DIRICHLET ENERGY-MINIMIZERS WITH ANALYTIC BOUNDARY
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ABSTRACT. In this paper, we consider multi-valued graphs with a prescribed real analytic interface
that minimize the Dirichlet energy. Such objects arise as a linearized model of area minimizing
currents with real analytic boundaries and our main result is that their singular set is discrete in
2 dimensions. This confirms (and provides a first step to) a conjecture by B. White [23] that
area minimizing 2-dimensional currents with real analytic boundaries have a finite number of
singularities.

The boundary singularities of the linearized model can be classified into two types: one, the
“standard type”, arises as the superposition of a multivalued Dirichlet-energy minimizer and a
classical single-valued harmonic graph which achieves the given boundary data; the other, which
we call “exceptional type”, has a more complicated behavior and its primary building block is the
blow-down of half of the classical Enneper surface.

We also show that, in any dimension, Dirichlet energy-minimizers with a C! boundary interface
are Holder continuous at the interface.

1. INTRODUCTION AND MAIN RESULT

Consider a smooth closed curve I' in R**", The existence of oriented surfaces which bound T
and minimize the area can be approached in two different ways. Following the classical work
of Douglas and Rado we can fix an abstract connected smooth surface X, of genus g whose
boundary dZ, consists of a single connected component and look at smooth maps @ : £, — R**"
with the property that the restriction of ® to 9%, is an homeomorphism onto I'. We then consider
the infimum A4(I') over all such maps ® and all smooth Riemannian metrics / on X of the energy

/ [V®[*dvol, .
25’

If A,(T') < A,y ('), then there is a minimizer, cf. [16, 4], whose image is an immersed surface of
genus g, with possible branch points. A different, more intrisic, approach was pioneered by De
Giorgi, cf. [5], in the codimension 1 case, and by Federer and Fleming in higher codimension,
cf. [17]. The latter looks at integral currents 7' (a suitable measure-theoretic generalization of
classical oriented submanifolds with boundary) whose boundary is given by [I'] and minimizes
their mass, a suitable measure-theoretic generalization of the volume of classical submanifolds.
The minimizer then always exists via the direct methods of the calculus of variations.

There is a very natural question relating the two approaches: is every minimizer 7 found by the
Federer-Fleming theory a classical minimal surface with finite topology, namely a parametrized
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surface of some genus g? Note that if this were the case, then the sequence {Ag(I')}gerr would
become constant for sufficiently large g. When the codimension n equals 1 and T is of class C>?
for some @ > 0, the interior regularity theorem of De Giorgi in [6] and the boundary regularity
theorem of Hardt and Simon in [19] imply that every minimizer 7T is in fact a C>® embedded
surface up to the boundary. Thus T has finite genus g, and any conformal parametrization ®
over an abstract Riemann surface X, gives a minimizer in the sense of Douglas and Rado. On
the other hand, Fleming in [18] showed a closed embedded curve I in R? of finite length for
which {A,(I")},en is not asymptotically constant.

The question is much more subtle in higher codimension, because singularities might arise,
both at the interior and at the boundary. In the work [23] White asks whether the topology of
the minimizer 7 is finite when I is real analytic. If this conjecture were true, then 7 would have
finitely many singularities by the main theorem of [23]. The aim of this paper is to start a sort
of reverse program to White’s: under the assumption of real analyticity for the boundary I" we
wish to show first that the set of boundary and interior singular points of 7 is finite and hence to
analyze the singularities and conclude that the topology of the minimizer is finite.

It has been shown by Chang in [3] that 7' is smooth in R"” \ T" up to a discrete set of singu-
lar branch points and in sufficiently small neighborhoods of such singular points the resulting
branched surface is topologically a disk. We in fact refer to [12, 13, 11, 14] for a complete proof,
as Chang needs a suitable modification of the techniques of Almgren’s monumental monograph
[2] to start his argument, and the former has been given in full details in [11]. In order to attack
White’s conjecture it suffices therefore to deal with boundary regularity. In fact, even for I' of
class C*>®, under the assumption that I' lies in the boundary of a uniformly convex set, the bound-
ary regularity theorem of Allard [1] implies that any minimizer 7 is smooth at I'; the general
problem is however very subtle. So far the best available result is given in [8] and shows that
the set of boundary regular points is dense in I’ when I is of class C*® for @ > 0. The work
[8] gives also an example of a smooth curve in R* for which there is a unique Federer-Fleming
minimizer with a sequence of singularities accumulating to a boundary branch point. This ex-
ample has been modified in [7] to produce C* embedded curves in complete C* Riemannian
4-dimensional manifolds for which there is a unique Federer-Fleming minimizer with infinite
topology. In particular there is a strong contrast to the codimension 1 case: the real analyticity
assumption in White’s conjecture is, in a certain sense, needed”.

1.1. Linearized model. The analysis of interior singularities of area minimizing currents was
pioneered by Almgren’s monumental work in [2] in the early eighties and recently revisited from
a modern perspective by the first author and Emanuele Spadaro in [15]. The work [8] gives an
Almgren type theory at the boundary, whereas the works [12, 13, 11, 14, 21, 9, 10] extend the
interior theory to other objects (almost calibrated currents and area minimizing currents modulo
p). The starting point of all these papers, an essential discovery of Almgren, is to analyze the

*The examples of [7] are curves in smooth almost Kéihler manifolds (R?, g), whose smooth metrics can be taken
arbitrarily close to the euclidean one. However it is currently not known whether such examples exist in the Eu-
clidean space.



DIRICHLET ENERGY-MINIMIZERS WITH ANALYTIC BOUNDARY 3

singularities for a suitable “linearized model”. The main purpose of the present paper is to state
and prove the appropriate linearized counterpart of White’s conjecture.

