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REGULARITY THEORY FOR 2-DIMENSIONAL
ALMOST MINIMAL CURRENTS III: BLOWUP
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Abstract

We analyze the asymptotic behavior of a 2-dimensional integral
current which is almost minimizing in a suitable sense at a singular
point. Our analysis is the second half of an argument which shows
the discreteness of the singular set for the following three classes of
2-dimensional currents: area minimizing in Riemannian manifolds,
semicalibrated and spherical cross sections of 3-dimensional area
minimizing cones.

This paper is the fourth and last in a series of works aimed at es-
tablishing an optimal regularity theory for 2-dimensional integral cur-
rents which are almost minimizing in a suitable sense. Building upon
the monumental work of Almgren [1], Chang in [4] established that
2-dimensional area-minimizing currents in Riemannian manifolds are
classical minimal surfaces, namely they are regular (in the interior)
except for a discrete set of branching singularities. The argument of
Chang is, however, not entirely complete since a key starting point of
his analysis, the existence of the so-called “branched center manifold”,
is only sketched in the appendix of [4] and requires the understand-
ing (and a suitable modification) of the most involved portion of the
monograph [1].

An alternative proof of Chang’s theorem has been found by Riviere
and Tian in [14] for the special case of J-holomorphic curves. Later on
the approach of Riviere and Tian has been generalized by Bellettini and
Riviere in [3] to handle a case which is not covered by [4], namely that of
special Legendrian cycles in S° (see also [2] for a further generalization).

Meanwhile the first and second author revisited Almgren’s theory
giving a much shorter version of his program for proving that area-
minimizing currents are regular up to a set of Hausdorff codimension
2, cf. [5,7, 6,8, 9]. In this note and its companion papers [12, 11]
we build upon the latter works in order to give a complete regularity
theory which includes both the theorems of Chang and Bellettini-Riviere
as special cases. In order to be more precise, we introduce the following
terminology (cf. [10, Definition 0.3]).
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Definition 0.1. Let ¥ € R™1" be a C? submanifold and U ¢ R™*"
an open set.

(a) Anm-dimensional integral current 7" with finite mass and spt(7") C
Y. NU is area-minimizing in ¥ N U if M(T + 9S) > M(T) for any
m + 1-dimensional integral current S with spt(S) CC ¥ NU.

(b) A semicalibration (in ¥) is a C' m-form w on ¥ such that |jwg]. <
1 at every x € X, where ||| denotes the comass norm on AT, ¥.
An m-dimensional integral current 7' with spt(7) C X is semical-
ibrated by w if we(T) = 1 for ||T|-a.c. z.

(¢c) An m-dimensional integral current 7" supported in 0Bg(p) C
R™*T™ is a spherical cross-section of an area-minimizing cone if
px T is area-minimizing.

In what follows, given an integer rectifiable current 7', we denote
by Reg(T) the subset of spt(T) \ spt(9T) consisting of those points z
for which there is a neighborhood U such that T U is (a constant
multiple of) a regular submanifold. Correspondingly, Sing(7") is the set
spt(T) \ (spt(0T) U Reg(T")). Observe that Reg(T) is relatively open in
spt(T') \ spt(9T") and thus Sing(7') is relatively closed. The main result
of this and the works [12, 11] is then the following

Theorem 0.2. Let m = 2 and T be as in (a), (b) or (c) of Def-
inition 0.1. Assume in addition that ¥ is of class C3° (in case (a)
and (b)) and w of class C*° (in case (b)) for some positive g9. Then
Sing(T') is discrete and for each p € Sing(T') there is a neighborhood
U in which T can be decomposed into finitely many (possibly) branched
disks intersecting only at p.

Clearly Chang’s result is covered by case (a). As for the case of
special Lagrangian cycles considered by Bellettini and Riviére in [3]
observe that they 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°.

Following the Almgren-Chang program, Theorem 0.2 will be estab-
lished through a suitable “blow-up argument”: this argument is pre-
sented here but requires several tools. The first important tool is the
theory of multiple-valued functions, for which we will use the results
and terminology of the papers [5, 7]. The second tool is a suitable ap-
proximation result for area-minimizing currents with graphs of multiple
valued functions, which for the case at hand has been established in
the preceding note [12]. The last tool is the so-called “branched center
manifold”: this has been constructed in the paper [11]. We note in
passing that all our arguments use heavily the uniqueness of tangent
cones for T'. This result is a, by now classical, theorem of White for
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area-minimizing 2-dimensional currents in the euclidean space, cf. [16].
Chang extended it to case (a) in the appendix of [4], whereas Pumberger
and Riviere covered case (b) in [13]. A general derivation of these re-
sults for a wide class of almost minimizers has been given in [10]: the
theorems in there cover, in particular, all the cases of Definition 0.1.

The proof of Theorem 0.2 is based, as in [4], on an induction state-
ment, cf. Theorem 1.8 below. Although Theorem 1.8 is already stated
in [11], we will recall it in the next section, where we also show how it
implies Theorem 0.2. This and the previous paper [11] can be hence
thought as the two halves in the proof of Theorem 1.8. After introduc-
ing some terminology, in Section 2 we will state the first half in Theorem
2.6 (which is proved in [11]) and the second half in Theorem 2.8, and
we will then show how they fit together to prove Theorem 1.8. The
remaining sections (the biggest portion of this note) are then dedicated
to prove Theorem 2.8.

Acknowledgments. The research of Camillo De Lellis and Luca Spo-
laor has been supported by the ERC grant RAM (Regularity for Area
Minimizing currents), ERC 306247.

1. Preliminaries and the main induction statement

1.1. Basic notation and first main assumptions. For the notation
concerning submanifolds ¥ C R?*" we refer to [6, Section 1]. With
B,(p) and B,(z) we denote, respectively, the open ball with radius
r and center p in R?>*™ and the open ball with radius ~ and center
r in R?. C,(p) will always denote the cylinder B,(x) 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+ ) and C,(p,7) for B.(p,7) + 7. e; will denote the unit
vectors in the standard basis, 7 the (oriented) plane R? x {0} and 7, the
2-vector e Aeg orienting it. Given an m-dimensional plane 7, we denote
by pr and p# the orthogonal projections onto, respectively, m and its
orthogonal complement 7. For what concerns integral currents we use
the definitions and the notation of [15]. Since 7 is used recurrently for
2-dimensional planes, the 2-dimensional area of the unit circle in R? will
be denoted by ws.

By [12, Lemma 1.1] in case (b) we can assume, without loss of gen-
erality, that the ambient manifold ¥ coincides with the euclidean space
R2*7", In the rest of the paper we will therefore always make the follow-
ing

Assumption 1.1. T is an integral current of dimension 2 with
bounded support and it satisfies one of the three conditions (a), (b)
or (¢) in Definition 0.1. Moreover
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e In case (a), ¥ C R**" is a €30 submanifold of dimension 2+ 7 =
2 +n — [, which is the graph of an entire function ¥ : R2t? — R!
and satisfies the bounds

(1.1) ID¥|lo <co and A :=|As|o < co,

where ¢ is a positive (small) dimensional constant and gy €]0, 1[.

e In case (b) we assume that ¥ = R?T" and that the semicalibrating
form w is C?%<0.

e In case (c) we assume that 7" is supported in ¥ = dBgr(pg) for
some po with |pgp| = R, so that 0 € OBr(po). We assume also
that ToOBR(po) is R2T"~! (namely py = (0,...,0, £|po|)) and we
let ¥ : R>2*"~1 — R be a smooth extension to the whole space of
the function which describes ¥ in Bo(0). We assume then that
(1.1) holds, which is equivalent to the requirement that R~! be
sufficiently small.

In addition, since the conclusion of Theorem 0.2 is local, by [10,
Proposition 0.4] we can also assume to be always in the following situ-
ation.

Assumption 1.2. In addition to Assumption 1.1 we assume the
following:
(i) T'L C2(0,m) = 0;
(ii) 0 € spt(T") and the tangent cone at 0 is given by O(T, 0) [ro] where
©(T,0) e N\ {0};
(iii) T 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
UwithdS =0Z =0 (inU), T = S+Z and spt(S)Nspt(Z) = {0}.

In order to justify point (iii), observe that we can argue as in the proof
of [10, Theorem 3.1]: assuming that in a certain neighborhood U there
is a decomposition T' = S+ Z as above, it follows from [10, Proposition
2.2] that both S and Z fall in one of the classes of Definition 0.1. In turn
this implies that ©(S5,0),0(Z,0) € N\ {0} and thus ©(S,0) < ©(T,0).
We can then replace T with either S or Z. Let T} = S and argue
similarly if it is not irreducible: obviously we can apply one more time
the argument above and find a 75 which satisfies all the requirements
and has 0 < O(73,0) < ©(T1,0). This process must stop after at most
N = O(T,0) steps: the final current is then necessarily irreducible.

1.2. Branching model. We next introduce an object which will play
a key role in the rest of our work, because it is the basic local model of
the 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
2m() and radius p > 0. More precisely we have
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Definition 1.3. B¢ , is topologically an open 2-dimensional disk,
which we identify with the topological space {(z,w) € C? : w® = 2, |2| <
p}. For each (z9,wo) # 0 in Bg, , we consider the connected component
D (20, wp) of B, N{(z,w) : |z — 20| < |20|/2} which contains (zg, wp).
We then consider the smooth manifold given by the atlas

{(D(z,0)), (21, 22)) : (2,w) € Bq,p \ {0}},

where (z1,x2) 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
D (z,w) with the chart (x1,z2) the metric tensor is the usual euclidean
one dx? + dx3. Such metric will be called the canonical flat metric and
denoted by eg. The coordinates (x1,x2) = z will be called standard flat
coordinates.

When @ = 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 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 [17]). Note that for each zp and 0 < r <
min{|zo[, p — |20/} the set Bg, N {|z — 20| < 7} consists then of @
nonintersecting 2-dimensional disks, each of which is a geodesic ball of
B, with radius r and center (2o, w;) for some w; € C with wiQ
We then denote each of them by B, (zp,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 isometric to the standard euclidean disk. Since this might
be creating some ambiguity, we will use the specification R? > B,.(0)
when referring to the standard disk in R2.

= 20-

1.3. Admissible @Q-branchings. When one of (or both) the parame-
ters @ and p are clear from the context, the corresponding subscript (or
both) will be omitted. We will consider repeatedly functions u defined
on B. We will always treat each point of B as an element of C2, mostly
using z and w for the horizontal and vertical complex coordinates. Often
C will be identified with R? and thus the coordinate z will be treated as
a two-dimensional real vector, avoiding the more cumbersome notation

(21, 22).

Definition 1.4 (Q-branchings). Let « €]0,1[, b > 1, Q € N\ {0}
and n € N\ {0}. An admissible a-smooth and b-separated @Q-branching
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in R2*" (shortly a Q-branching) is the set
(1.2) Gr(u) == {(z,u(z,w)) : (z,w) € Bga,} C R*H"

of a map u : Bgo, — R" satisfying the following assumptions. For
some constants C; > 0 we have

e v is continuous, u € C3“ on Bg , \ {0} and u(0) = 0;

o |Diu(z,w)| < Ci|z|* 7T ¥(z,w) # 0 and j € {0,1,2,3};

o [D3u]y B, (20) < Cilz|72 for every (z,w) # 0 with |z| = 2r;

e If @Q > 1, then there is a positive constant ¢, €]0,1[ such that
(1.3)

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

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

Any @Q-branching as in the Definition above is an immersed disk in
R2*7" 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
1.4 is a (single valued) C* map u : R? D By,(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 1.8 below. Observe that for @ > 1 the map u
can be thought as a Q-valued map u : R? O B,(0) — Ag(R"), setting
u(2) = D wen [ul(z, wi)] for z # 0 and u(0) = Q[0]. The notation
Gr(u) and G, is then coherent with the corresponding objects defined
in [7] for general @-valued maps.

1.4. The inductive statement. Before coming to the key inductive
statement, we need to introduce some more terminology.

Definition 1.5 (Horned Neighborhood). Let Gr(u) be a b-separated
Q-branching. For every a > b we define the horned neighborhood V,, ,
of Gr(u) to be
(1.4)

Ve = {(z,y) € R*xR" : I(z,w) € B2, with [y—u(z,w)| < cslz|"},

where ¢ is the constant in (1.3).

Definition 1.6 (Excess). Given an m-dimensional current 7" in R™+"
with finite mass, its excess in the ball B,.(z) and in the cylinder C, (p, 7’)
with respect to the m-plane 7 are

(1.5) B(T, B, (p), 7) = (2wmrm)_1/ T — #2d|T|
B.(p)

(1.6) E(T,C.(p,n'),7) := (2wmrm)_l/ T —72d||T| .
C.(p,m’)

For cylinders we omit the third entry when 7 = 7/, i.e. E(T,C,(p, 7)) :=
E(T,C,(p,7), ). In order to define the spherical excess we consider T’
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as in Assumption 1.1 and we say that @ optimizes the excess of T in a

ball B, (x) if

e In case (b)
(1.7) E(T,B,(x)) :== mTin E(T,B,(x),7) = E(T,B,(z), 7);
e In case (a) and (c) 7 C T, X and

(1.8) E(T,B,(x)) :== TrCnTinEE(T, B,(z),7) = E(T,B,(z), ).

Note in particular that, in case (a) and (c¢), E(T,B,(x)) differs from
the quantity defined in [9, Definition 1.1], where, although ¥ does not
coincide with the ambient euclidean space, 7 is allowed to vary among
all planes, as in case (b). Thus a notation more consistent with that of
[9] would be, in case (a) and (c), E*(T, B,(z)). However, the difference
is a minor one and we prefer to keep our notation simpler.

Our main induction assumption is then the following

Assumption 1.7 (Inductive Assumption). 7" is as in Assumption
1.1 and 1.2. For some constants Q € N\ {0} and 0 < a < % there is
an a-admissible Q-branching Gr(u) with v : B 5o — 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 Q = 1, although in this case the separation
condition is empty.

