of €*7 which
do not have any ancestor already assigned to # and we proceed as follows.

(EX) We assign L to #} if
E(T.,B) > Comgd(L)*0 220 ¢(1)% %, (107)
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(HT) We assign L to #;" if we have not assigned it to #; and
h(Ty, By) > Crmy/*d (L)~ 20(L) 7, (108)

(NN) We assign L to #,J if we have not assigned it to #,U %}, and it intersects a square
J already assigned to # with ¢(J) = 2¢((L).
(S) We assign L to .#*7 if none of the above occurs.

We finally set
r=(-L1xR)ns\ (JL={yu () U L (109)
Lew k>No Le.7k

The next proposition is than a natural outcome of the way the refining process has been
designed.

Proposition 17.5 (Whitney decomposition, cf. [24, Proposition 3.5]). Let T', 4o, P2 and
01 be as in the Assumptions 11.83, 12.2 and 17.1. If My > C, Ny > C(M,), C.,Cp, >
C(My, No) (for suitably large constants) and eq is sufficiently small then:
(i) 6(L) < 27Ntz | VL € SUW;
(i) #* =0 for all k < Ny + 6;
(iii) T is a closed set and sep(T', L) := inf{|z — 2| :x € T2’ € L} > 20(L) VL e ¥'.
Moreover, the following estimates hold with C = C'(Mgy, Ny, C,, Ch):

E(T;,Bj;) < Comgd(J)202201( )220 VYJe .7, (110)
h(T;,B,) < Comy d(J) P2 0(J)" P2 VJe.Z, (111)
E(Ty,By) < Cmod(H)20 2200 (27200 YH e W/, (112)
h(Ty,By) < Cmy'd(H) "% 0(H)"P YHeW . (113)

17.3. Approximating functions and construction algorithm. As already explained
in the previous paragraphs a fundamental point is that in (a suitable portion of) each By,
the current T}, can be approximated efficiently with a graph of a Lipschitz multiple-valued
map. The average of the sheets of this approximating map will then be used as a local
model for the center manifold.

Definition 17.6 (m-approximations). Let L € U % and 7 be a 2-dimensional plane. If
Tp1 Csa,, (pr, m) fulfills the assumptions of the Lipschitz approximation Theorem (namely
Proposition 16.3) in the cylinder Css,, (pr, 7), then the resulting map f : Bs,, (pr,7) —
Ag(7+) given by Proposition 16.3 (cf. [26, Theorem 1.5]) is a m-approzimation of Ty, in
C87“L (pln ﬂ-)'

In fact, it is rather important to notice that the m-approximation above exists when m
is chosen to be the “best plane” mp:

Lemma 17.7 (Cf. [24, Lemma 3.7]). Let the assumptions of Proposition 17.5 hold and
assume C, > C* and Cy, > C*C, for a suitably large C*(My, Ny). For each L € # U .

we choose a plane wy, which optimizes the excess and the height in By. For any choice
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of the other parameters, if €9 is sufficiently small, then Ty Csa, (pr, L) satisfies the
assumptions of the Lipschitz approzimation Theorem for any L € W U .%.

As in [21], we wish to find a suitable smoothing of the average of the m-approximation
n o f. However the smoothing procedure is more complicated in the case (b) of Theorem
4.4: rather than smoothing by convolution, we need to solve a suitable elliptic system of
partial differential equations. This approach can in fact be used in cases (a) and (c) as well.
In several instances regarding case (a) and (¢) we will have to manipulate maps defined
on some affine space ¢ + m and taking value on 7, where ¢ € ¥ and # C T,X. In such
cases it is convenient to introduce the following conventions: the maps will be regarded as
maps defined on 7 (requiring a simple translation by ¢), the space 7+ will be decomposed
into s := m- NT,X and its orthogonal complement 7,3+ and we will regard ¥, as a map
defined on 7 x s and taking values in T,%+. Similarly, elements of 7+ will be decomposed
as (§,n) € s x T, X+

Definition 17.8 (Smoothing). Let L and 77 be as in Lemma 17.7 and denote by fr
the corresponding 7p-approximation. In the cases (a)&(c) of Theorem 4.4 we let f(x) :=
> [[prLg(fi)]] be the projection of f;, on the tangent 7}, 3, whereas in the other case ((b),
i.e. when the current is semicalibrated) we set f = f. We let hy be a solution (provided
it exists) of

Lrh = ZL,

— _ (114)

hLlaBSTL(pLJrL) =nofr,

where .7, is a suitable second order linear elliptic operator with constant coefficients and
1, a suitable affine map: the precise expressions for %7 and %, depend on a careful
Taylor expansion of the first variations formulae and are given in Proposition 18.3 below.
We then set hy(z) := (hr(x),¥,, (v, hr(z)) in case (a) and (c) and hr(x) = hy(z) in case
(b). The map hy, is the tilted interpolating function relative to L.