First of all we recall the notation Ay(R") for the set of unordered Q-tuples of R", which we
will regard as nonnegative atomic measures with integer coefficients and total mass Q, cf. [15,
Introduction] for the formal definition and for the standard complete metric G which we will use
on it. For atoms we will use the notation [P] and thus elements in Ay(R") will be denoted by
> [P:]. In what follows we will often write Ay instead of Ay(R"). We recall that for Sobolev
functions f € W'(Q, Ap) (cf. again [15, Introduction]) we set

m

IDfP =" 10,fP,
j=1

where
(1.1) |0;f] = sup|0;G(f,T;)| almost everywhere in €2,

ieN
and {T};ciy 1s a countable dense subset of Ap. While such abstract definition is very direct and
useful to work with, the Dirichlet energy turns out to be the sum of the Dirichlet energies of
the different sheets in all cases where the multifunction f can be “nicely decomposed”. In an
appropriate sense this can be justified also for any Sobolev functions, the reader is again referred
to [15] for the relevant details.

We now recall the notion of interior regular points.

Definition 1.2 (Interior regular point, Definition 0.10 of [15]). A function f € W'?(Q, Ap) is
regular at a point x € Q if there exists a neighborhood B of x and Q analytic functions f; : B — R”
such that

f = Z[[ ] for almost every y € B,

and either fi(y) # f;(y) for every y € B, or f; = f;. The complement of interior regular points is
called the set of interior singular points, denoted by 2}.

The following theorem on the interior regularity of Dir-minimizers was proven in [15], refining
a previous fundamental result by Almgren in [2]:

Theorem 1.3 (Theorem 0.12 in [15]). Let f € W'(Q, Ap) be Dir-minimizing and m = 2. Then
the interior singular set of f consists of isolated points.

We now come to the boundary counterpart, following the approach of [8]. Suppose a hypersur-
face y divides a connected open set QQ € R” into two connected components Q* and Q~. For any
set K € Q we will use the notation K* for K N Q*. Moreover, in order to avoid confusion, in the
rest of the paper we will use the double integral symbol to indicate integration over subsets of R™
with respect to the Lebesgue measure, and the single integral symbol to indicate integration over
subsets of the hypersurface y with respect to the usual Hausdorff (m — 1)-dimensional measure.

Definition 1.4. We say that the pair f = (f*, f7)isa (Q - %)—map with interface (y, ¢) of class
W2 if there is some (classical) function ¢ € H'/?(y, R") such that
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(i) f* e WH(Q*, Ap) and f~ € WHHQ™, Ag-1);
) [y =17l + [l

We refer to [15, 8] for the trace theorems which allow to make sense of (ii) under our assump-
tions. For the corresponding set of pairs we will use the shorthand notation W'2(Q, Ap) and for
each f = (f*, f7) € W'(Q, A}) we define its Dirichlet energy as

Dir(f, Q) ::Dir(f*,Q+)+Dir(f‘,Q‘):/ |Df+|2+/ IDf .
Qr Q-

Finally, we say that f = (f*, f7) € W'"*(Q, Ap) is Dir-minimizing with interface (y, ), if
Dir(g, Q) > Dir(f, Q) for any other function g € W'(Q, ?Fé) with interface (y, ¢) which agrees
with f outside of a compact set K C Q.

The goal of the paper is to show that when the interface (y, ¢) is real analytic and the domain
is 2-dimensional, Dir-minimizers enjoy a regularity theorem which is analogous to Theorem 1.3.
First of all a point p € Q\ y, namely belonging to either Q* or -, will be called regular if it is a
regular point for, respectively, f* or f~ (cf. Definition 1.2). Its complement in Q \ 7 is the set of
interior singular points, denoted by Z}. It remains to define regular points at the interface 7.

Definition 1.5 (Boundary regular point, Definition 2.6 of [8]). Let f = (f*,f) be a map in
Wh(Q, AP) with interface (y, ). A point p € vy is regular if there are a ball B.(p), (Q — 1)-
analytic functions u,,--- ,ug_; : B,(p) — R" and an analytic function uy : B;(p) — R" which
assumes the boundary datum vy continuously, such that

o =52 [u] on B (p)and f~ = %" [u;] on B (p):;

e For any pair i,j € {1,---,Q — 1} either the graphs of u; and u; are disjoint or they
completely coincide;
e Foranyi € {l,---, Q- 1} either the graphs of u; and u, are disjoint in B} (p) or the graph

of uy is contained in that of u;.

The complement in y of the set of regular points is called the set of boundary singular points,
denoted by /.

We can now state our main theorem:

Theorem 1.6. Let Q C R? and (y, ¢) be an interface for which both y and ¢ are real analytic.
If f € WH(Q, Ap) is Dir-minimizing with interface (y, ¢), then the singular set Xy = Zj[ U Zlf’- is
discrete.

In fact we can say much more about the local structure of the singularity at a boundary point
X € Z?. Essentially, around a singularity x € Z’} we have only two possible behaviors:

Theorem 1.7. Let Q,y, Q and ¢ be as above and assume 0 € Zlf’-. Then one of the following two
alternatives occur on a sufficiently small disk B, = B,(0) C Q:
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(a) Either there is a Dir-minimizing function g : B, — HAp_1(R") and a classical harmonic
function h : B, N Q" — R" such that

[lno-=¢g  and  fTlpa- =g +[h] ;
(b) Or there is a Dir-minimizing function g : B, — HAp_»(R") and a %-valued Dir-minimizing
function k over B, such that f = g + k, with the additional property that the graph of k is

a smooth connected embedded surface (with boundary) in (B, X {0}) X R", which covers
twice B, N Q" and once B, N Q.

We call the second alternative “exceptional” because, no matter how small the radius r is cho-
sen, it is not possible to decompose further « as the superposition of a single valued harmonic
function on B, and a single valued harmonic function on B, N Q*. At such exceptional singular-
ities we can give however a rather precise description of the asymptotic of «, which in fact arises
as a blow-down of half of Enneper’s minimal surface, cf. Remark 8.2 (and see [22, 20]). In the
first alternative, it necessarily follows from interior regularity results of Dirichlet minimizers that
(modulo choosing a smaller ball B, if necessary) X, = {0}, see [15].