(Hor) spt(T') C Vy,q U {0} for some a > b;

(Dec) There exist v > 0 and a C; > 0 with the following property. Let
p = (z0,%0) € spt(T) N C s5(0) and 4d := [zg| > 0, let V' be the
connected component of V, , N{(x,y) : |x — z9| < d} containing
p and let 7(p) be the plane tangent to Gr(u) at the only point of
the form (xg, u(zo,w;)) which is contained in V. Then

(19)  B(TLV,B,(p),n(p)) < (320> Vo [5d®2 d]

The main inductive step is then the following theorem, where we
denote by T}, the rescaled current (¢, )47, through the map ¢y ,(q) :=

(q—p)/r.

Theorem 1.8 (Inductive statement). Let T be as in Assumption 1.7
for some QQ = Qq. 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 > Q such that Ty, satisfies Assumption
1.7 with Q = Ql.

Theorem 0.2 follows then easily from Theorem 1.8 and [10].
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1.5. Proof of Theorem 0.2. As already mentioned, without loss of
generality we can assume that Assumption 1.1 holds, cf. [10, Lemma
1.1] (the bounds on A and ¥ can be achieved by a simple scaling argu-
ment). Fix now a point p in spt(7) \ spt(97"). Our aim is to show that
T is regular in a punctured neighborhood of p. Without loss of gener-
ality we can assume that p is the origin. Upon suitably decomposing T
in some neighborhood of 0 we can easily assume that Assumption 1.2
holds, cf. the argument of Step 4 in the proof of [10, Theorem 3.1].
Thus, upon suitably rescaling and rotating 1" we can assume that m is
the unique tangent cone to T at 0, cf. [10, Theorem 3.1]. In fact, by
[10, Theorem 3.1] T satisfies Assumption 1.7 with Q = 1: it suffices
to chose u = 0 as admissible smooth branching. Indeed, (Hor) follows
directly from [10, Theorem 3.1 (3.2)] (with a = 1+ 79 > 1, where 7 is
the constant in [10, Theorem 3.1] and ¢ is suitably chosen). For what
concerns (Dec), given any point p as in the statement, we have that
B,(p) C Cs4(0,m) and, since by the choice of u = 0 it holds 7(p) = o,
we can estimate as follows

d2
E(Ta Bg(p), 770) < EE(Ta C5d(03 770))

M(T'L C54(0,70)) — O(T, 0)ws(5d)*

woo?

(%) 24

ag

for suitable choice of the constant v € (0,9/4), b € (1,1 + @/4) and
C; > 0, where @ = min{2a, o} with a the constant in (Hor) and «q the
constant in [10, Eq. (3.8)]. Note that in order to infer (x) we have used
the following two ingredients:

e by (Hor) Tl C,(0,m) C TLBrW for any r € (0,2);
e M(TLB,) < O(T,0)r? + Cr>t® as a direct consequence of the

epiperimetric inequality [10, Eq. (3.8)] (with ag the constant
therein).

If T were not regular in any punctured neighborhood of 0, we could
then apply Theorem 1.8 inductively to find a sequence of rescalings
To,p; with p; | 0 which satisfy Assumption 1.7 with Q= Q; for some
strictly increasing sequence of integers. It is, however, elementary that
the density ©(0,7") bounds @); from above, which is a contradiction.

2. The branched center manifold and the blow-up theorem

From now on we fix T satisfying Assumption 1.7. Observe that,
without loss of generality, 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
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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, without loss of generality, that it holds on Cs. For this reason
we can assume that the constants C; in Definition 1.4 and Assumption
1.7 is 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. We next recall [11, Lemma 2.1]:

Lemma 2.1. Let T and u be as in Assumption 1.7 for some Q. Then
the nearest point projection P : V, . N Cy — 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, ©(p,T) < Q for every p € C2\{0} and, for every x € B3(0),
each connected component of (x x R™")N'V,, . contains at least one point

of spt(T).

Since we will assume during the rest of the paper that the above dis-
cussion applies, we summarize the relevant conclusions in the following

Assumption 2.2. T satisfies Assumption 1.7 for some @ and with C;
sufficiently small. @ > 1 is an integer, ©(0,7) = QQ and O(p,T) < Q
for all p € Cy \ {0}.

The overall plan to prove Theorem 1.8 is then the following:

(CM) We construct first a branched center manifold, i.e. a second ad-
missible smooth branching ¢ on B, and a corresponding Q-
valued map N defined on the normal bundle of Gr(y), which
approximates T with a very high degree of accuracy (in partic-
ular more accurately than u) and whose average m o N is very
small;

(BU) Assuming that alternative (a) in Theorem 1.8 does not hold, we
study the asymptotic behavior of N around 0 and use it to build a
new admissible smooth branching v on some B, 5 where k > 2 is
a factor of @): this map will then be the one sought in alternative
(b) of Theorem 1.8 and a suitable rescaling of T will lie in a
horned neighborhood of its graph.

The first part of the program is the one achieved in [11], whereas the
second part will be completed in this note. Note that, when Q = 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.

2.1. Smallness condition. In several occasions we will need that the
ambient manifold ¥ is suitably flat and that the excess of the current
T is suitably small. This can, however, be easily achieved after scaling.
More precisely we recall [11, Lemma 2.3].
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Lemma 2.3. Let T be as in the Assumptions 1.7 and 2.2. After pos-
sibly rescaling, rotating and modifying ¥ outside Co(0) we can assume
that, in case (a) and (c) of Definition 0.1,

(i) ¥ is a complete submanifold of R*™";

(i) ToX = R?*™ x {0} and, ¥p € ¥, ¥ is the graph of a C>° map
U, T, — (T,5)*1.
Under these assumptions, we denote by ¢ and my the following quanti-
ties
(2.1) ¢ :=sup{||DV,|/c2. : p € X} in the cases (a)é(c) of Def. 0.1

(2.2) ¢:=||dw]|| .20 in case (b) of Definition 0.1
(2.3) mg := max {c2,E(T7 Co,m), CZ, 2},

where C; and cs are the constants appearing in Definition 1.4 and As-
sumption 1.7. Then, for any €2 > 0, after possibly rescaling the current
by a large factor, we can assume

(2.4) my S €.

In order to carry on the plan outlined in the previous subsection, it
is convenient to use a different parametrization of ()-branchings. If we
remove the origin, any admissible @)-branching is a Riemannian subman-
ifold of R%*™\ {0}: this gives a Riemannian tensor g := ®fe (where e
denotes the euclidean metric on R**™) on the punctured disk B¢ 2,\{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 which maps the conical singularity
of B, in the conical singularity of the @-branching. In fact, we need
the following accurate estimates for such a map, cf. [11, Proposition
2.4]:

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

(i) W is a homeomorphism of Bq , with a neighborhood of 0 in Gr(u);
(ii) ¥ € C3*(Bg, \ {0}), with the estimates

(2.5)
|Dl(\Il(z,w) — (=, O))\ <CoCy|z| et forl=0,...,3, 2#0,
(2.6) [D°®), B, (z0) <CoCilz| ™2 for 2z #0 and r = |2|/2;

(iii) ¥ is a conformal map with conformal factor \, namely, if we
denote by e the ambient euclidean metric in R2T" and by eq the
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canonical euclidean metric of Bq,,,

(2.7) g:= P = \eg on Bg, \ {0}
(iv) The conformal factor X\ satisfies
(2.8)  |D'(X = 1)(z,w)| <CoCilz|* ™t forl=0,1,...,2,
(2.9) [DQ)\]Q,BT(ZM) <CyC;| 2|2 for z 0 and r = |z|/2.

Definition 2.5. A map W as in Proposition 2.4 will be called a
conformal parametrization of an admissible Q)-branching.

2.2. The center manifold and the approximation. We are now
ready to state the two “halves” of Theorem 1.8. The first one is [11,
Theorem 2.6], which we recall here for the reader’s convenience. We
recall here that for any multiple valued map H : Bg — Ag(R*™™)
T denotes the integer rectifiable current given by the push-forward of
B, through the map H (see [7, Definition 1.3] for the details of the
definition).

Theorem 2.6 (Center Manifold Approximation). Let T be as in
Assumptions 1.7 and 2.2. Then there exist ng,vo,70,C > 0, b > 1,
an admissible b-separated ~yg-smooth Q-branching M, a corresponding
conformal parametrization ¥ : Bs o — M and a Q-valued map N :

Boo— Ag(R?**7) with the following properties:
(i) QQ = O(T,0) and

(2.10) |D(®(z,w) — (2,0))] <Cmy/?|z[,
(2.11) |D?®(z,w)| + |2|| D3 (2, w)| < Cmy?|z[0"

in particular, if we denote by A the second fundamental form of
M {0},
AM(® (2, w))] + 2| Dyt Apa (8 (2,0)] < O]z
(i1) N i(z,w) is orthogonal to the tangent plane, at ¥(z,w), to M.
(iii) If we define S = Ty, then spt(S) N Cy \ {0} is contained in
a suitable horned neighborhood of the Q-branching, where the or-

thogonal projection P onto it is well-defined. Moreover, for every
r €]0,1[ we have

(212) HN‘BT‘ HO + sup |p — P(p)| < Cmé/‘lrlJr’Yo/Q '
pespt(S) NP~ (¥ (B,))

(iv) If we define
D(r) :—/B DA and H(r) = /83 22,

P= [ O and Alr) =D(r) + F(r),
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then the following estimates hold for every r €]0,1]:
(2.13) Lip(A|g,) <Cmin{A™(r), m}’r"},

(2.14) mJ° /B |27 n o N (2, w)| <C A™(r)D(r) + CF(r).

(v) Finally, if we set
F(z,w) := Z [P(z,w) + Ni(z,w)] ,

then
(2.15) IS — T;H(P_l(\II(BT))) <CA™(r)D(r)+ CF(r).

The second main step is the analysis of the asymptotic behavior of
A around the origin, which is the main focus of this paper.

Remark 2.7. In order to state it, we agree to define W'? functions
on ‘B in the following fashion: removing the origin 0 from 8 we have
a C3  (flat) Riemannian manifold embedded in R* and we can define
W2 maps on it following [5]. Alternatively we can use the conformal
parametrization W : R* = C — B given by W(z) = (29, 2) and agree
that u € W'?(Bp) 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 I 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 2.8 (Blowup Analysis). Under the assumptions of Theo-
rem 2.0, the following dichotomy holds:
() 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 — Aq (R2+7) such that

—nog=0,
— g =>,100,g:0)], where g;(x) € R™ and (0,g;(x),0) € R? x
R x R,
— and the following estimates hold:
(2.16) G(N(z,w), g(z,w)) < C|z|0F V(z,w) € Bg, 2] <T,

(2.17) / |IDN|? < Cp2lotao p op2lo=l ), v4p<r <,
Brip\Br—p

(2.18) H(r) < CrD(r) Vr<l1.

Remark 2.9. Note that, when Q = ©O(T,0), we necessarily have
@ = 1 and the second alternative is excluded. In particular we conclude
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that T coincides with [M] in a neighborhood of 0 and thus it is a regular
submanifold in a punctured neighborhood of 0.

Remark 2.10. By a simple dyadic argument it follows from (2.17)
and (2.18) that

(2.19) / IDN)? < Cr?Po and F(r) < COr2otno vy <1,

Below we show how to conclude Theorem 1.8 from Theorem 2.8. The
remaining part of the paper is dedicated to the proof of the latter, which
will be split in six sections each corresponding to one of the following
steps.

(i) In Section 3 we will deduce an almost minimizing property for the
map A in terms of its Dirichlet energy.

(ii) In Section 4 we will apply the almost minimizing property and
compare the Dirichlet energy of A’ with that of a suitable harmonic
extension of its boundary value on any given ball.

(iii) In Section 5 we use the comparison above and a first variation
argument to derive a suitable Poincaré-type inequality for A/

(iv) In Section 6 we compute again the first variations of the Dirichlet
energy of Al and use the Poincaré inequality to bound efficiently
several error terms.

(v) Using the latter bounds, in Section 7 we will prove an almost
monotonicity property for the frequency function and the existence
and boundedness of its limit, which is indeed the number I of
Theorem 2.8. The almost minimality of A’ will then allow us to
conclude an exponential rate of decay to this limit.

(vi) From the decay of the previous step we will capture in Section 8
the asymptotic behavior of Al and show the existence of the map
g of Theorem 2.8.

The overall strategy follows the ideas and some of the computations in
[4]. However, several adjustments are needed to carry on the proof in
the cases (b) and (c) of Definition 0.1. In particular in Section 7 we need
to introduce a suitable modification of the usual frequency function to
handle case (b).

2.3. Proof of the inductive step. In the next sections we will prove

Theorem 1.8. We start observing that if case (a) of Theorem 1.8 does

not hold, then we are necessarily in case (ii) of Theorem 2.8. Therefore

we only need to prove that Theorem 2.8(ii) implies Theorem 1.8(b).
We divide the proof in different steps.

Step 1. For a reason which will become clear later, it is convenient to
slightly modify the map g to a multivalued map n(z,w) =), [ni(z, w)]
in such a way that n;(z,w) is orthogonal to M at ¥(z,w). To achieve
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this it suffices to project g;(z,w) = (0, gi(z,w),0) on the normal bundle.
Observe that, by the estimates on |[Axq| and ¥, we have

(2'20) |gi(zv w) - ni(z7 w)‘ SCCi|Z|’YO|gi(27 w)| )

(2.21) IDnl(z, w) <|Dgl(z,w) + CCil =g (2, w).

We introduce the function H : B5 — Ag (R2t7) given by

Q Q
H(z,w) =Y [Hi(zw)] =) [¥(zw)+ni(zw)] .
i=1 i=1
Note that, since g is Ip-homogeneous and Dir-minimizer, by [5, Propo-
sition 5.1] there is a constant C' such that

(2.22) |gi(z,w) — gj(z,w)| > 2C |z|™ whenever g;(z,w) # gj(z,w).