In what follows we will deal with graphs of multivalued functions f in several system
of coordinates. These objects can be naturally seen as currents Gy (see [20]) and in this
respect we will use extensively the notation and results of [20] (therefore Gr(f) will denote
the “set-theoretic” graph). We are now ready to introduce the “bricks” with which we will
construct the branched center manifolds.

Lemma 17.9 (Basic building blocks, cf. [24, Lemma 3.9]). Let the assumptions of Propo-
sition 17.5 hold and assume Ce > C* and Cy, > C*C, (where C* is the constant of Lemma
17.7). For any choice of the other parameters, if o is sufficiently small the following
holds. For any L € W U .7, there is a unique solution hy, of (114) and there is a smooth
gr. ¢ Bur, (21, m0) — 73 such that G,, = Gy, L Cy,, (pr, m0), where hy, is the tilted interpo-
lating function of Definition 17.8. Using the charts introduced in Definition 10.8, the map
g1, will be considered as defined on the ball By, (21, wy) C B.

The center manifold is defined by gluing together the maps g;..
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Definition 17.10 (Interpolating functions). The map ¢, in Lemma 17.7 will be called the
17 17

L-interpolating function. Fix next a ¥ € C2°([—15, 15]™ [0,1]) which is nonnegative and

is identically 1 on [—1,1]™. For each k let 2% := % U Uf:NO W' and for L € 2% define
Ur((z,w)) == (7). Set

by = Yorewi VLgL
ZLEWJ' UL
and extend the map to 0 defining ¢;(0) = 0. In case (b) of Theorem 4.4 we set ¢, 1= @;.
In cases (a) and (c) we let ¢;(z,w) be the first 7 components of ¢;(z,w) and define
wi(z,w) = (@j(z, w), ¥(z, gbj(z,w))). ¢; will be called the glued interpolation at step j.

on {(z,w) € B:ze[-1,1]*\{0}} (115)

We are now ready to identify the surface which we call “branched center manifold”
(again notice that for Q = 1 there is certainly no branching, since the surface is a classical
CYe graph, but we keep nonetheless the same terminology). In the statement we will
need to “enlarge” slightly dyadic squares: given L € % let H be the dyadic square of
R? = C so that L is a connected component of B N (H x C). Given 20 < |z| = |zx,
we let H' be the closed euclidean square of R? which has the same center as H and sides
of length 20, parallel to the coordinate axes. The square L’ concentric to L and with
sidelength 2¢(L') = 20 is then defined to be that connected component of B N (H' x C)

which contains L.

Theorem 17.11 (Cf. [24, Theorem 3.11|). Under the same assumptions of Lemma 17.7,
the following holds provided 4 is sufficiently small.

(i) For k:= B2/4 and C = C(My, Ny, C., Cy) we have (for all j)

sz, w)] < Oy 47 for all (2, w) (116)
D' (z,w)] < Cmlz|"0 forl=1,...,3 and (z,w) £ 0 (117)
[D3p;] 4, < Cy*2% . (118)

(ii) The sequence @; stabilizes on every square L € W : more precisely, if L € #'* and H
is the square concentric to L with ((H) = 2((L), then g = @; on H for every j, k >
i+2. Moreover there is an admissible smooth branching ¢ : BN([—1,1*xC) — R"
such that ¢, — ¢ uniformly on B N ([—1,1]> x C) and in C*(A;) for every j > 0.

(iii) For some constant C' = C(My, Ny, Ce, Cr) and for a’ := b+ vy > b we have

u(z,w) — (2, w)] < Cmy’l|" (119)

18. THE ELLIPTIC SYSTEM USED TO REGULARIZE 7 o ff,

The main analytical difficulty in the construction of the center manifold is estimating
the C3* norms of the building blocks g;’s and of their differences. In particular note that,
when we differentiate the formula (115), the derivatives of the partition of unity functions
¥1’s create high coefficients which multiply differences of g;’s for nearby squares. Such
differences must then be relatively small in order to compensate the size of D79,
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In fact the estimates upon g;’s involve several subtle computations since the hj’s are
generated with different systems of coordinates. However this issue is solved using the
tools developed in [21]. We thus focus on the following model problem: assume we fix a
square L where the Whitney refining procedure has stopped and let J be the square which
contains L and has been subdivided at the previous step of the refining procedure. The
maps hy and hy are both generated with respect to two different systems of coordinates
but let us assume that they are in fact the same.