In passing, we need a suitable estimate on the Holder continuity of minimizers at the interface
v. The latter result is however not confined to the special dimension m = 2 nor to real analytic
interfaces (7, ¢) and, although it is not immediately relevant for our main purposes, we state it in
a more general case in the following

Theorem 1.8. Let m € N\ {0, 1} and suppose (f*, ) is a Dir-minimizing (Q— %)-map inQ CcR™"
with interface (y, ) of class C'. Then (f*, f7) is Holder regular.

In fact it is possible to give a precise estimate on a suitable Holder seminorm of f* in terms
of the regularity of the interface (y, ¢) and the Dirichlet energy of the minimizer. For the precise
statement we refer to Theorem 3.1.

1.2. Plan of the paper. The remaining sections are organized as follows. First of all in Section
2 we make some preliminary elementary considerations on planar minimizers which will be
particularly useful in the planar case of Theorem 1.8 and in Theorem 1.6. In Section 3 we
address the general Holder regularity result and prove therefore Theorem 1.8. In the subsequent
Section 4 we give the fundamental computations leading to the monotonicity of the frequency
function, a celebrated result of Almgren away from interface, extended at general interfaces in
[8]: in our case the computations are simpler than in [8] because we can “‘straighten the boudary”
using complex analysis. In Section 5 we use the frequency function estimate and the Holder
regularity to prove the existence of suitable blow-ups, or tangent functions, at singular points. A
suitable modification of the argument given in [15] (which in turn borrowed from key ideas in
[3]) shows then the uniqueness of such objects. In Section 6 we give a list of necessary conditions
that tangent functions must satisfy, which in turn leads to a suitable decomposition of them in
simpler pieces (which we call irreducible maps). Such decomposition is combined together with
the rate of convergence proven in Section 5 in order to decompose general Dir-minimizers at
boundary singular points: the latter fact is then used in the final Section 7 to conclude the proof
of Theorem 1.6.
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2. REDUCTION AND PRELIMINARIES FOR THE PLANAR CASE

2.1. Reduction of Theorem 1.6. In this section we use elementary considerations in complex
analysis to reduce Theorem 1.6 to a much simpler case. In order to state our theorem, we recall
the definition of the map n : Ap(R") — R”" which gives the barycenter of the atomic measure 7

) 1 )
ﬂ(Z[[Pi]]> :ézpi-

In particular, if (f*, f7) € W"*(Q, A}) we can define two maps (17*,77) which are, respectively,
the center of mass of the maps f* and f~. In particular n* := 5 o f*, where we make a slight
abuse of notation because we keep the same symbol 7 for two different maps, one defined on Ay
and the other on Ay_;. Specifically:

1 & 1 &
T = 5 Y@ and ()= -1 D .
i=1

i=1
Theorem 1.6 can then be reduced to the following particular case:

Theorem 2.1. Let m = 2 and assume (f*, ™) is Dir-minimizing in the unit disk D with interface
(y,0), where y is the coordinate axis {(x1,0) : x; € R}. Assume further that Qn* = (Q — 1)n~ on
v. Then the singular set Xy is discrete.

From now on, we introduce the convention that, if y = {(x;,0) : x; € R}, then the interface
(7, ) is denoted by (R, ). This is motivated by the fact that we will often identify R? with the
complex plane C, via (x1, x,) — x; + ix,. The set {x, = 0} is then the real axis of C after such
identification. The above theorem will be proved at the end of the paper. In the next paragraph
we show how the general case of Theorem 1.6 follows from it.

Assume (f*, f7) is as in Theorem 1.6. First of all observe that, if X, is not discrete, then by
Theorem 1.3 X, must have an accumulation point p € y. Modulo translation we may assume
p is the origin. Since 7 is analytic, we may choose a coordinate system so that the tangent to y
satisfies Toy = {x, = 0} = R. In particular y must be (locally) the graph {(z, {(¢))} of a function
£(t) whose Taylor series at the origin is )., a* (Where a; = @ € R). Identify R? with the
complex plane and consider, in a neighborhood of the origin, the holomorphic map @ given by
D(2) = 2+ ., lax2". By the inverse function theorem the latter map is invertible in a sufficiently
small neighborhood U of the origin (which can be assumed to be a disk) and its inverse over ®(U)
is also holomorphic. Since @ is conformal, (f* o ®, f~ o @) is clearly a minimizer in U and the
interface is (Tyy, ¢ o ®). Moreover ® maps the segment {Imz = 0} N U onto y. We can thus
assume, without loss of generality, that y = R.
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Next, since ¢ is real analytic, by the Cauchy-Kowalevski Theorem ¢ has a harmonic extension
in a neighborhood of the origin, still denoted by ¢. We then replace f = (f*, f~) with
0-1

0
FFOmg@:=> [F®-eW], @)=Y [fx)-e®]

i=1 i=1
Indeed, given a map (g*, g~) with interface (R, 0) and same trace on dD as (g*, g7), consider the

corresponding map (h*, h~) where we add ¢ on each side. The latter has interface (R, ¢) and
coincides with (f*, f~) on dD. Moreover we compute

// |Dh+|2=// |D§+|2+Q/ ID90|2+2Q// Dnog*: Dy

D+ D+ Dt o D+ .,

/ |Dh-|2=/ ID§‘|2+(Q—1)/ |D90|2+2(Q—1)// Dnog : Dy
D- D- D~ \ -

Using that the function ¢ is harmonic we compute

0
I'=Q qog+-—(’D—Q nog+._"0
(OD)* (91: RNAD a?CZJ
=~ o
_ __ 0 0

F=Q-0[ nog -2Z-©-1[ nog -~
(8D)" (91/4 o RND 6)(24

:;’ :Z\I,(_

Observe that J* and J~ are both independent of the choice of (g%, g7), because the traces of the
respective maps on (0D)* equals those of (g*, g7). On the other hand Onpog* —(Q—-1)pog =0
on R N D. Therefore K~ — K* = 0. This implies that the difference

/ D + / D P - / Dg P - / Dg P
D+ D- D+ D-

is actually a constant. In particular, if we could find a competitor for (g*, g7) with lower energy,
then we could transform it into a competitor for (f*, f~) with lower energy: we conclude that
(g*, g7) must be a Dir minimizer with interface (R, 0).