In fact [5, Proposition 5.1] is stated for maps with domain C = R2.
However, if we define the map W : C — By  as W(z) = (29, 2), by
the conformality of W it is easy to check that g o W is Dir-minimizer
and Iy homogeneous.

By (2.20) and (2.22), provided z is small enough we have

(2.23) |H;(z,w) — Hj(z,w)| > C'|z|™ whenever H;(z,w) # H;(z,w).

Let a €]0, ap[ be a constant to be fixed momentarily and ¢ := Ip+d/2 > 1.
Set

Vi = {Hi(z,w)+pe R2T: |p| < |2]¢, i =1,.. Q).

We claim that there exists s > 0 such that spt(7) N Bs \ {0} C V.

In order to prove this claim, we distinguish two cases. First we con-
sider any point p € spt(T) Nspt(T ) \ {0}. In this case p = ¥(z,w) +
Ni(z,w) for some (z,w) € By \ {0} and for some i = 1,...,Q. With-
out loss of generality, by (2.16) we can assume |N\ ;(z,w) — ¢i(z,w)| <
C|z|fote ie.

(2.24)  [p— Hi(z,w)| = [Ni(z,w) = ni(z, w)| < |Ni(z,w) — gi(z, w)]
+ |gl(z7w) - ni(za ’UJ)|,
(2.25) < Olz|fote 4+ C|z| 0o,
which in particular implies spt(7') Nspt(T#) N Bs; C V¢ if s is suffi-
ciently small and we impose § < 7o.
For the second case we consider a point p € spt(T) \ spt(T¢) and

assume by contradiction that p € Vg ¢. In particular, in view of (2.24)
we have that

(2.26) B:=B(p)Nspt(Ts) =10

2




2-DIMENSIONAL REGULARITY THEORY 139

if |z| is sufficiently small. By the monotonicity formula we know that
IT[(B) > C'|z]*; nevertheless since B C P~(By,| \ Byjj5), (2.26) im-
plies |T||(B) < ||T — T#|/(B) and from (2.15) and (2.19) we conclude
IT|(B) < C|z|?0+2% with k = min{2ng In,y0}. This gives a contradic-
tion if a < 2k.

Step 2. From the previous step we can infer that g is a constant
multiple of an irreducible function, namely there exists @' > 0 such
that card(g(z,w)) = Q' for every (z,w) # (0,0) and there exists a
continuous map h : Bgo — R*T™ such that

(2.27) glzw)y= = > [h(z9)].

If this is not the case, by [5, Proposition 5.1] we can decompose g in the
superposition of irreducible functions, i.e. there exists a unique decom-
position g = Z‘j]zl kjg; where g; : Bg — Ay, (R") are Dir-minimizing
Ip-homogeneous functions, for some choice of positive integers J, k;, q;
such that Y7, kjq; = Q.

Denoting by H7 the corresponding maps

HI(z,w) := Z [®(z,w) + (n?)1(2,w)]
=1

and by Vp; . the corresponding horned neighborhoods
Vi ¢ = {(H )i(z,w) +p € R* o [p| < |2, 1 =1, q5},

it follows from (2.23) that the closures of the V¢ p, intersect only at the
origin. Setting T; := T'L V¢ p,, we infer that T = )", T; with spt(7;) N
spt(T;) = {0}, against the irreducibility of T'. Note that, since nog =0
it also follows that Q" > 1.

Having established (2.27), let us define © : B, — R27 as

O(z,w) = ¥(z,0?) + h"(2,w) V (%,0) € By ,

where h"™(Z,w) is the projection of h(Z,%) on the space normal to M
at the point W(2,®%"). It follows that Im(H) = Im(®) is an admissible
QQ’-branching (the Holder regularity for the graphical parametrization
follows from the fact that Iy > 1). Moreover, from the homogeneity
of g we easily infer that Im(®) is Ip-separated (for a suitable constant
¢cs). Note that for ¢’ := Ip + a/4 and s sufficiently small Vg N B, C
V(..)7C/ N Bg.

Step 3. Finally we prove the condition (Dec) of Assumption 1.7. Let
(z,w) € B with 0 < [z] < V2, let V be the connected component of
Voo N{(z,y) : |z — 2| < d} with d := [2l/1 containing ©(z,w), and
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p € spt(T) NV with coordinates p = (z,y). Denote by 7 the oriented
two-vector for Im(@®) at ©(z,w), and consider p € [%d(l“ U2 ).

Since B,(p) Nspt(T') C P~ (W (B, 42, \ Bs|-2,)), We start estimating
as follows

/ 1T —®]2d||TLV||
Bp(P)

<[ R RIS I - Tl (Bagyia,)
B,(p)nV

(2.15) .
(228) < / By — 72| Ty + C oo+,
B,(p)N

Next, note that for |z| small enough P(B,(p) N Ve ) C ¥(Ba,(z,w)).
We can consider the set of indices A C {1, ..., Q} such that %(z,w) €
V for i € A and estimate as follows

/ Ty — 72| Ty
B,(p)nV

<C) / T 5. ¢y — Tocwl* ¢ + C p* Lip(DO|p,, (- )
icA Y B2o(2w)

SCZ/ T (o) — Twica* dC
icA ’ B2o(z0)
(2.29)

+C Tw(cw — Torwl>dC+Cpt 2?72,
Bay(z,w)

where 6 := min{yo, Iy — 1} and we used that |D?@|(z,w) < C|z|9~".
We can finally use the computation of the excess in curvilinear coor-
dinates in [7, Proposition 3.4] to get

—

> / T 5w — Twicwl
Bay(z,w)

)

<C (IDN* + ¢ 2| ?)

B, (z,w

(2.19)
(2.30) <o / IDAJ2 + C |20t 2
Bz +25\B)z| -2

(2.1

17)
(2.31) <

C|Z’210+a0 +C|Z’21071p’
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and similarly

/ Tow — Tww!
Ba,(z,w)

<C (IDn)? + [P0~ |n)?)
Ba,(z,w)

<C (IDgl* + ¢ ~21g1?)

B2p(sz)

(2.32) <C |z|210_2p2 +C |z]210+270

(observe that, in order to apply [7, Proposition 3.4] we need that n takes
value into the normal bundle).

Collecting all the estimates together, we have that there exists a
suitable constant w such that

[ = ARAITLY] < O 4 sl 4 € pt o2
BP(P

(2.33) <[22,

where the last inequality is easily verified for v > 0 and |z| small enough.
This shows (Dec) in Assumption 1.7 and completes the proof.

3. Dirichlet almost minimizing property

The normal approximation A’ inherits from 7" an almost minimiz-
ing property for the Dirichlet energy, where the errors involved are in
fact expressed in terms of some specific norms of A itself and of its
competitors.

For technical reasons we introduce the maps F := Z?Zl Ip + Ni(p)],
where N := A o ®~!. In order to state the almost minimizing property
of A’ we introduce an appropriate notion of competitor.

Definition 3.1. A Lipschitz map £: B, — Ag(R"™2) is called a
competitor for A’ in the ball B, if

(a) Llo, = Nlop,;
(b) spt(G(z,w)) C X for all

—

z,w) € By, where

Mo

G(z,w) := [P (z,w) + Lj(z,w)] .

1

J

We are now ready to state the almost minimizing property for Al
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?*7 x {0}. Since this projection will be used several
times, we will denote it by pg. By the C>¢ regularity of ¥, there exists
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a map ¥y € C3¢(R**" R) such that
Up(0) =0, D¥(0) =0 and Gr(¥o) =X.

Next, for each function £ satisfying Condition (b) in Definition 3.1 we
consider the map £ := pgo L, which is a multivalued £ : B — Ao (R*™").
We observe that it is possible to determine £ from L. In particular, fix
coordinates (£,7) € R2*" x Rl and let £ = Y [4], £ = > [4], where
L; = po o L;. Then the formula relating £; and £; is
(3.1)

Lz w) = (L w), Wo (po( (2, w)) + Lz w)) — Wo(po(¥ (2, w))

Proposition 3.2. There exists a constant Cs3o > 0 such that the
following holds. If r € (0,1) and L: B, — Ag(R*™) is a Lipschitz
competitor for N with ||L]|ls < r and Lip(£) < C35, then

/ ’D?\uz < (1 —1—03.2 7“) / ‘DZ’Z —I—Cg.g EI’I‘l(N, BT)
B, B,
(3.2) + 03_2 EI‘I‘Q(L, BT) =+ 03.2 7“2D/(7“> R

where L := pg o L and the error terms Err1 (N, B;), Erra(L, B,) are
given by the following expressions:

(3.3)
mmxﬂnzwwmmm+wm+mm+m?#m/'mom
0B,

and
3.4 Erra(L, By) = m,? z[* no | .
0
B,

For the proof of Proposition 3.2 we consider separately the three
cases:

(a) T is mass minimizing;
(b) T is semicalibrated;
(c) T is the cross-section of a mass minimizing three-dimensional cone.

For notational convenience we set L := Lo ¥~! G := Go WL
Observe also that, by Lemma A.1 and A.2, it is enough to prove that

/ |IDN|? < (14 C3497) / |DL* + CErry (N, B,)
B, B,

(3.5) + CErra(L, By) + g / |L]* + Cr*D’(r) .

T
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Indeed Lemma A.2 implies that
/ DL]? S(l—i—CT)/ ]DL|2—|—C7"/ 122
By B OB
<(1 —I—Cr)/ |DZ)? +Cr/ |£[?

T 9B

:(1—|—C’r)/ ’DL|2—|—C'T/ | (|2
B, OB,

<(1+Cr) / ]DZ|2 + CErry (N, B),

T

whereas Lemma A.1 implies

1
/ |L]? gcr/ \DL|2+C/ |£[?
T JB, B, OB,

gcr/ |DZ|* + C Erry (N, By) .
Br

3.1. Proof of Proposition 3.2 case (a): 7" mass minimizing. We
fix £, L, L, G, G and G as above. Let us set

(3.6) Z:=T Ty, +T;.

Since Flop, = Glop,, from [7] it follows that 9(Tg— Ty, ) = 0. More-
over spt(Z) C ¥ and therefore we must have M(7T) < M(Z). Taking
into account (2.15), we conclude that

M(Ty, ) <M(TLp  (¥(B,))) + T = Ty [|(P™H(¥(B)))
< M(Tg) + 2T — Ty, 1P~ (2(Br)))
(3.7) < M(Tg) + CErry(A, B,).

Observe now that Ty, = TFl\II(B ) and we can use the Taylor expan-
sion in [7] to compute:

1
M(Ty1,,) 2 QHRB) +5 [ IDNE=Q [ N, Hu)

(38) ~c [ (1AuPINE + DN
¥(Br)

where Hjq denotes the mean curvature vector of M. Note that in
order to apply the Taylor expansion in [7] we need the manifold M to
be C?, with an apriori bound on the C? norm. However, if we take
TrL B, \ B,/; and rescale by a factor 1/r, the corresponding rescaled
current, map and manifold fall under the assumptions of the Taylor
expansion in [7]. We can then scale back to find the corresponding
inequalities for 7B, \ B, /, and sum over dyadic annuli to conclude
(3.8).
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Using the conformality of ¥ we conclude

/ IDNJ? = / DA2.
\Il(B,«) B

As for the other terms, we recall
1 (2.14)
69 [ JmeNHM|<COmi® [ non] < CBm(a B,
W(B,) B,
(2.13)
(3.10) / IDN|* < CLip(fJ\[|BT)2/ IDN|> < CFErry(N, B,),
W(B,) B,
| AMPINE < Cmy [Pt
¥ (B,) B,

(3.11) =Cmy /T E ds < CErri1 (N, By) .
0

$2—27

Combining the latter estimates with (3.6) and (3.7) we achieve

(3.12) ;/B IDN|? < CEmry (X, B,) + M(T¢) — QH2(¥ (B (x)).

Next, fix an orthonormal frame &1, &3 on B, and, using the area formula
from [7], compute

M(TG>=[P(B I+ DLi-6) A€+ DL-)
S% [P(Br) Zl: (|é1+DL; - &) > + & + DL; - &)

Q@)+ [ pLp

T (B,)

+Q/ ((D(noL)-&,&)+(D(nol)-&,&)) .
¥(B,)

By conformality the second summand in the last inequality equals

1
/ |DL|?.
2 /i,

We integrate by parts the third summand. Recall that noL =no /N on
W (0B,) = 0(¥(B,)): since no N is orthogonal to §; the boundary term
vanishes. Moreover, since the origin is a singularity, we must in fact
integrate by parts in B, \ B: and then let £ — 0. A specific choice of §;
is & = A'2DW . ei, where e1, ez is the parallel frame on By naturally
induced by the standard flat coordinates. It then turns out that

|De &1+ Deyo| (®(2,w)) < Cmyl?|20 L
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In particular |Dg & + Dg,&o| is integrable on B, and we can therefore
conclude

M(Tg) — QH*(¥(B;))
1 2 °
<5 Jyuy, IPEEHQ [ (oL DG8 4 Dot

1
(3.13) §2/ |DL|? + CErro(L, By) .
B,
Combining (3.12) and (3.13) we conclude (3.5).

3.2. Proof of Proposition 3.2 case (b): T semicalibrated. We
proceed as in the previous step and define the current Z as in (3.6). If
S is any current such that

0S=T—-Z=Ty, —Ts= TF‘\I/(BT) —Tq,
then the semicalibrated condition gives
M(T) <M(Z) + S(dw),
where w is the calibrating form. In particular, in order to conclude the
proof it suffices to find an S such that
(3.14) |S(dw)| < CErr1(N, By) + CErra(L, B,) + S/B |£? -

combining the latter inequality with the estimates of the previous sub-
section we reach the desired inequality.
We first define H; : [0, 1] x ¥(B,) — AQ(]RQ“‘") fori=1,2 by

0,1] x ®(B,) 3 (t,p) = Hi(t,p) : Z[[p+tN (p)] € Ag(R*™),

[0,1] x ®(B;) > (t,p) = Ha(t,p): Z[[p+ (1—1) Li(p)] € Ag(R*™).