Note first that the Lipschitz approximations f;, and f; coincide on a very large set, since
they both coincide with the current T except for an “error set” of rather small measure.
Of course the same property holds for the averages no f;, and o f;. We thus can imagine
that the regularization of n o f; (namely hy) and that of n o f; (namely h;) differ very
little. In fact since such regularizations are reached solving a suitable elliptic system, we
can hope to find efficient bounds even for the differences of the derivatives of f; and hy.
These bounds could repeated at all larger scales. More precisely, if we consider the chain
of ancestorsof L, L =Jy C J=J, C Jy C ... C Jy, we then could estimate

N
> s = halles
=0

Since the square Jy of the starting cubical decomposition of 8\ {0} has sidelength compa-
rable to its distance to the origin, namely to d(Jy), it is then clear that ||, ||c; depends
only upon d(L) = d(Jy). We thus gain a resulting estimate upon ||hz||cs.

Assuming that this scheme works, it is important that the regularization hy does not
differ significantly from no f, otherwise it cannot give a good building block for the center
manifold. Recall indeed that the estimate (83) requires the graph of the approximating
map A to coincide largely with the current 7. Whereas the estimate (82) forces the average
of A to be rather small: these two estimates would be clearly incompatible if hj, which
at the given region of interest coincides essentially with the center manifold M, were to
differ too much from n o fr. Since hy is deduced by solving a suitable elliptic system, we
conclude then that 1 o f should be an approximate solution of such system.

18.1. The generalized maps fy;. Since, as already mentioned, the relevant systems of
coordinates change from square to square, the approach of [24] (which in fact follows that
of [21]) is to consider more general functions fyr, Mo fyr and hyp. The latter functions
depend upon two squares, which are assumed to be appropriately related (in particular
L is either an ancestor or a neighborhood of H): the square H “decides” the system of
coordinates, whereas the square L decides the relevant region where we approximate the
current 7'. More precisely

Definition 18.1. After applying the Lipschitz Approximation Theorem, namely [26, The-
orem 1.5], to Ty, Csy,, (pr, mx) in the cylinder Csa,, (pr, ) we denote by fr, the corre-
sponding 7g-approximation. However, rather then defining fy on the disk Bg,, (pr, 7h),
by applying a translation we assume that the domain of fyy is the disk Bs,, (pur, 7H)
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where pyr = py + Pry (P — pr). Note in particular that C,(pyr, 7y) equals C,(pr, 7y),
whereas Bs,, (pur, mn) C py + g and py € Bs,, (pur, mh).

Observe that frr = fr.

18.2. First variations. The next proposition is the core in the construction of the center
manifold and it is the main reason behind the €37 estimate for the glued interpolation.
It is also the place where our proof in [24] differs most from that of [21].

Definition 18.2. Let L be either a square adjacent to H or an ancestor of H. In the cases
(a) and (c) of Theorem 4.4 we denote by sy the orthogonal complement in 7}, % of my
and we denote by fyz the map p,., o fur.

The elliptic system to be solved in order to gain our regularization Ay has the following
form. Given a vector valued map v : pyg + m1g O € — sy and after introducing an

orthonormal system of coordinates z', 2% on 7y and 4, ..., y"™ on sy, the system is given
by the n equations
Av® + (L) 050" + (Lo)iv" = (Ly)f (v — an)' + (L)* | (120)
— 6 () —7

where we follow Einstein’s summation convention and the tensors L; have constant coeffi-
cients. After introducing the operator £ (v) = Av+ & (v) we summarize the corresponding
elliptic system (120) as

L) =7 (121)
We then have a corresponding weak formulation for W12 solutions of (121), namely v is a
weak solution in a domain D if the integral

I(0,¢) = /(DU D¢+ (F — &) 0) (122)

vanishes for smooth test functions ¢ with compact support in D.

The following Proposition is then the core estimate concerning no fy: in particular the
estimate (123) ensures that m o fg is close, in a suitable weak sense, to be a solution of
(121). This property is crucial in ensuring that there is a solution hgy which is sufficiently
close to po fyr.

Proposition 18.3 (Cf. [24, Proposition 6.4]). Let H and L be as in Definition 18.2
(including the possibility that H = L) and consider fyr, fur and s as in Definition 18.1
and Definition 18.2. Then, there exist tensors with constant coefficients Ly, ..., Ly and a
constant C = C(My, Ny, Ce, Cy,), with the following properties:

(i) The tensors depend upon H and ¥ (in the cases (a) and (c) of Theorem 4.4) or w
(in case (b)) and |Ly| + |Lo| + |Ls| 4 |La| < Cmy”.
(i) If Sy, Ly and Fy are defined through (120), (121) and (122), then

I o frr, ) < Cmgd(L)*HHN0=275 01452 | D (123)
fO’f’ all C - Cgo(BgrL(pHL, 7TH), %H)
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19. THE APPROXIMATION ON THE NORMAL BUNDLE OF THE CENTER MANIFOLD

To carry on our program for proving Theorem 13.3 we now need to approximate again
our area minimizing current on the normal bundle of the branched center manifold. In
order to start our considerations we introduce the “Whitney regions” which correspond
roughly to those portions of the center manifold lying “above” one of the squares in the
Whitney decomposition of 98 \ {0} introduced in the previous sections to construct the
center manifold.