Observe next that ™ = po f" and - = o f~ are harmonic functions in D* and D™, respec-
tively. For any x = (x1, x;) € R?, we denote X = (x;, —x,) the reflection point of x across R. We
define a function ¢ : D — R" as

ot (x) - (Q - D (®)

2.2) $(x) = 20-1
(Q- D (x) — On*(%)
20-1 ’

XQZO,

x; £0.
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Clearly ¢ is harmonic in D \ R. By the boundary condition f*|, = f~|, + [0], we know

On"=(Q@-n  onR.

Hence ¢ is continuous and odd in the variable x,. In particular ¢ is harmonic on all of D.
Therefore by modifying (f*, f~) as follows

Qo
FF@e o)=Y [®-¢w], xeRy,

i=1
0-1

F@e @)=Y [ff0-¢m], xeR

i=1
and repeating the same computations as above we conclude that the new function ( f - f‘) is still
a Dir-minimizer with the same interface (R, 0). Notice also that

(0]
~ -1
S =0 - 0o = 22D (@ + ),
i=1 0-1
- > Q-1
DS =@y ()= Q=D = S5 (1@ +0' ().

i=1

and thus
o o-1
D fw=> Fw.
Jj=1 Jj=1

For simplicity we still denote the new function as (f*, f7), except that its center of mass (", 77)
now enjoys an additional symmetry:

(2.3) On™(x) = (Q - Dy (%).

This symmetry is invariant under translation, scaling and uniform limit.

2.2. Decomposition into irreducible maps. In this section we extend a suitable decomposi-
tion of Q-valued maps on the circle to the case of (Q — %)-Valued maps. Recall that a map
g € W'(S',Ay) is called irreducible if there is no decomposition of g into two simpler W'?
functions (cf. [15]), namely if there are no integers Q;, @, > 0 and maps g, € WI’I’(SI,?(QI), g €
Whr(S!, Ayp,) such that g = g1 + g (in particular Q; + Q, = Q). We define maps g = (g*,¢7) in
the space W!P(S!, ﬂz) with interface (R, ¢) in a similar fashion as Definition 1.4. Moreover,

Definition 2.4 (Irreducible (Q — %)—maps on S". Amap g = (g*,g") € Wl’p(Sl,ﬂz) with
interface (R, ¢) is called irreducible if there is no decomposition of g into the “sum” of a map
g1 € WH(S',Ap,) and a map g, € W'P(S', Ap,)) with the same interface (y, @), where the
positive integers Q1, O, satisfy O + @, = Q. The “sum” is understood in the following sense:
g =g +g on(S"H"={zeC:lzl=1,Rez > 0}
g =g+ on(S")y"={zeC:lz7=1Rez <0}
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Remark 2.5. By the above definition, clearly any function g € W'([0, 7], R") satisfying g(0) =
g(m) = O is irreducible with Q = 1 (the interface being (R, 0)).

The decomposition of W' (Q— %)—Valued map on the circle is then a corollary of the following
proposition for Q-valued maps, where, for any interval I = [a, b] C R, we denote by AC(Z, Ayp)
the space of absolutely continuous functions taking values in the metric space (Ayp, G).

Proposition 2.6 (Proposition 1.2 of [15]). Let g € W'P(I, Ayp). Then

(a) g € AC(, Ap) and moreover, g € CO’I_%(I, Ap) for p > 1;
(b) There are g1, ,80 € WP(I,LR") s.t. f =>_.[gi] and |Dgil < |Dg| a.e.

Proposition 2.7 (Decomposition of W'?(S', Ag)). A map g € W'P(S', AL) with interface (R, ¢)
is either irreducible, or it can be decomposed as g = go + ZJJ.ZI gj, where go € WP (S, Ap,) is
irreducible with interface (R, ¢), and each g; € W'F(S, Ag,) is irreducible. Moreover, a map
g € Wh(s!, o) with interface (R, ¢) is irreducible if and only if the following two conditions
are satisfied:

(i) card(g*(0)) = Q for every 0 € [0, ], and card(g™(6)) = Q — 1 for every 0 € [x, 27].
(ii) There exists a W' map ¢ : S' — R" with £(0) = ¢(1) and {(2r) = @(-1) such that g
unwinds to {, in the following sense: g* = ZJQZI[[g;]] and g~ = ZJQ:_ll [g7] with

20 4
20 4
2.9) g,f(e):g(zQ_l Tt Te 1>>, beimanl =l .01

Proof. The existence of an irreducible decomposition in the above sense is an obvious conse-
quence of the definition of irreducible maps. It remains to show the characterization of irre-
ducible maps.

By Proposition 2.6 a map satisfying (i) and (ii) is clearly irreducible with interface (y, ¢).
Suppose g € WP(S!, o) with interface (y, ¢) is irreducible. Without loss of generality (i.e.
after possible subtracting to all sheets an extension of ¢) we can assume ¢ = (. Namely

(2.10) g'l, =g, +[0].

Recalling Proposition 2.6, we consider a selection g, -, g& € W'r([0, 7], R") of the map g* €
W'r([0, 7], Ap), and a selection g7, - .81 € Whr([x,2n],R") of g~ € W'P([x,2r], Ap-1).
We assume without loss of generality that g7 (0) = [0]. By the boundary condition (2.10), there

exists an integer Oy, 1 < Qp < Q, such that after reordering the selections g/ (r) = g7 () # 0 and
g 2n) =g (0) foralli=1,---,00 -1, g5, (m) = 0. Suppose Qp < O, then we define

Qo 0o-1
f=)lell =) lels
i=1 i=1
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and

Q
2. [&'l, 6€l0,x]
f2 — i:Q0+1

0-1
EQJ lei],  6¢€ln2n]

By (2.10), the map f := (fi", f) lies in W'P(S', Ag, ) with interface (y, ¢); the map f; is well-
defined on vy, i.e. fo(n—) = fo(n+) and f,(27) = f5(0), and moreover f, € Wl’p(Sl,fﬂQ_Qo). In
other words, this gives a nontrivial decomposition of the irreducible map g, contradiction. Hence
Qo = O, and we define the function { by following g/, g7, g/, in order.