We choose S := S| + Sz, where S; := Tp, for ¢ = 1,2. Thanks to the
homotopy formula in [7], we get

951 = TF|\II(B ) -Q [[M]] THl l0,1]x ¥ (8B
08y = Q [[M]] - TG|q;(Br) +T Haljo1)xw(0B,)
On the other hand since N = L on ¥(09B,), we conclude 95 = 9(S; +
So) =T — Z.
We next estimate |S1(dw)| and [S2(dw)|. Since the estimates are

analogous, we give the details only for the first. We start from the
formula

1 (dw) A . / Z C(t,p), dw((H)i(t,p)) dH2(p) dt
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with
Gi(t,p) = (& +t Ve, Ni(p)) A (€2 +t Ve, Ni(p) A Ni(p)
=: & N A Ni(p) + Ei(t,p),
and
(3.15) |Ei(t,p)| < C (IDN|(p) + |DN|?(p)) |N|(p).

Next we note that

(3.16) dw((H1)i(t,p)) = dw(p) + I(t,p),

where I(t,p) can be estimated by

(3.17)  |I(t,p)| = |[dw((H1)i(t,p)) — dw(p)| < C||D*w| [ [N|(p)-

Therefore, we have

Q Q
’ > {Gilt,p), dw((HDz‘(t,p)»‘ <) (& A& A Ni(p), dw(p))
=1 =1
Q. Q .
+ Nl SO1E (k) + €Y (1Nl + BT (2. p)
=1 =1

< Cmy” |no N| + C|N[*(p) + C|DN|(p) |N|(p) + Cr|DN*(p),

where we have only used the bound |N|(p) < Cr on ¥(B,). Arguing
similarly for Sy (observe that we have the bound |L|(p) < Cr) and
estimating |[N||DN|+|L||DL| < r~Y(|N|?>+|L|?)+Cr(|DN|?+|DL|?),
we achieve

|S1(dw)| + [S2(dw)|
50m5/2/ (Ino N| + |n o L)) —i—Crl/ (IN]2 + L)
¥ (B,) N

r

+ Cr/ (IDN*+ |DLJ?),
(Br
and we conclude as above by a change of variable and Theorem 2.6.

3.3. Proof of Proposition 3.2 in case (c): 7T is the cross-section
of a three dimensional area minimizing cone. Recall that in this
case spt(T) C OBg(po), where pg = (0,...,0,R) = Repio and R71 <
1/2 . . . el s .
my . For the computations of this subsection it is indeed convenient
to change coordinates so that pg is in fact the origin, whereas ¥(0,0)
is the point (0,...,0,—R). In these new coordinates we then have
M, spt(T),Im(F) C O0Br(0). These coordinates will, however, be used
only in here, whereas in the next sections we will return to the usual
ones.
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We introduce the following notation: C(r) is the cone over W(B,)

with vertex 0, i.e.
C(r):={pp e R"* : pe[0,1], p € ¥(B,)},

with the orientation compatible with that of 0 [M]. We extend F to
F:C(r) = Ag(R™"?) by setting F'(pp) := p F(p) for every p € ¥(B,).

In order to estimate the Dirichlet energy of N in terms of that of L,
we construct a suitable function K : C(r) — Ag(R"*?) (depending on
L and N) such that K|sc(;) = Flac(r): we can then test the minimizing
property of 0x T comparing its mass with that of the current

Z:=0xT~ T+ Tk =0x% (T~ Try,, )+ Tk

which is easily recognized to satisfy 0Z = 9(0x T'). In particular, using
the minimality of O0x T, we conclude

(3.18) R™M(0% Tpy,, ) < RT'M(Tk) + CErri (A, By) -

We consider the space of parameters [0,1] x B, and recall that the
points in B¢ are identified by two complex coordinates (z, w) € C x C.
For the definition of K we need to introduce the following sets
(3.19)

2r—1

Ay ::{(p,z,w) €0,1]xBr:1—-r<p<l1, |z < 'O—i_;},
(3.20)

1—

Ay ::{(p,z,w) €0,]]xB:1-2r<p<1l-—r |2/ < 2/)},
(3.21)

B:=[1-2r1] x B, \ (41 U 4).
We then define the function # : [0,1] x B, — Ag(R""?) given by
(3.22)

p L(z,w) ifp<1-—2r,
H(p. o) = pli(p) N (pfgf_lzz(p;;;;)_lﬁ/@ w) ?f (p,z,w) € Ay,
—pli(p) L (=t (1fp)1/Qw> if (p, z,w) € As,
pla(l2) A (1, Lw) if (p, z,w) € B,
where l1,l5 : R — R are the affine functions
(3.23) h(t) = ? and  lo(t) = Qtr_ T

The following are simple properties of # which can be easily verified:
(1) H(1,z,w) = N(z,w) for every (z,w) € By, as (1,z,w) € Ay and
(1) =1;
(2) H(p,z,w) = pN(z,w) for every p € [0,1] and for every z with
|z| =7, as Llap, = N|op, and la(r) =1,
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(3) # is well-defined and continuous, as # = 0 in A1 N Ay from [;(1 —
r) =0,

H(p, z,w) = p =L o ( r/e z) in A, N 9B,

[2[ |z|'/@

and

— 1/ .
H(p, 2, w) = p =L o (ﬁ H—Zw) in Ay NB.
The competitor map K : C(r) — Ag(R""?) is now given by
Q
K(pp) =Y _lpp+ Hi(pp)] with H(pp) := #H(p, " (p)).
i=1
Note that by (1) and (2) above it follows that K|sc() = Z*:'|ac(r).
We start now estimating the masses of the various currents intro-

duced above. Since spt(Tr) C 0Bg(0), it follows that M(0x Tp) =
RM(TF)/3 and, by the expansion of the mass of T, we have that

1
(3.24) M(Tp, ) = QH*(¥(B,)) + 2/3 |DN|* — CExry (N, B,) .
Combining the latter estimate with (3.18) we conclude

(3:25) [ DA < 6RIM(Ti) ~ 2QHA(W(B,) + CEuny (., By).

For what concerns the mass of Tk, recalling that p + spt(L(p)) €
0BRr(0) for every p € ¥(B,), we deduce that
1—2r)3M(Tg)

M(TKLBR(1_2T)) = M(0x TGLBR(1—27~)) = R( 3

and
M(Tg) < QH2(\II(BT)) + ;/ ]DL|2 + Erre(L, B,) .
By

In particular we conclude
6R'"M(TkLBpg_2)

(3.26) <2Q(1 — 2r)*H*(®(B,)) + / |DL|? + Erro(L, B,) .
Next we pass to estimating M(Tx . Br \ Br(1_2,)). In order to carry
on our estimates we use the area formula for multifunctions, cf. [7]. In
particular we fix an orthonormal frame &1, & for M as in the proof of
case (a) and we let &3 = R™19; be normal to them in TC(r), i.e. pointing
in the radial direction of the cone. We then have

M(TxL(Br \ Bra-2:))

:/C()Z’(fl—FDHZ'-fl)/\<52+DHi-§2)A(§3+DHz"§3)‘-

‘ (4)
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Using the Taylor expansion for (A), cf. [7], we can bound
RM(TgL(Br\Bra_2n)) < QR 'H3(C(r)N By \ Bi_,)

d
+QR™ /12 / . 2 l(m o H)(tp)]t*dt

+QR™ /12/ i:vg (no H),&) t*dt

v (Br) z:l

(3.27) +CR—1/ / |\DH|*t%dt .
1-2r )

The linear terms can be integrated by parts: since V,(n o H)(tp) =
%(n o H)(tp), we have

/l / L im0 B (tp))i2dt

1-2r J¥(B,) dt K P

= [ Ao M)~ (- 20 o ) (1~ 200p).7)
¥ (B,)

(3.28) —2/12/3 (no H)(tp), p) tdt,

/1 27«/ #(5.) Z Ve (no H),&) tdt

_ ° 2
(3.29) - /1_%[“&)«7, H), Hpy) t2dt.

Therefore, by a simple change of coordinates we can estimate

RIM(T 4L (B \ Bygr_y) < LU0 22)

+Cm(1)/2/B (Imo |+ |no £|)

H((B,)

1
+cmg/2/ / \D3|2(t, 2, w) dz dt
1—2r .
1
(3.30) + Cm(l)/z/ / 12|07 n o #|(t, z,w)dz dt .
1—2r

In order to bound the various integrands of (3.30), we start with the
following general remark. Assume that x : [1 — 27, 1] x B, — [0, 4+00)
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has the structure

2 (2r)'/e .
X1 p+2rrz—1’ (p+2r—1)/@ w) if (p,z,w) € Au,

2r)'/e .

(3:31)  x(pay) = { xa (325, 20w) if (p,2,w) € Az,
1/Q .

X3 ﬁWU’) if (p, 2,w) € B,

for some x1, X2, x3 : Br — [0,4+00). Then one can compute the integral
of x in the following way:

1
/ / X(t,z,w)dzdt:/ X(t,z,w)dzdt—l—/ x(t, z,w)dzdt
1-2r J By Ax Az
+/ x(t, z,w) dzdt,
B

and one can easily compute that

1
/ X(t, z,w)dzdt = / / X1(t, z,w) dz dt
Al 1—r Bt+2;_1
! 2 2r)/@
=/ / Xi S CL) SSS—_ R
1—r JBiior_1 t+2T_1 (t"_QT—l) /Q
t2ro1

Ut 2r —1)\?
(3.32) _/ (+2:0> / x1(z, w)dz dt S’r/ X1(z, w)dz dt.
1 r r

-r

Similarly

(3.33) / X(t, z,w)dz dt §r/ x2(z,w) dt,
Az

T

and
1 r g
/X(t,z,w)dzdt:/ dt/ ds/ x3(z,w) dz
B 1—rp t+227‘71 T BBT
1-r g
+/ / Tds/ x3(z,w) dz
1-2r J15t T OB,
(3.34) STZ/ x3(z,w) dz.
0By

By direct computations one verifies that the integrands in (3.30) are
all bounded from above by functions x with the structure (3.31): in
particular,

(i) |z g o #H|(t, z,w) < x(t, z,w) if we choose
x1(z,w) = xs(z,w) = |27 o A(|(z,w)
and
x2(z,w) = |27 o L(z,y);
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(ii) |D#H|?(t, z,w) < x(t, z,w) if we choose
C
x1(z,w) = x3(z,w) = 72|N|2(Z,w) +C DN (2, w),
C
x2(z,w) = ﬁ’LF(zﬂ w) +C |DL‘2<27 w),
for some dimensional constant C' > 0.
It then turns out from (3.32), (3.33), (3.34) and (i), (ii), (iii) that
6RM(TkL(Bg\Bgri_n))
<Q(1—(1=2r)*)H*(¥(B,)) + Cr’D’(r)
(3.35) + CErri (N, Br) + CErra(L, By) .
Summing (3.35) and (3.26) we conclude
6R'M(Tx) <2QH*(¥(B,)) +/ |DL[> + Cr’D'(r)
+ CErr1 (N, B,) + CErra(L, B,) .

Combining the latter estimate with (3.25) we conclude the proof.

4. Harmonic competitor

The most natural choice for the competitor £ is a suitable “harmonic”
extension of the boundary value N\|gp,.. Following the ideas of [4] we
estimate carefully the energy of such competitor. To this purpose it
is useful to introduce “polar” coordinates with center 0 in % and split
accordingly the Dirichlet integrand in radial and angular parts. More
precisely, consider (zg,wo) = ((£o,¢0), wo) € 0B, and take, locally, the
standard flat coordinates z = (x1, z2) of Definition 1.3. We then denote
by v the exterior unit vector normal to 0B, at (zo,wp) and by 7 the
corresponding tangent unit vector obtained by rotating v of an angle
7/2 in the counterclockwise direction, namely

0 0 0 0
o -1 - —1(__~ _
v = |2| (anflfl +C08$2> and T := [z < Coaxl +§08x2> .

The directional derivatives of any (multi)function f on 9B gives then
two (multi)functions

D,,f:Z[[Dfi-z/]] and DTf:Z[[Dfi-T]] :

The Dirichlet integrand |Df|? enjoys then the splitting
IDfI> = Dy f* +1D- fI*.

For the rigorous justification of these identities see [5].
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Proposition 4.1. There are constants C > 0, o > 0 such that, for
everyr € (0,1) there exists a competitor L: B, — Ag(R?*T™) for A with
the following additional properties:

(i) Lip(£) < Cg3, [ £llo < Cr.

(ii) The following estimates hold:

(4.1) / IDZJ? < C’r/ IDA|2 < CrD/(r),
B, 0By

(4.2) / 2o o £ gcwo/ im0 A + CH(r).
B OB,

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

(2a+b)/ |IDL? gr/ | D,
B, 0B,

b
+a(a+ )
T

(4.3) /83 |N|? + Cr oD’ (1) .

Using this competitor in Proposition 3.2, we then infer the following
corollary.

Corollary 4.2. For every r € (0,1) the following inequality holds
(44) D(r) < CrD'(r)+ CH(r) + CF(r) + Cmg* 1 / Ino .
0By

For every a > 0 there exists by > 0 such that, for all b € (0,by) and all
r €]0,1]
D(r) < (1 + Cr) [7’ / DA + ‘MH(T)]
(2a+0b) Jog, r(2a+0)
(4.5) + C Equm(r) + CrtoD/(r),
with

Equ(r) < A(r)™D(r) +F(r) + H(r) + m(l)/Q 7 /83 InoN.

Proof of Corollary 4.2. Recalling that H(r) < C’r||9\[||?,BT < Cr3t0 we
casily infer that A(r) < Cr? and thus the inequalities follow readily
from Proposition 3.2 and Proposition 4.1. q.e.d.