Definition 19.1 (Center manifold, Whitney regions). The manifold M := Gr(¢), where
¢ is as in Theorem 17.11, is called a branched center manifold for T relative to G,. It
is convenient to introduce the map ® : B N ([—1,1]*> x C) — R*™ given by ®(z,w) =
(z,¢0(z,w)). If we neglect the origin, ® is then a classical (C®) parametrization of M.
®(T") will be called the contact set. Moreover, to each L € # we associate a Whitney
region L on M as follows:
(WR) £ := ®(H N ([-1,1]* x C)), where H is the square concentric to L with {(H) =
0(L).
16

For any Borel set V C M we will denote by [V| its #*-measure and will write [, f for
the integral of f with respect to H?. B,(q) denotes the geodesic balls in M.

We next define the open set

(V) Vi={(z,y) e RZx R": z € [-1,1]? and |p(x,w) — y| < c,|z|"/2}.
V is clearly an horned neighborhood of the graph of ¢. By (66), Assumption 11.3 and
Theorem 17.11 it is clear that the following corollary holds

Corollary 19.2. Under the hypotheses of Theorem 17.11, there is r > 0 such that
(i) For every x € R? with 0 < |z| = 2p < 2r, the set C,(z) N'V consists of Q distinct
connected components and spt(T) N Cs,. C V.
(ii) There is a well-defined nearest point projection p : VN Cy. — Gr(p), which is a
C?* map.
(iii) For every L € W with A(L) < 2r and every q € L we have

spt((T, p, ®(q))) C {y € R*™ 1 |®(q) — y| < Cmy'd(L)"/~P20(L)+7%2} .
(iv) (T, p,p) = Q[p] for every p € ®(I') N Cy, \ {0}

The main idea is now to use the graphs of the 7, approximations of Definition 17.6 and
reparametrize them as maps on the normal bundle of M over a suitable region. These
maps will be the model for the approximation of the current 7" over the corresponding
Whitney region £. This part is not substantially different from the similar one in [21] and
similar estimates lead to the following approximation result

Definition 19.3 (M-normal approximation). Let r be as in Corollary 19.2 and define
(U) U:=p (Cy NByp).
An M-normal approzimation of T is given by a pair (I, F') such that
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(A1) F : Cy, N M — Ag(U) is Lipschitz and takes the form F(z) = ), [z + N;(z)],
with N;(z) L T, M and x 4+ N;(z) € X for every x and 1.
(A2) K C M is closed, contains ®(I' N Cs,) and TrLp H(K) = TLp H(K).

The map N =Y, [N;] : M N Cy — Ag(R**™) is the normal part of F.

In the definition above it is not required that the map F approximates efficiently the
current outside the set ®(T"). However, all the maps constructed will approximate T' with
a high degree of accuracy in each Whitney region: such estimates are detailed in the next
theorem. In order to simplify the notation, we will use ||N|y||co (or || N|y||o) to denote the
number sup,e, G(N(2), @ [0]) = sup,ey | N (2)].

Theorem 19.4 (Local estimates for the M-normal approximation, cf. [24, Theorem 4.3]).
Let r be as in Corollary 19.2 and U as in Definition 19.3. Then there is an M-normal
approzimation (K, F') such that the following estimates hold on every Whitney region L
associated to L € W with d(L) <r:

Lip(N|z) < Cmied(L)% 0 ¢(L)  and ||N|zllco < Cmy*d(L)°~P20(L)" P2, (124)
[L\K[+ | Tr = T/|(p~H(£)) < Crmg ™ d(L) 1+ Ew0=28200 g([)2HU+5)E=200) - (125)

/ IDNJ2 < Crmg d(L)20-2+26 ¢(L)1=261 (126)
c
Moreover, for every Borel V C L, we have

/ InoN| < Cmod(L)Z(Hﬂo)VO*?*ﬁz g(L)5+,32/4
v

FOm AL ) [ G(NQmeNT). (2
%
The constant C = C(My, Ny, Ce, C}) does not depend on .