Suppose card(g*) # Q, that is, there exist 6y € [0, 7] and i; < i, such that g (6p) = g7.(6p). Let

[ g 0ei0.6)
& gz_;’ 0 € [90’7(]'

Then the following map gives a decomposition of g:
i-1 0 i-1 0-1
=Y I8+ 81+ D [ A=) lel+> Il
i=1 i=ir+1 i=1 =iy
Since (f{", f7) € W'P(S', A, _;,) with interface (y,¢), and Q + iy — i, < Q, this is a non-

trivial decomposition of the irreducible map g, contradiction. Hence card(g™) = Q. Similarly
card(g”) = Q- 1. m|

2.3. Rolling and unrolling. The decomposition of the previous section can be used to construct
efficient competitors to Dirichlet minimizers in the planar case. Again the situation is similar to
that of Q-valued maps. Keeping our identification R*? = C we will denote by [0, 1] the “slit”
{(x1,0) : 0 < x; < 1} and on the domain D \ [0, 1] we will consider polar coordinates (r, ) €
10, 1[x]0, 27, via the usual parametrization (r,6) + re®. Given a map ¢ € W'D \ [0, 1],R")
we can define two maps &%, ¢! € H'?([0, 1],R") which are, respectively, the “upper” and “lower”
traces of £ on the slit [0, 1]. In particular in polar coordinates we can naturally extend ¢ to
10, 1[X[0, 27] setting £(r, 0) = £“(r) and to £(r, 2) = £'(r). In the next lemma and its applications
we will follow the latter convention.

Lemma 2.11 (Unrolling, analogue of Lemma 3.12 in [15]). Suppose { € W'*(D\ [0, 1], R") and
consider the (Q — %)-valued function f = (f*, ) defined as follows:
20 N 4
20-1 20
2 26 dr
2.1 “(r,0) = 20-1
213 f(0) {(rwl,zQ_1+2Q_1

(For Q = 1 we just ignore f~.) Then f € WI’Z(D,?(E) and

(2.12) f,-*(r,@):g(rwzl 711(]'—1)), 6el0,nl,j=1,--,0,

(j—l)), 0eln2nl,j=1,---,0-1.

(2.14) Dir(f,D) = // D).
D
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Moreover, if {|s1 € W'2(S',R), then fls € W(S!, E) and

2 2
20-1 /Sl 0:¢T

where 0. denotes the tangential derivative on S'.

(2.15) Dir(fls:,S") =

Proof. We define the following subsets of the unit disk,
C={re":0<r<1,0+0},

C'={re":0<r<1,0<0<n}, C ={re":0<r<l,n<6<2n};

2 2
2j-1)<6
0-1°VU "D <0<357

Dj:{rei6:0<r<l, 2]} j:17""Q_1’

. 2 2
Z);T:{rel";()<r<l 2Q_12(]—1)<9<2Q7i1(2j—1)}, i=1,---,0,

Z)_-:{rem:0<r<1

; Qj-1<6<

2r
20-1 20-1
Forj:l,---,Q—l,wedeﬁne(pj.C—>Z)jas

2]} j=1L---,0-1

and we define ¢ : C* — D, as

260 4n
oo = 10 )

Then

Z[[éo ¢lo-] and £~ Z[[go ele-].

j=1

Since re® > r®¢'707 is a conformal map, each ¢; is conformal. So by the invariance of
the Dirichlet energy under conformal mappings, we deduce that f* € W'(C*,Ay), f~ €
W'(C, Ap-1) and
0-1
Dir(f,C) = Dir(f*,C") + Dir(f~,C") = ZDlr({o ¢, CH+ ZDH({O ¢;,C7)
J=1 J=1
Y 0-1
= Dir((,D}) + Y _Dir((, D;) = Dir (£, UL'D; U D) = / D
j=1 j=1 D

On the other hand, since

d: ({op) =09 (Loy)) = 9:{ o g;,

2
20-1
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we have

1+ 2 ’ 2 2 @D 2
Dir(éoso-ll,(S))=/ ( ) 0ol = / 0121
J S (Sl)+ 2Q - 1 J 2Q - 1 2 2(j_1)

20-1

An entirely analogous computations on (S!)~ makes it straightforward to show that the restriction
flst of fto S' belongs to W'*(S', A) and that

2
Dir(le1,8) = 55 [ 10:eF :

3. HOLDER CONTINUITY AT THE INTERFACE

In this section we prove the Holder regularity Theorem 1.8, whose conclusion we make more
quantitative in the following statement.

Theorem 3.1 (Boundary Holder regularity of Dir-minimizer, analogue of Theorem 3.9 in [15]).
For every 0 < 6 < %, there exist constant @ = a(m, Q) € (0,1) and C = C(m,n, Q, 8) with the
following property. Assume that vy is a C' graph of a function ¢ over R™ ! passing through the
origin with ||{||c: < 1 and that ¢ € C'(y). If f € Wl’z(Bl,ﬂZ) is Dir-minimizing with interface

(v, ), then

o G (), f*() g (), f~»)
[f]coaes,) := max ¢ sup ,

wepr T R e
(3.2) < C Dir(f, Bl)% + C||D¢||co.
The proof consists of two main steps. A comparison argument is used to prove a suitable

decay of the Dirichlet energy on balls with vanishing radius. The decay is then combined with a
Campanato-Morrey estimate to show Holder regularity.

3.1. Campanato-Morrey estimate. We first record the following extension of a classical result
by Morrey. In the case of Q-valued maps we refer to [15]. In our case we need a suitable

additional argument to treat the case of ( 0- %)—Valued functions.

Lemma 3.3 (Campanato-Morrey estimate). Suppose (f*, f7) € W"*(By, A) is a map with in-
terface (y, @) as in Theorem 3.1. If there exist 8 € (0,1] and A > 0 such that

3.4) // IDfI> < Ar"™*  for every y € By and almost every r € (0,1 — [y]),
B.(y)

then for every 0 < 6 < 1, there is a constant C = C(m, 3, 6, y) such that

[fleos@, < C VA + C5'P|Dgllco .
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Proof. We first extend (f*, f7) to a function g : By — HAp(R") as follows. We use the C!
regularity of y and ¢ to extend ¢ to a C' function ¢ over B; satisfying the estimate ||D@||co(s,) <
ClID¢l|co(y), where C depends on m and the C _norm of y.

o, X € Bf Uy,
©.3) 8t} = { () + [60]. x < By.