4.1. Proof of Proposition 4.1: Step 1. First of all we observe that
it suffices to exhibit £, as £ can be recovered from it via the formula
(3.1). Moreover, it suffices to show the estimates with A( in place of
A in the right hand side, because we obviously have || < |A(| and
|IDN| < |DA|. Next we wish to relate o £ and n o L for two maps
satisfying the relation (3.1). Note that by a simple Taylor expansion we
have
o L] <Clno Ll +CG(L,mo L)?,
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where the constant C' depends on the C? norm of ¥,. In particular we
record the following conclusion:

(4.6) / oo L] < C / [0 o £ + C / 212
B, By B

In this step we exhibit an “harmonic”! competitor # which satisfies

all the requirements of the proposition except for the Lipschitz estimate.
In fact we will show that there is a W2 map # : B, — Ag(R?*™™) such
that

(4.7 Hlop, = Nlop,  and  [|H] p=(5,) < QN[ L~(8,),
@s) [ ipap<cr | |pap
B, 2B,

(4.9) / \z]'yo_l‘n oH| < CT’YO/ Ino ﬂw,
B,

0B

(4.10) /\zm—l\m?gcm/ A2,
B, 9B,

_ _ b -
(4.11) (2a+b)/ |D}[|2§r/8B IDTN|2+a(a:r)/aB BN

In these estimates we do not use any of the particular properties of N
and indeed for any Lipschitz multivalued map N : B, — Ag(R?*™)
there is such an “harmonic” competitor. Therefore, given the scaling
invariance of the estimates, we will assume without loss of generality
that r = 1.

Let D, := {|z| < r} denote the disk of radius r in R?, which we
identify with the complex plane. We start by defining the “winding
map” W : D; — B given (in complex notation) by

W(z) = (zQ,z).
We then consider the multivalued map U := A o W. Let 6 — u(f) be
its trace on 0D;(0), which we parametrize with the angle 6 € [0, 27].
According to [5, Proposition 1.5] we can decompose u in a superposition
of simple functions u(f) = ijl u;(0) such that, for every j =1,...,J,
Qj .
0 + 2mi
w® =3 | (“5)]
i=1 Q;
where the v; : [0,27] — R2+7 are periodic Lipschitz functions. Next
consider the Fourier’s expansion of each ~;

o0
(132,0 + Z (ajcos(l8) + bj;sin(19)) ,
=1

i (0) =

"We remark that the competitor used here does not coincide, in general, with the
Dirichlet minimizer with boundary value A(|as,..
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and its harmonic extension, which in polar coordinates (p, f) reads as

(4.12) ¢i(p,0) = (16) + bj;sin(16)) .

We then can define the “harmonic” competitor for U, which is the Q-

valued map
J Qj )
:Z J [[CJ <p1/Qj’9+27TZ>}:|
—l Qj

7j=1 =1

and the “harmonic” competitor for A/, which is # = Yo W~1. Observe
that the first claim in (4.7) is obvious, whereas the second claim follows
from the maximum principle for classical harmonic functions.

Simple computations and the conformality of W, see for instance [5,
Proof of Proposition 5.2], yield

(4.13) /B |D5{]2:/ DV —WZZZ (lajal® + bial?) |
1

7j=11=1

J oo 2
T
(4.14) / D2 =23 S L (jag? + byaf?)
oB QD @

J 2 00
_ Q-
(4.15) /BB 5]? =7Q ) @(—‘ J;' + (|aj,12+\bj,112)).
1 Jj=1 I=1

Clearly, (4.8) follows from the first and second inequality, with the con-
stant C = QQ1 < QQ, assuming that Q1 = max{Q1,...,Q,}. (4.11)
follows from the fact that, for any chosen a > 0, if by is sufficiently small
and 0 < b < by, then

£2
(2a +b)0 < ——
QQj
The latter claim is elementary and the reader can consult, for instance,
Step 2 in the proof of [5, Proposition 5.2].
Observe next that n o ¥ is the classical harmonic extension of the
single-valued function m o U|gp,. We then have the classical estimates

+ QQjla(a +b) V¢ eN.

1m0 VlLoe(n,10) + M0 VL (py) < Cllmo Ulrop,) -

In particular we conclude easily

10 #1105, + 10 Hll 11513y ) < C /8 InoAl.
1
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because the change of variables W~! is smooth on Bj \ By/p. The
integrability of |z[°~! on Bj gives then

I e sz w) dz <Cllme 3w, )+ Cllm Hlrco -
1

which in turn completes the proof of (4.9).
A similar argument proves (4.10). Using the classical theory of single
valued harmonic functions we see indeed that [|¢; || z2(p,) +|Gill (B, ) <

Cllvillz2(am,) and thus, using the fact that W is smooth on By \ By s,
we conclude that

190 e, + 120 i, < C 1302

From this we easily conclude (4.10).

4.2. Proof of Proposition 4.1: Step 2. We keep the notation of the
previous paragraphs and assume that A( is defined in By, after scaling.
The specific scaling that we are using is the one which preserves the
Lipschitz constant and is given by

N(z,w) = r N (rz, %)

and by abuse of notation we keep the symbols A, Z, etc. for all the
rescaled maps.

Under this scaling we then have the estimates | A||p~ < C’m(l]/ fr0/2

and Lip(N) < A(r)" and we want to show that we can modify # to a
competitor £ with Lip(Z) < Cj 3, satisfying

(4.16)  Llpp, = Nlos,  and || Ll|ge(s,) < ClIN| L= (68,);

(4.17) /B DL gC(1+r°')/B ]Dﬂ{|2—|—CA(r)"/a DA%,

B1
@) [ pptppsce [ jae,
B, 0B,
@) [ ptmeri<c [ inoay.
B1 0B1

Observe that the harmonic functions (; defined in (4.12) are Lipschitz
in every ball Dy_; for 0 < ¢t < 1 with an estimate of the form

C.. c. . - CA(r)m
(@20) DG, o < Slint) < Trip(g < AT

They are not Lipschitz up to the boundary 9D, because the Dirichlet
to Neumann map ~; — %(1, -) does not map L into L*°. However,
we have the estimate

DGl D1y < Cpllvillwrr@apy) < CpA(r)™
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for every p < co. In particular, we can bound

161 —t,) = Yjllwraap,) < Cot PA(r)™,

which in turn implies

(4.21) max |¢j(1 —t,0) — v, (8)] < Cot 2A ().
Choose t := A(r)"™/? and define a new map &; as
Gi(p,0) for p <1—t
&i(p,0) :=

2001 —t,0) + =0 (0)  for1—t<p<l.

Now, (4.20) and (4.21) imply that |D¢j|| < CA(r)™?2. Moreover we
obviously have

| owsr< [ ingevoaor( [ pgl [ by

@2 <[ DGR eerae [y
D1 8B1
We can now define two “intermediate” maps
J Q .
0+ 2mi
00.0):= -3 [ (e, 22
j=1i=1 Q;

and £° := 79 0o WL, It is then immediate to see that £° enjoys the
bound Lip(£°%) < CA(r)™/ on the domain B; \ B4 and that all the
estimates (4.16), (4.17) and (4.19). On the other hand the differential
D £V is singular in the origin and in fact it is rather easy to see that we
have the bound

(4.23) |DLO(z,w)|? < C|z|22/<QQ)/ |DLO%.

By
In order to produce £ we need to smooth the singularity of £° at the
origin. There are several ways to do this and we present here one pos-
sibility. First of all we fix 2 < p < 2QQ/(2QQ — 2) and observe that
(4.23) yields the estimate

p/2
(4.24) / \DLO(z,w)]ng(/ DepR)”
B3/ B
Next we define
1
M|DL°(z,w)| :== sup - |DLO(z,w)|

p<1/4 P~ JB,(zw)
and let
A= {(z,w) : M|DL(z,w)| > co},
where ¢y is a constant to be chosen later. Observe that, given the
Lipschitz bound for £° outside the origin, for r sufficiently small the set
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A is contained in Bj /5. Arguing as in the proof of [5, Proposition 4.4]
we have the Lipschitz estimate Lip(£") < Ccy on By \ A, where C' is a
dimensional constant. We can then use the Lipschitz extension of [5,
Theorem 1.7] to extend £° to £ on A so that Lip(£) < Cep. Choosing
co accordingly we achieve the desired Lipschitz bound on B;. As for
(4.16) and (4.18) observe that the extension satisfies

12l Z (8, 10 < CIH N Toe (8,,0)

and coincides with Lo on By \ Byp. As for (4.19), it would suffice to

show that [noZ| < C|npo(|. This can be easily achieved in the following

way: we make a Lipschitz extension of £°, subtract from each sheet the

average and then sum back to each sheet a Lipschitz extension of no £0.
As for (4.17) we compute

/|DL|2 g/|DL0|2+ccg|A| < /|DL0\2+CC§I’/ |DLOP
B34

pj2—1
(4.25) g/\DLD\Q(l—i—Cc(Q)_p(/\DLO\g) : )
Observe that p/2 —1 > 0 and that by (4.22) and (4.8)

[ipeop< [ipspoaeys [ pap<c [ paE<or,
1

0B
so that

/|DL|2 (1+C1")/ |D}[|2+C'r”/ DA
B1 By 0B,
(4.8) , .,
< / Do +0r0/ DA
B1 0B1

5. Outer variations and the Poincaré inequality

In this section we begin to exploit the first variations of the area func-
tional on T in conjunction with the estimates of the previous section.
The main conclusion will be the following Poincaré inequality:

Theorem 5.1 (Poincaré inequality). There ezists a constant Cs1 > 0
such that if v is sufficiently small, then

(5.1) H(r) < C517D(r).

We record, however, the two main tools used to prove Theorem 5.1,
since they will be useful in the future. The first one is an elementary
computation. In order to state it we introduce the quantity

(5:2) = [ SO D)

Br =1
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Lemma 5.2. H is a Lipschitz function and the following identity
holds for a.e. r € (0,1)

H(r)

(5.3) H/(r) = +2E(r).

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_. 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 € will denote D in the cases (a)
and (c) of Definition 0.1, whereas in the case (b) it will be given by

Q(r) :=D(r) + L(r)

+ D¢, Ni(p) A §2(p) A Ni(p), dw(p)) dp .

Proposition 5.3 (Outer variations). There ezist constants Cs3 > 0
and k > 0 such that, if > 0 is small enough, then the inequality

—DT+L®§Z& ) A Dy Ni(p) A Ni(p)

(5.4) 1Q(r) — E(r)] < Cs.5Eov ()
holds with

Eov(r) = A(r)" (D(T) H(’") (r)) + F(r)
(5.5) + r”% T - Trli(p” "(®(B,))).
Moreover
(5.6) IL(r)| <Cmy* > °D(r) + Cmy* F(r).

5.1. Proof of Lemma 5.2. The Lipschitz regularity of H follows from
the Lipschitz regularity of A. Consider next the map i, : B — B given
by i,(z,w) = (rz, rl/Qw). By a simple change of variables we compute

H(r):/ AP (i (2 0)) 7

0B,

The formula (5.3) is then an elementary computation using the chain
rule for multifunctions, cf. [5].

5.2. Proof of Proposition 5.3. The inequality (5.6) is a simple con-
sequence of

L(r)| < Cm /!DMWJ

<Cmo/’m2%wwﬁ+0mo/‘MWﬂwﬁ

T
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In order to show (5.4) we fix a test function ¢ € C2°(R), nonnegative,
symmetric, with support in | — 1, 1] and monotone decreasing on [0, 1].

We then follow [9, Section 3.3] and, having fixed r, we define the vector
field X° on V,, via

Xp) = o)~ p()  where (¥ (z,w)) =6 (1)

For r small enough, by (2.13) we can argue as in [9, Section 3.3] and
deduce via the change of coordinates given by W, that

ITr(X) = [ 6(E) DA+ fy ! (5) 210D

3
(5.7) + Z Errf,
=1

Bt =| [ p(Humew)| <Cm [ 1t ineag
M B,
(2.14)
(5.8) < CA™(r)D(r)+ CF(r),
(5.9) Eng < C / ol [AM[2 N2 < CF(r),
M

Bixg <C [ (Jol(DNP? V][] + DN

+1Dg| (IDNJ? [N| + IDN| N | Au]))

2
SC/B |:(’Z|’Z\£|270 - |DN|4> - T_l(b/(%)rpr’?o |D_‘7\[‘3
— 7l (B |y 1
(2.13)2(2.12)0 A™(r)D(r) + CF(r) — C A(r)™ / g/l 1

2] =70

r

(5.10) —Crlﬂom()/ r1¢ (B Do,

T

(We recall that ¢’ <0 on [0,1]).)

We next drop the superscript from X° and we distinguish two situa-
tions:

e In the cases (a) and (c) of Definition 0.1, we denote by X+ and
X7 the projections of X on the normal and the tangential bundle
of ¥, respectively. Then 6T(XT) = 0 and therefore

0T p(X)] < 0T p(X) — 6T(X)| + 5T (XH)];
N——

~-
o o
Errg Errg
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e In case (b), since d7'(X) = T'(dw | X), we estimate
|6Tp(X) — Tp(dw 1 X)|
<|0Tp(X) —6T(X)|+ |T(dw 1 X) — Tp(dw 1X)| .

o
Errg

In both cases we have

Err§ <@ |div=X| d||T|| + Q ‘le X‘ d||Tp|
spt(T)\Im(F) Im(F)\spt(T

4 Qlldw]oc / X|dIT - Tr],

where we use the convention that w = 0 in the cases (a) and (c). We
then can estimate

Errg <C ) —p®)| +¢p(p)) d|T — Tr|
2 12 2 15
S CA™(r)D(r)+ CF(r)
(5.11) L Ot / V@) lp - p®)| dIT - Tr]|
S(e)

In case (b) we have that

Tp(dw 1X)
Q
= /M o Y (&1 + De, Ni) A (€2 + Dey N - £2) ANy, dw(p + Ni(p)) -
=1
Clearly

T (s 1X) / Z (61 + DeyNi) A (&2 + Dey N - £2) A Ny, d(p)

< Cdwlly / GINJ2
and we can therefore conclude

‘TF dw 1X)
/902 61(p)A D, Ni(p) ANi(p) + D, Ni(p)A&a(p) A Ni(p), ()|

< CHdeo/SOINIIDNI2+CIIdeo/s077°N+C||dw\|1/s0N!2-

Letting ¢ converge to the characteristic function of the interval [—1, 1],
we reach the conclusion (5.4). The only term which needs some care is
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the term S(¢) in (5.11). Note that we can approximate the characteris-
tic function of [—1, 1] with an increasing sequence of functions ¢; with
the property that |¢.] < Cj,0< ¢; <land ¢; = lon[-1+1/j,1-1/j].
Then we would have

hn@upS@%)SCHHSUP%HT“TFW““BT\Bﬂkﬁﬁﬂ)
i J

d
<CLIT — Tl (¥(B,)).

by the monotonicity of the function r — ||T' — Tr||(¥(B;)).