20. SPLITTING BEFORE TILTING AND PROOF OF THEOREM 13.3

We have now achieved our branched center manifold M and the map A, which is simply
a conformal reparametrization of the map N in Theorem 19.4. It remains to show that A’
satisfies all the estimates in Theorem 13.3. The strategy is to use the local estimates in
Theorem 19.4 and sum them over the different Whitney regions. There are however two
fundamental issues that we need to address:

(B) The estimates in Theorem 19.4 are in terms of the two parameters d(L) and ¢(L),
whereas we need to control them appropriately with integral quantities involving
either || or [DA[|. If we ignore for the moment the squares of type (NN), we
could take advantage of the stopping conditions (HT) and (EX) to get appropriate
bounds in terms of the height and the excess of the current in the balls By. In turn
we hope to use the approximation theorem again to say that the latter quantities
can be compared to the L? norm of A over £ and the Dirichlet energy of A over L.
The squares of type (NN) will then be treated observing that they must be close
to some square of type (EX).
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(S) The estimates in Theorem 13.3 are in terms of the quantities D(r) and F(r), which
are integrals over geodetic balls B,.(0) C 8. If a Whitney regions £ falls partly in
B,.(0) and partly in the complement of B,.(0), we then run into troubles when we try
to use the idea in (B). A crucial point is that we can control the L? norm of A and
the Dirichlet norm of A’ over the regions £ with corresponding integral quantities
in any nearby smaller regions with comparable size. For squares of type (HT) this
is a consequence of a refined “uniform separation estimate”, first shown in [21] for
area minimizing currents, which must be extended also to our almost minimizing
settings. For squares of type (EX) the arguments are more subtle and they are
based on what we call splitting before tilting phenomenon, which is exploited in
[21] as well and carefully explained in [17]. In a nutshell, the reason is that the
current 1" is close to the graph of a Dir-minimizer which has a nontrivial separation
among its sheets. Such maps have the property that their Dirichlet energy on the
domain of definition is comparable to the Dirichlet energy in any smaller region
of comparable size. The information that the Dir-minimizing approximation is
nontrivial comes from the usual De Giorgi-type decay of the excess which would
result from being close to a ) copy of a classical harmonic function: such decay is
incompatible with the stopping condition (EX)!

We collect here the corresponding precise statements. The first statement gives the
needed uniform “separation” of sheets which occur in regions where the (HT) condition
stops the Whitney refining procedure.

Proposition 20.1 (Separation, cf. [24, Proposition 4.4]). There is a dimensional constant
C* > 0 with the following property. Assume the hypotheses of Theorem 19.4, and in
addition C > C*C,. If &y is sufficiently small, then the following conclusions hold for
every L € W, with d(L) <r :

(S1) ©(T,p) < Q —1 for every p € Big,, (pL).-
(S2) LNH =0 for every H € #,, with ((H) < $((L).

(53) G(N(2),Qmo N(@)]) > {Chmy" d(L)"==70(L)'+%2 Vo € ®(Buy) (21, ws)).

A simple corollary of the previous proposition is the fact that no (NN) square is adjacent
to an (HT) square.

Corollary 20.2 (Domains of influence). For any H € #;, there is a chain L = Ly, ..., L, =
H such that

(a) Lo € #. and Ly, € Wy, for all k > 0;

(b) Ly N Ly # 0 and ((Ly) = L2 for all k> 0.
In particular H C By 51 (21, wr).

We use this last corollary to partition %, in “areas of influence” of squares of type (EX).

Definition 20.3 (Domains of influence). We first fix an ordering of the squares in #, as
{J;}ien so that their sidelengths do not increase. Then H € #;, belongs to #;(Jy) (the
domain of influence of Jy) if there is a chain as in Corollary 20.2 with Ly = Jy. Inductively,
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Wy (Jy) is the set of squares H € #,, \ U;«, #,,(J;) for which there is a chain as in Corollary
20.2 with Lo = J,.

We finally give a precise statement for the splitting before tilting phenomenon in (EX)
squares explained in our discussion above.

Proposition 20.4 (Splitting, cf. [24, Proposition 4.7]). There are positive constants
C1,Co(My), 7(My, No, C.) such that, if My > Cy, C. > Cy(My), if the hypotheses of Theo-
rem 19.4 hold and €4 is chosen sufficiently small, then the following holds. If L € W, with
d(L) <7, g € B with dist(L,q) < 4v/2¢(L) and 2 := ®(Byr/5(q)), then:

C.mgd(L)?0~22010(L)=2 < ¢(L)*E(T},BL) < C / IDN|?, (128)
Q

/|DN|2 < CUL)*EB(T,By) < CU(L / N2, (129)

where C' = C(My, Ny, Ce, Ch).

Having all these estimates at disposal, Theorem 13.3 follows from a careful covering
argument, which is essentially borrowed from [22].

21. PROOF OF THEOREM 14.1, PART I: ALMOST Dir-MINIMALITY OF A/ AND
POINCARE INEQUALITY

The proof of Theorem 14.1, given in [25], is split in six steps, which we will list briefly
in the next paragraph.