Since f*|, = f7l, + [¢], the function g belongs to W'*(B;, Ay), by the trace theory of [15].
Moreover, the theory in [15] can be easily used to prove that

// \Dg|* = // IDfT? + / D@ < " (A + | Dg1%) -
B, B, B;

By the Campanato-Morrey estimate for Q-valued functions (see [15, Proposition 2.14]), we con-

clude that
wp GED80) _ ( // D )
vyl XY

Since clearly G(g(x), g(y)) = G(f*(x), f*(y)) for every x,y € By, we conclude the desired esimate
on the Holder continuity of f*. The one for f~ is slightly more subtle. Consider indeed two
points x,y € Bj. It then turns out that there are i, j € {1, Q — 1} and an invertible map o :
{1,...,0=-1}\{j} = {1,...,Q — 1} \ {i} with the property that

G(2(x),80)) = 16(x) = L O+ 150 =g+ D i) = fryOP.

Observe therefore that, by the triangle inequality
If; () = fi I < 1p(x) = d(0)] + 2G(8(x), g() -

In particular, using the observation

G . OO -FOF+ > 1@ = freOP,

we achieve

G0, f~0))* < 21¢(x) = pOI* + 5G(g(x), g))* < 21IDYigalx — yI* + 5G(g(x), g(7))*

Combinining the latter inequality with the estimate for [g]cs we conclude the desired estimate
for the Holder seminorm of f~. O

3.2. Almgren’s retractions and maximum principle. An important tool in proving the decay
of the Dirichlet energy for Q-valued minimizers is a family of retraction maps which can be used,
for instance, to prove suitable generalizations of the classical maximum principle for harmonic
functions. These maps were introduced by Almgren in his pioneering work and we refer to [15]
for an elementary account of them. In order to deal with (Q - %)-maps we need an additional
property of such retractions, which is not recorded in [15] (nor in [2]). We start by recalling the

following notation:
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Definition 3.6 (Diameter and separation). Let T = ) .[P;] € Ap. The diameter and separation
of T are defined, respectively, as

d(T) := max |P; — Pl and s(T) := min{|P; — P;| : P; # P},
l’j
with the convention that s(T) = +co if T = Q[P].

For Y =), [P:] we denote by spt(T) the set of points {P;, ..., Py} C R". Clearly
3.7 dist(spt(T), q) = ml_in |P; — ql.
We have a triangle inequality
(3.8) dist(spt(T), g) < dist(spt(S),q) + G(T,S), foreveryT,S € Ap.

Lemma 3.9. Let T € Ay and r < s(T)/4. Then there exists a retraction & : Ay — B,(T) such
that

(i) G(S1),H(S2)) < G(S1,52) if S1 ¢ BA(T),
(ii) M(S) =S forevery S € B,(T),
(iii) If a point q belongs to spt(T) and to spt(S), then it belongs to spt(¥(S)) too.

Proof. We define ¢ in the same way as [15, Lemma 3.7]. The properties (i) and (ii) are proved
in [15, Lemma 3.7] whereas (ii1) is an obvious consequence of the explicit formula given in
there. O

Proposition 3.10 (Maximum principle). Let f € W'(Q, Ap) be a Dir-minimizer with interface
(v,0). Suppose T € Ap, 0 € spt(T)and 0 <r < s(T)/4. If

(3.11) G(f(x), T)<r for H™ '-a.e. x € (0Q)" and
(3.12) G(f(x)+[0],T)<r for H™ '-a.e. x € (0Q)7,,
then

(3.13) G(f,T)y<r a.e. in Q" and

(3.14) Gg(f+[0],T)<r a.e inQ .

Proof. We argue by contradiction. Suppose f € W!2(Q, Ap) is a Dir-minimizer with interface
(y,0) satistfying (3.11) and (3.12) and assume in addition that there exists a set of positive measure
E c Q, such that f(x) ¢ B.(T) forevery x € ENQ* and f(x) + {0} ¢ B.(T) forevery x e ENQ".

In particular there exist 6 > 0 and a set E’ C E with positive measure such that f(x) ¢ B,.5(T)
for every x € E'N Q" and f(x) + [0] ¢ B,,s(T) for every x € E’ N Q. As in the proof of Lemma
3.3 we consider the Q-valued function on Q which coincides with f* on Q* and with f + [0] in
Q. Letd: Ap — B,(T) be the retraction operator in Lemma 3.9. By (iii) spt(¢ o g(x)) contains
the origin for every x € QQ~. We can thus consider the (Q — 1)-valued function on Q™ given by
o g—[0]. If we set h* =& o g on Q" we then geta (Q — %)—Valued map (h*, h™) with interface
(y,0). By Lemma 3.9(ii) we also know that 4* = f* on (0Q)*. Therefore & = (h*, h™) is a suitable
competitor for f = (f°f~). On the other hand, by Lemma 3.9 (i) we know |D(J0 f)| < |Df] a.e. on
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Q) and moreover, recalling the definition of ¥} by linear interpolation and that G(f(x),T) > r + 6,
we get that

(3.15) ID(@ o f)| <to|Df| < |Df| ae.onkE’,

where #) < :fg < 1. Here we compute the partial derivatives by the first order approximation, see
the definition and discussions in Definition 1.9, Corollary 2.7 and Proposition 2.17 of [15]. We
conclude that Dir(h, Q) < Dir(f, Q2), contradicting the minimality of f. i

3.3. Decomposition. The maximum principle of the previous section triggers a decomposition
lemma for Dir-minimizers with (y, 0) interface.