In the cases (a) and (c) we follow the same argument, but we need to
bound the additional term Errg. In order to deal with the latter term
we argue as in [9, Section 4.1]. In particular we bound

Errg < ‘/dinXJ- d”T!‘
<

< divzX d|T||+/ dive X| d||Tg||
/sm(T)\Im(F)| r ‘ Im(F)\spt(T)‘ T ‘

I

(5.12) o+ \ [T dim)

)

Iy

where h(v) Avg) := 25:1 Asy(v;,v;). Since the projection on the normal
to ¥ is a C?% map, X+ enjoys the same C! bounds as X and I; can
be controlled as Errj. The term I5 can be estimated using

X (p)| = @ lpr,si(p — P0)] < Ce(S) ¢ p — p(p)
<Cmolp—p(p))> Vpes.

In particular we achieve Iy < CH(r), which concludes the proof.

5.3. Proof of Theorem 5.1. In order to prove the theorem we start
estimating the error term F.

Lemma 5.4. There ezists a constant Cs4 > 0 (depending on 7o)
such that

(5.13) F(r) < Cs4r° Y H(r) + C547° D(r) V7€ (0,1).

Proof. Using (5.3) and an integration by parts we infer that

"Hp) _H(P):]_/Orddp<H£p)> 20 dp

5.11) _H(r) /T2E<p) ]
0

rlf'YO plf’YO

0 o— 1—
0o P Y0 P Yo
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The Cauchy—Schwarz inequality yields then the following bound for ev-
ery €:

€ 9 T o _H(r) rD'(r)
15) Ewl<t [ e [ ipag =B IR

4e

Therefore, by choosing £ = /2, we deduce (5.13) from (5.14) and (5.15).
q.e.d.

Proof of Theorem 5.1. In view of Lemma 5.4, for r sufficiently small,
the almost minimizing condition (4.4) reads as

D(T)SCTD/()—I—CH()—i—C /27'70/ |noN|.
0B,

Dividing by the radius and integrating we get

/O ds<C/ (D’ EW())erV0 1/830\7709\[\) dp

" D) + CF() + Cm 1/2/ |,Z(fj€|
(2.14) -
< CD(r)+C(A™(r)D(r) + F(r))
(5.16) < CD(r) +Cr 'H(r).

Therefore, using Lemma 5.2 we deduce that

(5.4)
H(r)_/zE tSC/D
r 0

10 [T+ D)+ T = Tl () ) dp

(5.16) ( )
< CD(r) +C 2 +Cr°D(r)

+CF(r) + CT”OIIT —Tr|(p ' (¥(B,)))
(2.15)&(5.13)
< oD@ +C E(T)

-

For r sufficiently small this concludes the proof. q.e.d.

6. Inner variations and key estimates

Using the Poincaré inequality in Theorem 5.1, we can give very simple
estimates of the error terms in the “inner variations” of the current 7.
The latter corresponds to deformations of 1" along appropriate vector
fields which are tangent to M. In order to state our main conclusion
we need to introduce yet another quantity

(6.1) G(r) == /aB |D, A2
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Proposition 6.1 (Inner Variations). There exist constants Cg1 > 0
and n > 0 such that, if r > 0 is small enough, than the following holds

(6.2) ID'(r) —2G(r)| < C&v(r),
where
ml/2
Erv(r) = r*"'D(r) + D(r)"D'(r) + % /8 L [me NGz w)
63) T Tl (R(B,))).

For further use we summarize in the next lemma a set of inequalities
which will be used in the next sections and which are direct consequences
of all the conclusions derived so far

Lemma 6.2. There exist constant Cgo > 0 and n > 0 such that for
every r sufficiently small the following holds:

(6.4)
F(r) +rF'(r) <Cgor°D(r),
(6.5) IL(r)| <Cs27 D(r),
(66)  [L'(r)] <Cs (H(r)D'(r)",
Eov <Ce2 D'(r) + Cs2 F(r) 4+ CoorD" (r)D’(r)
(6.7) +Cs27Epp(T),

(6.8) gjv(T‘) §Cﬁ.2 7'277_1]:)(7“) + 06.2 D(T)n D/(T) + CG.Q 6Bp(’l”),

where
1/2
m d _
Eap(r) = T [ no a0+ T - Tell (b7 (R(B))).
OB, r

1=

Moreover, for every a > 0 there exist constants by(a),C(a) > 0 such
that

rD'(r) a(a+ b)H(r)
(6.9) D(r) < 22a+b) | r(2a+b)

An important corollary of the previous lemma is the following

+C(a)r&rv(r) Vb <byla).

Corollary 6.3. There exists a constant Cg3 > 0 such that, if n is

the constant of Lemma 6.2, then for every 0 <~ < n and r sufficiently
Ervr)  Eov(r)
rYD(r) r1+7D(r)
Moreover, if we define the functions

small, the nonnegative functions are both integrable.

(610) 2[\/(7’) = /Or jyll‘s(('ss)) ds,
(6.11) Yov(r):= /OT ‘SEZVI()S()S) ds,

(6.12) X(r) =2 (r)+ Zov(r),
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then
(6.13) Y(r) < Cear™ 7.

6.1. Proof of Proposition 6.1. We evaluate the first variation of T
along a suitably defined vector field X. To this aim we fix a function
¢ € C°(] —1,1]), symmetric, nonnegative and identically one on | —1+
1/4,1 — 1/4[ and with the property that |¢'| < Cj. Then we introduce
the vector field Y: M — R™"2 defined, for every (z,w) € B\ {0}, by

Y (®(z,w)) =2 o) D, ®(z,0) € Ty M,

and extended to be 0 at the origin.

Next we define the vector field X;: V., — R"™2 by X;(p) := Y (p(p)).
Note that X; is the infinitesimal generator of a one parameter family
of diffeomorphisms ®. defined as ®.(p) := T'-(p(p)) + p — p(p), where
I'. is the one-parameter family of biLipschitz homeomorphisms of M
generated by Y. In fact, since I'. fixes the origin, we can consider it as
a C?7 map of M\ {0} onto itself. Note moreover that X; is Lipschitz
on the entire 8.

Observe that, by Lemma 5.4 and the Poincaré inequality, F(r) <
C'r7 D(r), so that A(r) < CD(r). Moreover,

(6.14)

DY (B (2,0)) + |divag V(B (2, w)) < ~Cr2|z] ¢ (E) + Crto(2),

where we recall that ¢/ < 0 on [0, 1].
If  is small enough, by (2.13) we can argue as in [9, Section 3.3] and
deduce that

1

Q
5 /M <|DN|2divMY—2Z(DNi: (DNZ--DMY»)‘

=1

5
<> Errj, + |Tr(dw X)),
k=1
where the last term appears only in case (b). The error terms can be

bounded in the following manner.
First of all,

Errl = Q

/M((HMaTION>diVMY‘|‘<DYHM,77°N>)‘
< Or-1mY? Z1Y 12101 1 o (2,
<ortm [ (o(H) 2Pt o alte.)

= ¢/ () |zt o A((z, w) )
(2.14)

< Cor DY) — C’mé)/2 r”’ol/ ?“71(15/(@) In o N(z,w)l,

T
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where in the first inequality we used (6.14) and the fact that
(Dy Hat,mo N) < [Y][DHpal I o N| < CELo(5) |02 0 (]

As for Erry and Err} we have

Errh = C /M Am2(IDY||N + [Y][N| [DN])

SCmo/%{T_l<—?¢/((li|))
+o(5h)) e + 2o ()

’z‘l_’}’o

< Cmor'D(r) — Cr™! / r g/ ,
and T
Eixj < C [ (V][ Al DNE(N|+DN)
+ IDY|(JAm| [DN| [N + [DN*))

<Crv () - opE) [ e(5) I
B

2
+Cr1D(r)’7/ r Lo (1) ;f}'w

B

The errors Err) and Err} are the same as Err and Errg respectively,
in Section 5.2, evaluated along a different vector field. Proceeding in
the same way as in the estimate of Errj, we deduce

Err! :/ ‘d1V~X} a||T|| +/ ’le
spt(T)\Im(F Im(F)\spt(T)

< ol D) + C’/adHT — T,

5(¢)

where a(p) = ¢(p(p)) and (¥ (z,w)) = r72|z|¢(r~[])—r~1¢'(r~*|z]).
In particular using (2.15) and the fact that —¢’ < Cj on [0, 1], we infer

5(6) < Crv D) + OLIT — Tol (o7 (R (B Byiygp)-

As for Err?, we observe that it only appears in the cases (a) and (c) and
arguing as in Section 5.2 we can bound it as

B < Ty 4 ' [t e iz

1P
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where h(v) A vg) 1= Z?Zl As(vi,v;) and I enjoys the same bounds as
Err}. Following the argument of [9, Section 4.3] we can see that I, enjoys
the same bounds as Err; and Err?. Finally we come to the special error
Tr(dw 1X) of case (b). Observe that |dw(p+ N*(p)) —dw(p)| < mé ’|N|
so that

Ty (dw 1 X) — /M<Dgl(no N) A& AY — Dey(no N) A&y AY, dio(p)

=F
<Cm* [ VN |DN].
M
Let &1, &, v1, ...,y be an orthonormal basis of R2*" such that

&i(p), &2(p) € TyM,
and let dx', d2?, dy', ..., dy" be its dual basis. Since Y € T M, we can
write

Y (p) = ai(p) §&1(p) + a2(p) S2(p)

n
and dw(p) = Z bk(p)dyk Adat A dz? 4+ @,
k=1
where
o= Z cn,j(x,y) dy' A dyF A da? + Z dir; (2, y) dy' A dy* A dy’.
§=1,2 I<k I<k<j
Next notice that

E__Z/ Or <a1<D§1(nON)’dyk>+a2<D§2(nON)7dyk>>
k=17M

n
=3 [ ne(wrDetno N+ axDe fmo W
k=1 M
— <T] oN,ay D&Vk “+ a9 D52yk>)

(6.15) < Cmy” </M(|DY|+IY|) !n°N+/M Y] IAM||n0N|> ,

where in the first inequality we have used that (Z,&) = 0, for every
vector field Z tangent to M, and in the second and third inequalities
integration by parts. Therefore, estimating these error terms as in Erry,
Erry and Errg above, we can conclude that

ITr(dw X)| < CmoD(r) + Cr~ ' D(r)
_ Cm[l)/Q T’Yol/ Tflqs/(@) ”I’] ° N(z,w)| )

T
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To conclude the proof notice that, with analogous computation as in
[5, Proposition 3.1],

d
e /M ’D(NOFE)P
Q
_ . .. _ 2 div )
(6.16) _/M (2;@1\@. (DN; - DyY)) — [DN|?d MY)

However, by the conformal invariance of the Dirichlet energy, we have

/| (NoT)) /|D oF
M

where T'; is the one parameter family of diffeomorphisms generated by
the vector field Y: 8 — ‘B defined by

Y (z,w) = ’i’ ¢ ('i’) v

d
e lse /M |D(NOFE)‘2
Q A~ A
(6.17) :/% (22<D9\[i; (Dg\[i.DY>)—\D9\[‘2diVY> ,
i=1

where the differentiation is taken with respect to the (local) flat struc-
ture of B.
In particular we conclude

d 2 _ B / M 2 2
d s:o/M ID(NoT.)| _/B,. T <7~ ) @D, — [DAJ?) .

Hence

(6.18)

de

Collecting together (6.16), (6.18) and the error estimates, and letting ¢
converge to the indicator function of [—1, 1] (namely letting j 1 co) we
conclude the proof.

6.2. Proof of Lemma 6.2. The lemma is a very simple corollary of the
estimates proven so far. (6.4) is a simple consequence of the Poincaré
inequality (5.1) and of (5.13). Similarly, by Lemma 5.4, we have that
A(r) < CD(r), and therefore (6.7) follows in view of (6.4). The same
arguments hold for (6.8). Next for (6.5) we can estimate as follows:

IL(r)| < Cmy” / 1| DA < Cmy </H dt) Dz (r)

(5.1) 1/ T 2 1/2
(6.19) < Cmy C5,1/ tD(t)dt | D2(r) < Cmy rD(r).
0
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Similarly

N|=

(6.20) |L'(r)| < Cmy /{)B 1A DA < Cmy? (D' (r) H(r))

Finally, we notice that Proposition 6.1 implies

: < CEv(r).

Therefore, using the almost minimizing property in (4.5) and the Poin-
caré inequality we infer that

rD'(r) ala + b)H(T)]
(2a+0b) r(2a+0b)
+C(a)r&rv(r)+ Eoum(r) + Crite D'(r).

D(r)<(14Cr) {2

Absorbing the error term 7'+ D/(r) in the first summand and dividing
by (14 C(a)r?) we get

rD'(r) a(a + b) H(r)
D)< 5ot n) T Tr@arp T O@Wrew()
+ Eom(r) + C(a)r’D(r),

from which (6.9) follows straightforwardly by noticing that Egas(r) +
r?D(r) < Cr&y(r) (here n must be chosen so that 2n < o).

6.3. Proof of Corollary 6.3. Recall first that n < v9. We start with
Epp(r). Notice that, using H(t) < C't D(t) together with the definition
of F(r), we have

r 1 / F(T‘) r 1 H(t) o
/0 (ma@)) F(t)dt < CMD(T) +C/0 D) 2 dt < Cr7o=7.