(i) First of all we deduce an almost minimizing property for the map A( in terms of
its Dirichlet energy, using the Taylor expansion of the area and the fact that the
graph of A’ coincides with the support of the current 7" on a rather large set.

(ii) We then exploit the almost minimizing property and compare the Dirichlet energy
of AL with that of a suitable extension of its boundary value on any given ball, which
is essentially an adapted version of the centered harmonic extension described in
Section 8.2.

(iii) In the thid step, we use the comparison above and a first variation argument to
derive a suitable Poincaré-type inequality for A(.

(iv) We then compute again the first variations of the Dirichlet energy of A and use
the Poincaré inequality to bound efficiently several error terms.

(v) Using the latter bounds, we prove an almost monotonicity property for the fre-
quency function and show the existence and boundedness of its limit, which is
indeed the number I of Theorem 14.1. The almost minimality of A’ and the en-
ergy comparison of Step (ii) will then allow us to conclude an exponential rate of
decay to this limit.

(vi) From the decay of the previous step we capture the asymptotic behavior of A’ and
show the existence of the map g of Theorem 14.1.

The overall strategy follows the ideas and some of the computations in [10]. However
several adjustments are needed to carry on the proof in the cases (b) and (c) of Theorem
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4.4. In particular, when we show the decay of the frequency function towards its limit, we
need to introduce a suitable modification of the usual frequency function to handle case
(b) of Theorem 4.4.

21.1. The almost minimizing property. Recall the maps N := Al o ! and F :=
2?:1 p+ Ni(p)]. In order to state the almost minimizing property of Al we introduce an
appropriate notion of competitor.

Definition 21.1. A Lipschitz map £: B, — Ag(R™"*?) is called a competitor for A’ in the
ball B, if

(a) Llos, = Nlos,;
(b) spt(G(z,w)) C X for all (z,w) € B,, where G(z,w) := Z?:l [¥(z,w)+ L£;(z,w)].

We are now ready to state the almost minimizing property for A’. We use the notation
pr,x for the orthogonal projection on the tangent space to X at p. We recall that, given
our choice of coordinates, pr,x is the projection on R*™™ x {0}. Since this projection will

be used several times, we will denote it by pg. By the C®¢ regularity of X, there exists a
map Uy € C*¢(R?*™ R!) such that

Uy(0) =0, DUy(0) =0 and Gr(¥,) =X.

Next, for each function £ satisfying Condition (b) in Definition 21.1 we consider the map
L := pg o L, which is a multivalued £ : B — Ag(R*"™). We observe that it is possible to
determine £ from L. In particular, fix coordinates (§,7) € R**" x R and let £ =Y [£4],
L =5 [£4], where £; = pg o £;. Then the formula relating £; and £; is

Li('Z»w) = (Z’i(zﬂw)a \Dﬂ(po(‘II(Z?w)) + Z,Z(Z,U))) - \Ijo(p[)(\Il(z,w))) . (130)

Proposition 21.2 (Energy comparison, cf. [25, Proposition 3.2]). There exists a constant
Ca12 > 0 such that the following holds. If r € (0,1) and L: B, — Ag(R*™) is a Lipschitz
competitor for N with || Ll <7 and Lip(£) < Cyy, then

|D_‘7\a2 < (1 + C91.9 T) ’DZ|2 + 12 Errl(f)\[, BT‘)
B, By

—I— 021.2 EI“I“Q(L, BT) ‘f‘ 021_2 T’QD,(T‘) s (131)

where L = pg o L and the the error terms Erri (N, B,), Erro(L, B,) are given by the
following expressions:

Erry (A, B,) = A" (r)D(r) + F(r) + H(r) + m(l)/2 rito / |n o N (132)
OB,
and
Erro(£,B,) =my> | |2[° ' no L. (133)

B
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21.2. Centered harmonic competitor. The most natural choice for the competitor £ is
the centered harmonic extension of the boundary value A(|sp,. Following the ideas of [10]
we estimate carefully the energy of such competitor. The computations follow then closely
those of Section 9.5: combined with the Proposition 21.2 we then conclude the following
estimates.

Proposition 21.3 (Cf. [25, Proposition 4.1]). There are constants C > 0, o > 0 such
that, for every r € (0,1) there exists a competitor L: B, — Ag(R*'™) for Al with the
following additional properties:

(i) Lip(£) < Coyy, [1£]lo < O

(ii) The following estimates hold:

|IDL]* < Cr/ |DA)? < CrD'(r), (134)
B OB,
/ |z|7°_1|noL| < CT%/ Inoa|+CH(r). (135)
B, 9B,

(iii) For every a > 0 there exists by > 0 such that, for all b € (0,by), the following
estimate holds:

_ b
(2a+ b)/ |DL> < r/ |D-\* + M/ A + Cr'toD/ (7). (136)
B, OB, r OB,

Using this competitor in Proposition 21.2, we then infer the following corollary.