Proposition 3.16 (Decomposition of (Q — %)—valued Dir-minimizers). There exists a positive
constant a(Q) > 0 with the following property. Assume that f € W'(Q, Ap) is a Dir-minimizer
with interface (y,0), and that there exists T € Ay with 0 € spt(T) such that (3.11) and (3.12)
hold with r = a(Q)d(T). Then there exists a decomposition f = (f*,f7) = (g + h,g~ + h),
where h is a Q,-valued Dir-minimizer, (g*,¢7) is a (Q> — %) Dir-minimizer with interface (y,0),

01+0,=0Qand1<Q,<0-1.

Proof. When d(T) = 0, our assumption implies G(f(x),T) = 0, namely f = T, and there is
nothing to prove. So we assume d(7) > 0. If a(Q)d(T) < s(T)/4 (for a fixed value of a(Q)),
the proposition follows directly by the maximum principle and the definition of s(7'). Suppose
therefore 4a(Q)d(T) > s(T'). We fix a positive real number € so that

€ 1
+ 2> = —.
( \/é 1-€¢ 8
Recalling [15, Lemma 3.8], we may collapse some points in the support 7" and find an element
S =1 k[S,] € A (with J > 2) satisfying

(3.17) Ble, Q)d(T) < s(S) < 400,

(3.18) G(S,T) <es(S).

We set a(Q) = €8(e, Q), so that

(3.19) G(f(x),T) < a(Q)d(T) < es(S) for H" -a.e. x € Q.

Since 0 € spt(T'), we have, by the triangle inequality (3.8),
dist(spt (S),0) < dist(spt(T),0) + G(S,T) < es(S).
Without loss of generality, we assume |S ;| = dist(spt(S), 0). Let S =k [0] +ZJJ.=2 k;[S ;]. Clearly

(3.20) G(5,5) = VKIS 1P < e/Q s(5).

On the other hand s(S) > (1 — €)s(S). In fact, either s(S) = |S; — S | for some i, j # 1, in which
case s(S) > s(S); or s(S) =|S,| for some i # 1, and then

(3.21) S(S) = 1S =18 =S| =181 = s(S) — €s(S).
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Combining (3.19), (3.18), (3.20), (3.21) and the choice of €, we conclude
G(f(x),8) < G(f(x), T) + G(S,T) + G(S.5) < €s(S) + €5(S) + € /0 5(S)
€ ~ 1 ~
< (Vo+2) 7 58) = 35S,

1-€

for H™ '-a.e. x € Q. Again it follows by the maximum principle that G(f, S ) < s(§ )/8 almost
everywhere on Q. We thus have a decomposition of f into simpler multiple-valued functions. 0O

3.4. Interpolation that preserves the interface value. In this subsection, we construct inter-
polations between pairs of (Q — %) maps with a common interface (y, 0) defined on concentric
spheres and estimate its Dirichlet energy. Later we will use the interpolation to construct com-
petitors for Dir-minimizing maps, so it is crucial that the interpolation has the same interface
(y,0). This is also the major difference from the interior case, proved in [15, Lemma 2.15]. For
our current purpose, namely the proof of the decay of the Dirichlet energy for minimizers, we
actually need the existence of the interpolation only in the case m > 3. However later on Lemma
3.32 will be used on planar maps to show the compactness of minimizers, a crucial point in the
proof of Theorem 1.6. We therefore state and proof also the 2-dimensional case (separately).

Lemma 3.22 (Interpolation when m = 2). Let f, g be maps in W'*(0B,, o(RM) satisfying
(3.23) fy=f1L+[0], gl =gl +[0],

and sup,sp G(f(X),8(x)) < +00. Let 6 = %for some N € N\ {0,1,2,3}). Then there exists
h e W'2(B, \ B_s, AHR")) satisfying h*|, = h™|, + [0] and

h(x) = f(x) for x € 0B, h(x)=g (1 —5

x) for x € 0B, _;.
Moreover

(3.24) Dir(h, By \ Bi-s) < Cé Dir(f,dB,) + Co Dir(g,0B,) + % sup G(f(x), g(x)).

X€0B 1

Proof. By applying a diffeomorphism, we can assume that y = R. We first interpolate f* and
g" in the upper half annulus B} \ Bj_;. After parametrizing a biLipschitz diffeomorphism ¢ :
[0, 1] — OB to the functions f* and g*, we may assume f*, g™ are w2 maps defined on [0, 1].
We will interpolate f* and g* and get a W' map on [0, 1] x [0, 6].

We define a cubical decomposition D; = [id, (i + 1)d] X [0,6] withi = 0,1,--- ,N — 1, and
vertical lines ¢; = {i6} X [0,6] withi=0,1,--- ,N. Fori=1,2,--- ,N — 1, we define

nen=¢"op((1-5)gog" @+ 160 '), wneb,

where &€ : Ap(R") — RY is the embedding of Q-valued metric space, and p : RY — &(Ap) is the
retraction, see [15, Theorem 2.1]. It is clear that

C
(3.25) |Dh(x, )| < gg(g%x),f (x),
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where the constant depends on the Lipschitz constants of € and p. Fori = 0 or N and x = i, by
recalling (3.23) we denote

Q Q
(3.26) g @)=Y la]=[0]+g . f)=> [b]=[0]+f (.

j=1 j=1
Here we assume a; = b; = 0 without loss of generality. Suppose 7 is a permutation of {2, - -- , O}
such that

Y
Gg (), f () = | D laj = bey.
j=2

We define

0
(3.27) nosn =)+ [(1- é) a; + ébw)ﬂ .

j=2
(3.26) implies that
(3.28) G(g" (%), F1(x) < G(g (%), f(x) < V2G(g" (%), fF(x)).
Hence

1 | 1 2
(3.29) |Dh(x,1)| = 5 Z la; — brp* = gg(g_(X),f_(X)) < %Q(gWX),JH(X))
=2

In this way & is well-defined for each dD;. We now wish to use (3.40) (and a biLipschitz
homeomorphism of squares to disks) and claim the existence of an extension /4 on D; satisfying

(3.30) Dir(h, D;) < C6 Dir(h, dD;).