Next, by a simple integration by parts and the fact that D(r) < Cr?,
we deduce

[ i = Tl (250

— Tl e(B,)

rYD(r)
r 1 ! o
N / <tD(t)> IT = Trll(p~ (®(B))) dt
e ) (row) @0 R0 @
0

- 7 D(r) tD(t)
(6.21) <C7.
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In a similar fashion we have

/r my” / mo Nz w) , _ mg" / I 0 A(zw)|
o VD) Jop, 1T ~ D) Jp, [P0

TN [ o N(zw)
+/0 <ﬂD<t>> e /B 2]

(2.14) 147 (y r T !
< o M(]))?;)F( )+/O <m;(t)) (D) + F(t)) dt

(6.22) <Cr" 7,
so that

" Epp(t) .
<Cr"7.
, #o = cr

To conclude, we estimate separately the two nonnegative functions Xy
and Yoy . In particular

2[\/(7“) — /Or ﬁf:::/)((?) dt

(6.8) r o B B Epp(t)
<9 Yo—y—1 D) D’ BP
< 2Cs.9 /0 <t + 1 (t) (t) + o D(t) dt

(6.23) <Crr (1 + D(t)"/2) <O,

where in the second inequality we used D(t) < C't2. Finally

zov(T‘) :/Or tii}g%dt

(6.7) T /DN F , <
= Co /o ( t”(j) * tlﬂ(g)(t) HEDTOD() + tVBII;Ei))) o
(624) <CerhT7,

7. Almost monotonicity and decay of the frequency function

In this section we study the asymptotic behavior of the normal ap-
proximation A_. The first step consists in proving approximate mono-
tonicity and decay estimates for the frequency function.

For every r € (0,1) such that H(r) > 0, we set I(r) := () Where
we recall that
Qr) = { D(r) %n the cases (a) and (c) of Definition 0.1;

D(r) + L(r) in case (b).
Furthermore, we define K(r) := I(r)~! whenever Q(r) # 0. By (6.5)
there exists rg > 0 such that
(7.1)

%D(r) <(1-Cr)D(r)<Q(r)<(1+Cr)D(r) <2D(r) Vr <rg.
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Having fixed 79, 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 < 79 K(p) is not well defined, that is ©(p) = 0, then obviously
Q(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 -y

Theorem 7.1. There exists a constant C71 > 0 with the following
property: if D(r) > 0 for some r < rg, then (setting v = 0 in (6.10)
and (6.11)) the function
(7.2) K(r) exp(—4r — 421y (1)) — 4 Zoy (1)

is monotone non-increasing on any interval [a,b] where D is nowhere
0. In particular, either there is T > 0 such that D(7) = 0 or K is
well-defined on ]0,7o[ and the limit Ko := lim,_,o K(r) exists.

A fundamental consequence of Theorem 7.1 is the following dichot-
omy.
Corollary 7.2. There exists ¥ > 0 such that
(A) either K(r) is well-defined for every r €]0,7o[, the limit
(7.3) Ky := lﬁﬁ)l K(r)

18 positive and thus there is a constant C and a radius 7 such that
(7.4) C7lrD(r) <H(r) < CrD(r) Vr€lo,7[;
(B) or TLp (¥ (Br)) = Q[¥(By)] for some positive T.
In turn, using the above dichotomy we will show

Theorem 7.3. Assume that condition (i) in Theorem 2.8 fails. Then

the frequency I(r) is well-defined for every sufficiently small v and its
limit Iy = lim, o I(r) = KO_1 exists and it is finite and positive. More-
over there exist constants \,C, Hy, Dy > 0 such that, for every r suffi-

ciently small the following holds:

(7.5) L(r) — Io| + THET) — H,

D(r) by
—I—‘ 2l —Do' <Cr*.
7.1. Proof of Theorem 7.1. Recalling that 2 and H are absolutely
continuous functions, we can compute the following derivative: for every
r € [a,b]
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Then, either K’ < 0, or the RHS of the inequality above is positive,
that is

D'(r)H(r) <2E(r) Q(r) + [L'(r)| H(r)

om0 Q)+ D) H) + Hi(’").

In turn, using H(r) < CrD(r) < Cr€(r), the latter inequality implies
(7.7) D'(r) H(r) < CE(r) Q(r) + Cr Q%(r).

From this we deduce

E%(r)
5

E2(r) <H(r)G(r) <H(r)D'(r) < 092(7‘) +
which implies that E(r) < CQ(r) and so, by (6.6),
(7.8) IL'(r)] < Cmy” (D'(r)H(r) > < Cmy” Q(r).

Next using again the Cauchy—Schwarz inequality and (5.4), we have

Q(r)E(r) < Q) H(r)'? G(r)"” < Q(QT "y H(T)QGW

Q(r)E(r)  Qr)&ov(r) H(r)G(r)
2 + 2 + 2 ’

<

which implies
(7.9) Q(r)E(r) <H(r)G(r) + Q(r) Eov(r).
Collecting all these estimates together and using (6.2), we conclude that,
if K'(r) > 0, then
(7.6)&(7.9) ]
= rQ2(r)
+|L'(r)| H(r) + 29(r) Eov (1))

K'(r)

(2 H(r)G(r) — D'(r)H(r)

(6.2)&(7.8)

IN

(2 H(r) G(r) —2H(r) G(r) + Q(r) H(r)

+ H(T‘) 8[\/(7‘) +2 Q(T) 50‘/(7‘))
gov("f’) — r E[V(T’)
e rko (14507
(7.10) <4 i%v ((:)) +4K(r) <1 + %V(g)) .
On the other hand the final inequality
Eov(r) Erv(r) )
rD(r) D(r)

is certainly correct when K’(r) < 0, because the right hand side is
positive. The monotonicity of the function in (7.2) is then obvious.

rQ2(r)

<2

K'(r) < 4 AR <1 +
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Next, as already observed, either D is always positive, or it vanishes
on some interval ]0,7[. If D is always positive, then K is well defined
on 0,70[ and the existence of the limit Ko := lim, ;o K(r) is a direct
consequence of (7.2) and Corollary 6.3.

7.2. Proof of Corollary 7.2. First of all observe that, if D(7) van-
ishes, then Al = @ [0] on Bj. In particular by (2.15) we conclude that
we are in the alternative (B). We can thus assume, without loss of gen-
erality, that D is positive on |0, rg[. Assuming that K, vanishes we will
then reach a contradiction.

Under the assumption Ky = 0, consider the monotonicity of

K(r) exp(—4Xv (1)) — 4 Zoy (1)
between two radii 0 < s < r and let s — 0 to get
K(r) <4e2v® 550 () < CSov(r),

where the last inequality holds for r sufficiently small, since Xy (r) <
Cr" (recall that we have set v = 0). Next observe that, since the
function Xpy (r) is non-decreasing,

(7.11)
F() _ 1 [ H(D() KO 4y o
D) = D7 Jy 5= D) @ 5C J st o O Bov )

Moreover, integrating by parts:

— Trll(p™ (¥(By))) ds

D (s)
“ 0D1+W§D c/ (Dé)) (D'71(s) + F(s)) ds

<CD'(r) + CrSoy(r) + C f)((r) +C / ]’];/((55 d
r 0 S

PR
<CD'(r) + CroSoy (r) + C / Slsz
0

(7.12)  <CD"(r)+Cr"°Zoy(r),

where we have used repeatedly (7.1).
Using the latter in the formula for Eoy we also conclude

Yov(r)

T

<
=¢ ), @)

(D(s)1+" + sD"(s)D'(s) + F(s)

d
—||T — Tr||(p~ " (¥(Bs
+ 5|7 — T (P~ ((BL))) ds
< Cr"D(r)"? + Cr° Soy(r).
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Hence, for r sufficiently small,

(7.13) K(r) < CZoy(r) < CD(r)"?.
In particular this implies that
(7.14) H(r) < CrD(r)*"2,

Combining this with (5.4) and the Cauchy—Schwarz inequality, we de-
duce

IN

Q(r) < (r)
< all n/4> (TD/(T)D(T)M)W+50V(7“)

,,4

IN

< CD( )+ CrD(r)" D/ (r) + Eov (r) -

Dividing the expression above by rD(r), integrating between two radii
0 < s < r and using the bound D(r) < C7? we obtain

7/4
log < C/ ( (p)”]/4—1 Dl(p) _|_ gOV(P)) dp é CT”?/Z .

pD(p)
Sending s — 0 we get a contradiction.

7.3. Proof of Theorem 7.3. Clearly, if (i) in Theorem 2.8 does not
hold, then D is always positive and we are in alternative (A) of Corollary
7.2. Thus K is positive and the first statement is obvious.

Let K(r) := I(r)~! and observe that by (7.1) we have

1-Cr)I(r)<I(r)<A+Cr)I(r), YO<r<rg,
which implies
1-Cr)K(r)<K(r)<(1+CrK(r) V0<r<rg,

so that in particular K(r) < CK(r) < oo for every 0 < r < rp and
K(r) — Ko as r — 0. Using the monotonicity formula of Theorem 7.1
together with Corollary 6.3 we have

K(T) — KO SKg(eXp(élT + 42[‘/( )) )

(715) + 420\/( )exp(4r + 42[{/( )) < Crh.
Therefore
(7.16) K(r)—Ko<Cr"+CK((r)r <Cr".

To control K(r) — Ky from below we apply (6.9) with a = Iy = 7 and
b=\ <min{n/2,bo(1p)} to infer, after dividing by rD(r), that

_D'(r)

D(r)

< % (Io(Io + NK(r) — (2Io + X)) .
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Multiplying this expression by K(r) > 0 and adding 2/r, we get

2 D'(r) 2 CEn ()
D (r) < - (14 Io(lo + NK*(r) — (21 + MVK(r)] + B
(7.17) < %10 (K(r) - ;()) (T + VK(r) — 1) + CS(ZST) ,

Since (Iy + A)K(r) converges to 1 4+ MKy, we easily deduce that for r
small enough (Ip + \)K(r) —1 > %KO. Using this together with (7.16),
we deduce from (7.17) that

iy  2-PO<2 (Km - 110) + CEV0) o

We next compute

K'(r) = <H(r)>/D1 _ H(r) D'(r) G357 2E(r) D/(T)K(r)

) Bt D) DE) T D) D)
(5.4)2(7.1) % oo DD/<(:))K(7") Lo ig((:))

(7.19)
1) S oSyl

Recalling that K(r) < C, we deduce

d [K(r)— Ko Eov () Erv(r) 1
7.20 — | ——| <C C C .
(7.20) r [ rA } - rHAD(r) + r2 D(r) + pltA-—n
Integrating (7.20) on the interval |s,r| and using (6.13), we get
A
r _
K(r)— Ko < = (K(s) — Ko) +Cr7*

that is K(s) — Ko > —Cs*. The inequality |K(r) — Ko| < Cr* easily
implies [I(r) — Io| < Cr.
For what concerns the other inequalities we compute

{1 (H(T) )}'_ H(r) 2L+1 2E(r) 2

r2lo+l - H(r) r ~ rH(r) r
2D(r) 2o CEOV(r)
~— H(r) r H(r)
(7.21) - % (I(r) — Ip) + C EEV(? :

and similarly

(7.22) [log (Ef(ﬁ)y > % (1)~ 1)~ € o
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Using that |I(r) — Ip] < Cr*, for r small enough we have the bound
rD(r) < 2IpH(r). Hence we can use (6.13) in the integrals of (7.21)
and (7.22) to deduce the existence of the limit

Hi(s) , H(r) A
HO = hm Wlth m S CT .

_ HO
510 s2lot1’

Moreover, from (7.21) we also infer that for r sufficiently small

HO > H(T) —Cr

Finally the last assertion follows simply setting Do := Iy - Hy and from

D(r) H(r)
21, Do = 'I(T) an1 Lo Ho
H(r H(r
< [1(r) — Iy 2}21 + Iy TQI(OQI — Ho| < Cr.

8. Blow-up and proof of Theorem 2.8

As a consequence of the decay estimate in Theorem 7.3 we can show
that suitable rescaling of the normal approximation N converge to a
unique limiting profile. To this aim we consider for every r € (0, 1) the
functions f, : 9B; — Ag, (R*™™) given by

N(ir(2,w))

rlo

fr(z,w) =

where we recall that i,(z,w) = (rz, Tl/Qw). We recall also that ToM =
R? x {0}, and Ty = 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 2.8 is then the following propo-
sition.

)

Proposition 8.1. Assume alternative (i) in Theorem 2.8 fails and
let Iy and X\ be the positive numbers of Theorem 7.3. Then Iy > 1 and
there exists a function fo : 0B1 — Ag(R™) such that

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

(ii) for every r sufficiently small
(8.1) G(fr(z,w), folz,w)) < Cr™"® ¥ (z,w) € 9By ;
(iii) the Ip-homogeneous extension g(z,w) := |z|™ fy ( ﬁ) is non-

trivial and Dir-minimizing.

In particular, by (iii) Im(g) \ {0} C R?>™ is a real analytic submanifold.

Theorem 2.8 follows immediately from Proposition 8.1 and Theorem
7.3.
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Proof of Theorem 2.8. Since we have identified R™ with {0} x R™ x {0},
it is obvious that the map ¢ has all the properties claimed in (ii), namely
it is Dir-minimizing, n o g = 0 and it is nontrivial. (2.16) is a corollary
of (8.1) provided ap < 1—/\6. Next note that (2.18) has been shown in
Theorem 5.1. As for (2.17) observe that, if 4p < r < 1, then, by
Theorem 7.3,

Dy(r —2p)?0 — C(r — 2p)Hot* < D(r — 2p) < D(r + 2p)
< Do(r + 2p)*"0 + C(r + 2p)*0

Since 21y > 2, (2.17) follows easily from
/ DA =Dl +29) = D(r — 2p)
Br+2p\Br 2p

provided ag < A. q.e.d.