Corollary 21.4. For every r € (0,1) the following inequality holds

D(r) <CrD'(r)+ CH(r) + CF(r) —|—Cmé)/2"ﬁo/ moN|. (137)
8B,
For every a > 0 there exists by > 0 such that, for all b € (0,by) and all r €]0,1]
r a(a+0)
Dr)<(14+Cr)|——+ D>+ —FLH Cé& CritoD’
<0+ |G [ 1A+ SR + C () + D ).

(138)
with

Eonr(r) < AP D(r) + F(r) + H(r) + m. 1 /8 moad.

21.3. Outer variations and the Poincaré inequality. In the third step, we employ
the first variations of the area functional on 7" in conjunction with the estimates of the
previous section to derive the following Poincaré inequality:

Theorem 21.5 (Poincaré inequality, cf. [25, Proposition 5.1)). There exists a constant
Co1.5 > 0 such that iof r is sufficiently small, then

H(r) < Co 57 D(r). (139)
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We record however the two main tools used to prove Theorem 21.5. They are the suitable
modifications of similar computations used to derive the monotonicity of the frequency
function in the case of Dir-minimizers. The first identity is the elementary formula which
gives the derivative of H. In order to state it we introduce the quantity

/6 S D). (140)

Br =1

Lemma 21.6. H is a Lipschitz function and the following identity holds for a.e. v € (0,1)
H(r)

r

H'(r) =

+2E(r). (141)

The second identity is a consequence of the first variations of 7" under specific vector
fields, which we call “outer variations”: such variations “stretch” the normal bundle of M
suitably and they are defined using the map A’. They are therefore the obvious counterparts
of the outer variations used to derive the monotonicity of the frequency function for Dir-
minimizers, see Section 8.3.

In the case of semicalibrated currents it is convenient to modify the Dirichlet energy
suitably to gain a new quantity which enjoys better estimates. Thus, from now on €2 will
denote D in the cases (a) and (c) of Theorem 4.4, whereas in the case (b) it will be given

Qr) :=D(r) + L(r)
/ » Z £4(p) A Dey Ni(p) A Ni(p) + Dey Na(p) A &(p) A Ni(p), deo(p) dp.

Proposition 21.7 (Outer variations, cf. [25, Proposition 5.3]). There exist constants
Co17 >0 and k > 0 such that, if r > 0 is small enough, then the inequality

Q2(r) — E(r)| < Cor7Eov(r) (142)
holds with
ov(r) = Ay (D) + T4 D)) 4+ B (r) +r 0 LT T (7 (R(B,))
(143)
Moreover
IL(r)| <Cmy” > °D(r) + Cmy” F(r). (144)

22. PROOF OF THEOREM 14.1, PART II: INNER VARIATIONS AND DECAY OF THE
FREQUENCY FUNCTION

22.1. Inner variations. Using the Poincaré inequality in Theorem 21.5, we can give very
simple estimates of the error terms in the “inner variations” of the current 7'. The latter
correspond to deformations of T along appropriate vector fields which are tangent to M and
therefore they are the obvious analog of the inner variations used to derive the monotonicity
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of the frequency function for Dir-minimizers, see Section 8.3. In order to state our main
conclusion we need to introduce yet another quantity

G(r) = /8 DA (145)

Proposition 22.1 (Inner Variations, cf. [25, Theorem 6.1]). There exist constants Cag1 >
0 and n > 0 such that, if r > 0 is small enough, than the following holds

ID'(r) —2G(r)| < C&v(r), (146)
where
my’
Erv(r) =r*"""D(r) + D(r)"D'(r) + rl—ow /BB 1 0 N(2,w)|
T e ((B,))). (147)

The next lemma summarizes then all the estimates achieved so far.

Lemma 22.2. There exist constant Cyso > 0 and n > 0 such that for every r sufficiently
small the following holds:

F(r) + rF'(r) <Cyor°D(r) (148)
|L(r)| <Cq221D(r) (149)

IL/(r)] <Canp (H(r)D'(r))"” (150)

Eov <Cors D7) + Coao F(1) + CogorD"(r)D/ (1) + Coonr Epp(r),  (151)

Erv(r) <Corp " 'D(r) + Copo D(r)" D' (1) + Caoo Ep(r), (152)

where
1/2
Ear(r) = T | imoad + 1T~ Tell(o7 (¥(B.)