The rest of this final section of the note is devoted to the proof
Proposition 8.1, which is split in several steps. Before starting with
it, let us, however, observe that the conclusion Iy > 1 is an obvious
consequence of the decay estimates of Theorem 7.3 and the fact that
D(r) < Cr?t20,

8.1. Step 1: uniqueness of the limit f;. For r sufficiently small and
s € [§,7], we start estimating the following quantity:

dt.

82 [ ogrze-o [ [ |Erew

Using the differentiability properties of Lipschitz multiple valued func-
tions and the 1-dimensional theory in [5, Section 1.1.2] (note that ¢ —
N (i¢(z,w)) is a Lipschitz map), we easily infer that

2 Q . _ )
i = Y| PR s g, 2w
j=1
_ 2P0 AP (e (2, w))

tQIo

Q .
_2I0t21+ ZaNja Zt(z w))_f_w
=1
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Therefore, by the change of variable (2, w') = i;(z,w) in (8.2) we infer
that

27 [ GO) E(t) - H()
g(f'f‘?fs) S 2/: <t210+1 —2I0t210+2 +IO t210+3 dt

/2

< T/r ( D'(t) a1, D(t) 2 H(?)

=2 ) 9t2lo+1 +2I0+2 0 y2Io+3

0B1

Erv(t) Eov (t)
+ C t2[0+1 C t2[0+2 ) dt

5 (2 s v

'r/g
Ev(t) | Eov(t)
t2[0+1 tQIO +2

+C

| a.

Using Theorem 7.3, we can then conclude that

2 D(r) . D (%)
OB, g(fT‘?fS) S C 7,,2]0 (%)210
"o — 1(t)) Erv () Eov (1)
+C T/Q[ 0 ; C D) +CtD(t) dt
(8.3) < Crh

By an elementary dyadic argument analogous to that of [5, Theorem
5.3], we then infer the existence of fo: 9B; — Ag(R?**") such that, for
r sufficiently small,

(84) ||g(f7'7f0)||%2(831) < C’F)\.

8.2. Step 2: uniform convergence. Set next

N(z,w) N(i1/2(z,w)) ) .

LI Ve

h(z,w) =G (

It follows from (8.3) that for r sufficiently small

- (53

(8.5) / B2 < / G fop)Ptdt < Cr2HA,
- 0 0B,

and from (2.12) and (2.13)

(8.6) Lip(h|p,\p,) < C's~ ™.

Moreover, for every p < I21/4 we claim the estimate

(8.7) / IDhP < Cp+C2P.
B,(zw
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9\§ )’ and by Theorem 7.3

Indeed |Dh| < C ‘D ( 2
|z|+p D2 2
L (2 B
OB, t44o t 0

D
/Bp(z,w) <|Z’IO>
=+ (D(t) D) |, » H(?)
§2/2|p << 20 ) + 21y 02h 11 + I t210+2> dt

<C (2] + p)* +01og(‘ '*Z) <ClzP+cLl

E KN

In particular, applying (8.5), (8.6) and (8.7) with p = |z|**** we infer
that for every point p = (z,w) € B with |2| sufficiently small

k—1
h(p) < h(p)—][ h+z][ h ][
B 143/ (P) i—0 ‘1+A/4 o143/ (P
T pas
+f h
B‘z|1+k/4(p)
. PR
< Lip(hl 5y )\ By r) o — +C D ][ | Dh|
=0 \z|1+*/4( )
21
+f h
B‘Z|1+A/4(p)
1
(86 14X /4 — 2 ’
ooy / Dh|
i=0 B\z|1+*/4
>
C
(38) T < / \h|2> 7
‘Z|1+/\/4 By,
where we have used the standard Poincaré inequality
fr-f sl<crf s pews
- B% B
Now choose k € N such that ‘Z|2+ " < |zt < L (in particular

kE <log|z||) and use (8.5) together with (8.7) to bound
(8.9)  h(z,w) < Clz|" ™M 4+ Cllog|z|| 2] + C |2 < C |2|° .
This gives that, for a sufficiently small r,

< Ors
rggfg(fm fry2) <Cr
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Thus
maxg (fr: fo) < Z (fro-k, fro-n1) < Cr/e,
k=0

8.3. Step 3: nontriviality of the limit and other properties. To
show that fy # @ [0] it is enough to observe that, by Theorem 7.3,

H()
_ 2
S vl =t [ g = i = o> 0

In order to show that o fy = 0, we notice that by a simple slicing
argument combined with (2.14) there exists a sequence of radii ry €
[27#=1 27%] such that

/ o & < 21 / moa( < Cr? / |2 0 2
0By, B, k\By—k—1 By,

(8.10) < CTZO+217D(2T’]€) < CTZO+277+2[O,

from which

/ Ino fol = lim/ Imo fr|= lim r,;fo—l/ IRl
8B1 Tk—>0 8B1 Tk—>0 8Br

< O lim pYot2ntlo—1 _ g
- re—0 k '
Next we show that fy takes values in R”. We start by showing that fo
must take values in ToX = R**" x {0}. Indeed, if we set f.(z,w) :=
N(ir(z,w)), using (A.3) and |N|(i,(z,w)) < C 772 we conclude
2

- Cr
g TyJT 2 S YR / 2 S CrQa
0B, (f f) 7,,2[0+1 9B, ’N’

which implies that fo(z,w) € Ag(ToX).

Next observe that f.(z,w) =), [N (i, (z,w))] has the property that
each A(;(i,(z,w)) is orthogonal to Tg(;, (»,.))M. In particular, if [z| = 1
and r | 0, the tangent planes Ty (j, (»,u)) M converge to R? x {0}:
it follows, by the uniform convergence of f, to fo, that fo(z,w) =
> 1(fo)i (z w)] for some (fo)i(z,w) which are orthogonal to R? x {0}.
We thus conclude that each (fy);(z,w) belongs to {0} x R™ x {0}.

8.4. Step 4: minimality of g.In order to complete the proof of
Proposition 8.1 we need to show that ¢ is Dir-minimizing. Given the
homogeneity of g in the radial direction, it suffices to show that there
is no W12 multifunction h : By — Ag(R™) which has the same trace
of g on 0B; and less energy on B;. Assume thus by contradiction that
there is an h € W1?(By, Ag(R™)) such that h|sp, and

(s.11) [ 1D < [ |pgP -
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for some positive § > 0. Recall the definition of W12 according to
Remark 2.7: using the map W in there and the functions h o W and
g o W we can use the theory of [5] and assume that h o W is a Dir-
minimizer on the euclidean disk D; C R2. Observe also that, since
nog =0, we must have n o h = 0 as well. Indeed since ho W = go W
on 0D, we have noho W = nogo W = 0 on the boundary and
considering that

/ Z |D(hjoW —mohoW)|? < / |D(hoW)|>~Q |D(nohoW)|?,
D1 5 Dy Dy
the minimality of ho W forces the Dirichlet energy of nohoW to vanish
identically.

Using (2.14), the decay D(r) < Cr?/0 and a Fubini-type argument

we can find a sequence of radii s; — 0 such that

(8.12) / |Dfol> < limsup/ |Dfs; ? < lim sup 21( 1) <C
0B, J 0B, J ]
We now wish to “smooth” h, i.e. to approximate it with a sequence
of Lipschitz maps h. such that n o h. =0,

(8.13) / |Dh|? — |Dh|* < €%,
B1

(8.14) G(fo,he)® +
0B1

We would like to appeal to [6, Lemma 3.5], but there is the slight
technical complication that 5 is not regular. We postpone this technical
step and continue with the argument assuming the existence of the
approximations h,.

Next we would like to apply [6, Lemma 3.6] to he and prys(fs;) =:
fsj, to get a family of competitor functions (fsj) C WhH2(By, Ag(R*H1)),
such that fs;|ap, = fs,|op,) and

/|Dfsj\2§/ |Dh€\2+e/ (IDshef? + D+ fo, )
B1 By 0B

(8.15) + ¢ G(he, f5,)°
€ JoB

D fo* — |Dhe|?
B1

(8.16)  Lip(fs,) <C <Lip(hs) + Lip(fs;) + isa%p G(fs;, h€)> :

817)  mofy=mofs.

Again, this is not straightforward because [6, Lemma 3.6] is stated for
euclidean domains. We postpone this second technical problem and
continue with our argument assuming the existence of f;.



2-DIMENSIONAL REGULARITY THEORY 181
We are now ready to define our competitor function. We set
_ s ..
L, (Za w) = Sjofsj (Zl/Sj (Za ’U)))
and, observing that L, takes value in Ag(TpX), we use (3.1) to define

a corresponding L, which clearly is a competitor A in B;; according
to Definition 3.1. Moreover

. Io+17 - £ (8:6) n
Lip(Ls;) §C’sj Lip(fs;|B;) < Cs;7.

Therefore we can apply Proposition 3.2 with £ = Z,,. In particular,
taking into account Theorem 7.3 and (8.12), we conclude that

/ |Dm2§(1+csj)/ \DZSj|2+Cm[1)/2/ 2P o £,
B, B., B.,
—I—C’s?lﬁn.

Next, recall the inequality (4.6):

[ Ertmesy<c [ e, 4 [ L.
B, B, B,
By (8.17) the first term in the right hand side equals indeed

C/ ‘z|7071‘77 o j[‘ < Cs?D(sj) < CSJZI()-HI.
st

For the second term we use the Poincaré inequality

(8.18) /B |zml|zsj12gcsj+%/3 |Dzsjy2+csj.°/3 |Zs,|?
Sj ¥ ]

55 55

whose proof will be given in Lemma A.1.
Using that

|z NP = hGs) < s,

(9st 8st

we easily conclude that

(8.19) /B DA < (1 +osj)/B DL, 2 4+ O
sj sj

21g

Changing variables and dividing by s7™° we infer that

(8.20) /|Dfsj\§/ IDf,|* + CsT.
By B
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Using (8.13), (8.14) and (8.15), we conclude

_ C _
/ IDf,|? g/ |Dh|? 4+ Cs] + Ce + — G(fo, fs;)?
B B €

0B

C _
<[ gP-sosircer S [ G,
By € Jop,
where the constant C' is independent of €. In particular, if we fix ¢
sufficiently small and we then let s; | 0, by the uniform convergence of
[s; to fo on B we conclude

. = o
hmsup/ \Dfs].IQ < / |Dg|? — 7
j—)OO B1 Bl

Since, however, fs; — ¢ in Bj, the latter inequality contradicts the
semicontinuity of the Dirichlet energy.

8.5. Step 5: technical leftovers. First of all we show the existence
of the map h. as in (8.13) and (8.14). We consider h o W, which is
defined on the closed unit disk D; C R2. We then can apply [6, Lemma
3.5] to the latter map and generate approximations h. which satisfy the
bounds (8.13) and (8.14) with D; in place of B; and h o W in place
of h. The maps h. := he o W would then satisfy the desired estimates
because of the conformality of W~! (which keeps the Dirichlet energy
invariant) and its regularity in B; \ {0} (which results into the loss of
a constant factor in (8.14)). However, the resulting map would not be
Lipschitz because of the singularity of W~ in the origin. To overcome
this difficulty it suffices to perturb slightly he so that it is constant in a
small neighborhood of the origin. As for the condition 1 o h. = 0, this
can easily be achieved subtracting the average to whichever extension
satisfies (8.13) and (8.14).

Secondly we show the existence of fsj. First of all we observe that
the condition (8.17) can be easily achieved after we prove the existence
of a map which satisfies the other two conditions: as above it suffices to
subtract the average of this map and add back o fsj. At this point we
observe that it suffices, as above, to compose with the map W, apply
[5, Lemma 2.14] and [7, Lemma 3.6] and compose the resulting map
with W™!: indeed the latter would coincide with h. o W on D;_. and
on the complement W~ is regular.

Appendix A. Some useful lemmas

The first lemma is a simple version of the Poincaré inequality for W12
functions.

Lemma A.1. There exists a universal constant C > 0 such that
the following two inequalities hold for every f € W12(B,, Ag) with
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B, C ‘BQ.‘

(A1) / 2 < O / IDf? 4 Cr / T
B, B, 0B,

(A.2) / [T < ¢l / Df 4+ O / 2.
B B 9B,

Proof. By approximation we can assume, without loss of generality,
that f is Lipschitz and, by scaling, it suffices to show the inequalities
(A.1) and (A.2) on the ball B;. Fixing |z| = 1 and integrating along
rays

1
1z r Q)P < 21 f(zw) 2 + 2 / Df(t, /)2 dt.

Using radial coordinates we then conclude

1 1
/ |27 f1? < C/ bk +/ / 7’8’/ |Df(tz,t/%w)|? dt dr dz .
By 0B1 0B1 JO r

Using Fubini the latter integral can be rewritten as

1 t
/ / |Df(tz,t1/Qw)|2/ 10 dtdz dr
0 0B, 0

1
S/ t/ |Df(tz, t/°w)|* dz dr .
0 0B
This completes the proof of (A.2). The proof of (A.1) is a simple vari-

ation of this one and is left to the reader. q.e.d.

Lemma A.2. Let L: By — Ag(R?*7) be Lipschitz and consider the
map L: By — Ag(R?*7) defined by (3.1). Then there exists a constant
C:=C(||%ollc3) > 0 such that

(A3)  G(L L) (zw) < Cr|Zl(zw) + C|ER(zw), ¥(zw)e By,
(A4) / ym\?g(1+cr)/ ym\um/ IZ2.
B, B, 0B

Proof. For what concerns (A.3), observe that DW(0) = 0 implies
|D¥| o (p,) < Cr. Therefore, by the C? regularity of ¥, we get

Q
G(L, L)(z,w) = Y [¥(po(¥) + L;) — ¥ (po(L))|(2, w)
j=1

< IDY[(®(2,w)) |Z)(z,w) + [|As| | L (2, w)
<Cr|L|(z,w)+CI|LJ?.
An analogous computation gives

/|DL\2§(1+C7')/ DZP+C [ |Z]

B
and we conclude (A.4) using Lemma A.1. q.e.d.
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