Moreover, for every a > 0 there exist constants by(a), C'(a) > 0 such that
rD'(r) a(a+b)H(r)
22a+0) r(2a+0b)

An important corollary of the previous lemma is the following

D(r) < +C(a)r&nv(r) Yb<bya). (153)

Corollary 22.3. There exists a constant Cag.3 > 0 such that, if n is the constant of Lemma
22.2, then for every 0 < v < n and r sufficiently small, the nonnegative functions %

rffwvs% are both integrable. Moreover, if we define the functions

Ejv(T) /OT SE:;I]V)(( )) dS, (154)
Eov (s)

Sov(r) = /0 stD B ds (155)

E(T) ::EIV(T) + Eov(r) > (156)
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then
2(7”) S 022.3 r. (157)

22.2. Decay of the frequency function. We now have the tools needed to study the
asymptotic behavior of the normal approximation A’. First of all we prove the approximate

monotonicity of the frequency function and derive appropriate decay estimates.

For every r € (0,1) such that H(r) > 0, we set I(r) := THQ—(ES) where we recall that

| D(r) in the cases (a) and (b) of Theorem 4.4;
Q) := { D(r) 4+ L(r)  in case (c).
r) =1

Furthermore we define K(r) := I(r)~! whenever Q(r) # 0. By (149) there exists ro > 0

such that
%D(r) <(1-Cr)D(r) <Q(r) <(14+Cr)D(r) <2D(r) Vr <rg. (158)

Having fixed 7y, K(r) is well defined whenever D(r) > 0 and hence, by the Poincaré
inequality, whenever I(r) is defined. Moreover, if for some p < ry K(p) is not well defined,
that is (p) = 0, then obviously €2(r) = D(r) = 0 for every r < p.

We are now ready to state the first important monotonicity estimate. From now on we
assume of having fixed a ~

Theorem 22.4. There ezists a constant Cas 4 > 0 with the following property: if D(r) > 0
for some r <1y, then (setting v = 0 in (154) and (155)) the function

K(r) exp(—4r — 4% (1)) — 4 Zoy (1) (159)

is monotone non-increasing on any interval [a,b] where D is nowhere 0. In particular,
either there is ¥ > 0 such that D(T) = 0 or K is well-defined on |0,70[ and the limit
Ky := lim,_,o K(r) exists.

A fundamental consequence of Theorem 22.4 is the following dichotomy.

Corollary 22.5. There exists ¥ > 0 such that
(A) either K(r) is well-defined for every r €]0, 1o, the limit

Ky = li{gl K(r) (160)

18 positive and thus there is a constant C' and a radius 7 such that
C™l'rD(r) <H(r) < CrD(r) vV r€lo,7]; (161)
(B) or TLp Y (¥(B;)) = Q [¥(B;)] for some positive 7.
In turn, using the above dichotomy we can show

Theorem 22.6 (Decay of the frequency function, cf. [25, Theorem 7.3]). Assume that

condition (i) in Theorem 14.1 fails. Then the frequency I(r) is well-defined for every
sufficiently small v and its limit Iy = lim, o I(r) = Ky ezists and it is finite and positive.
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Moreover there exist constants A\, Cso4, Hy, Do > 0 such that, for every r sufficiently small
the following holds:

D(r)

7,210

— Do| < Copr. (162)

22.3. Uniqueness of the tangent map and conclusion. As already remarked for Dir-
minimizers, as a consequence of the decay estimate in Theorem 22.6 we can show that
suitable rescalings of the normal approximation A’ converge to a unique limiting profile.
To this aim we consider for every r € (0,1) the functions f, : dB; — Ag, (R*™™) given by

N (ir (2, w))

rlo

fr(z,w) =
where we recall that i,(z,w) = (rz,r/?w). We recall also that TopM = R? x {0}, and
ToX = R* x R" x {0}. In the following, with a slight abuse of notation, we write R™ for

the subspace {0} x R" x {0}.
The final step in the proof of Theorem 14.1 is then the following proposition.

)

Proposition 22.7 (Uniqueness of the tangent map, cf. [25, Proposition 8.1]). Assume
alternative (i) in Theorem 14.1 fails and let Iy and X be the positive numbers of Theorem
22.6. Then Iy > 1 and there exists a function fo: 0By — Ag(R™) such that

(i) mo fo =0 and fo # Q1 [0];

(ii) for every r sufficiently small

G(f(z,w), fo(z,w)) < Cr/'S ¥ (2,w) € OB ; (163)
(iii) the Iy-homogeneous extension g(z,w) = |z|™f, (é,%) is nontrivial and Dir-

MANIMIZING.
In particular, by (iii) Im(g) \ {0} C R**™ is a real analytic submanifold.
Theorem 14.1 follows immediately from Proposition 22.7 and Theorem 22.6.
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