Note that this can be done because the proof of (3.40) given later in the planar case is not using
the current proposition (it uses interpolation, however, if the domain is at least 3-dimensional).
Summing up we get
N-1
Dir(h, [0, 1] x [0,6]) = Y _ Dir(h, D)

i=0

N
<Co (Dir(h, [0, 1] x {0}) + Dir(h, [0, 1] x {6}) + Z Dir(h, [i)>
i=0

N

< C6Dir(g, [0, 11) + C Dir(£, [0, 11) + C Y G(g*(i6), f*(i6))
i=0

< C§Dir(g, [0, 1]) + CS Dir(f, [0, 1]) + % sup G(g"(x), f+(x)).
x€[0,1]

Applying the biLipschitz homeomorphism ¢ : [0,1] — dBf, we get an interpolation h* €
W'2(B} \ Bi_s, Ap).
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Similarly, we define an interpolation 4~ € Wl’z(Bl‘ \ B_;, Ap_1) between g~ and f~. By (3.33)
and the construction (3.27), we know h*|, = h™|, + [0], h € WL2(B, \ Bi_s, .7(3) and moreover

(3.31) Dir(h, B, \ B;_s) < CoDir(g, By) + Co Dir(f, By) + % sup G(g(x), f(x)).

x€6B|

Lemma 3.32 (Interpolation when m > 3). Let f, g be maps in W'"*(0B,, o(RM) satisfying

(3.33) Fy=fL+I0l gl =gl +[0],
and faBl G(f.8) < +co. Let 6 = + for some N € N\ {0,1,2,3). Then there exists h € W'*(B; \
By_s, ALH(R")) satisfying h*|, = h™|, + [0] and

h(x) = f(x) for x € 0B;, h(x)=¢g ( x) for x € 0B, _;.

1-¢6
Moreover

(3.34) Dir(h, B, \ B,_s) < CS Dir(f, dB,) + C5 Dir(g, dB,) + % G(f, 2).

Proof. By applying a diffeomorphism, we can assume that y = {x,, = 0}. Let C be the boundary
of the cube [—1, 1]”. Notice that C is tangent to the sphere dB;. We define the functions f and g
on C by radial projection:

2 Z R Z
f@:=f (E) , 8@):=¢g (E) , foreveryzeC.
After the radial projection, the tangential derivative on C at z is just a multiple of the tangential

derivative on 0B at z/|z|, where the factor is uniformly bounded above and below by dimensional
constants. In particular f, g € W'2(C, Ap), that is,

A

fre e W, Ay, f.& € WAC, Ag-y),
and R
fy=fhL+[0], &1, =gl +[o
\A)vhere Ct=Cnf{x,>0},C =Cn{x, <0}and y = {x,, = 0}. We want to construct a function
h: C x [0,6] — A which satisfies h(-,0) = &, h(-,6) = f, h € W"? and
081 = B lxqos + [O];
and in turn, we define a function 4 : B; \ B1_s — ﬂ”—é by
h (tﬁ) = fz(z,t—(l -0)), foreachzeCandl-6<r<1,
Z
such that h € W'2(B, \ B,_s, Aj) with the desired boundary data.

Let F be any of the 2m faces of C, then it is an (m — 1)-dimensional solid cube (i.e. including
the interior) with side length 2. Take for example

F = {(_1,XZ,"' ’xm):_l ijslforeverY.jzz’.” ’m}'
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We will first define /1 on F x [0, §] using the similar construction as in the interior case, see Step
1 of [15, Lemma 4.12] and the erratum therein. To that end we first need to extend f and g to a
fatter region

Fy={(-Lox )i —1 -6 <x;<1l+dforevery j=2,-- .m},

by using their respective values on neighboring faces of F and scaling appropriately on the cor-
ners. For example, for any x, € [-1 — 9, —1) fixed (the other possibility being x; € (1,1 +6]), we
consider the slice

Sy = {(—l,xz,x3,~-- 2 Xm) © —|x2] < xj < |xy| forevery j=3,--- m} C Fy,
and define £, g by their values on a neighboring face of F:
(3.35) F' :={(x1,-1,x3,+ ,x,) 1 =1 <x; < 1forevery j=1,3,--- ,m}.
To be precise on S ,, we define
(3.36) F=1xa, x5, x) o= f(xal = 2, =1, @5(x3), -+, @5(xm))

where @5 : [—|x2], |x2]] = [—1, 1] is a piecewise linear function as follows

o)
1+ ————— @+, —nl<t<-1+4
—1+6+|x2|( l2l),  —lxl
(3.37) ws(t) = ¢ 1, 14+6<t<1-6
5
l+ ————(t—|x]), 1=-6<t<]|x]
—1+5+|X2|

That is, in the inner region of S, , f (as well as @) takes value on F” faithfully; in the outer region
f (as well as 2) is a scaled version of its value on F’, with a scaling factor at most 2. The former
is to guarantee that the construction of 4 remains faithful to f, g near the boundary y X [0, 6].

For any vector v € [—-1 — 6, —1]""!, consider the cubical decomposition of F; induced by the
lattice points {—1} X (v + 6Z’"‘1). For k € {0, --- ,m— 1} we define accordingly the k-dimensional
skeleta contained in Fj, which are the families S*(v) of all closed k—dimer}sional faces of the
cubes. By Fubini, for almost every v and face E € S*(v), we have that f|z, 2l € W'?, and

> / (IDfP +1DgP + G(f.2)) | av
E

moreover
/ —1=§.—1m-1
ve[-1-6,-1}" EESk(V)

<C(k, m)s* / (IDFP + Dgl* + G(£.8)) .

Fs
By standard arguments we can choose a vector v such that
e For every k > 1, for each E € S*(v) and each G € S*!(v) with G C E, the restrictions

fle, flg, &le, 8l are all W2 and moreover the traces of f|z and §|z on G are precisely flg
and glg;
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e Forevery k > 1,

S [ (DR +1DgP) < cstoD / (IDFP + 1D3P)

EeSkm Y E Fs

e Fork =0,
> G(f(p).3(p))* < Com D / G(f. 8%
Fs

peSO(v)
e Whenever E € S*(v) intersects vy, the center of E, denoted by xg, lies in C*, in other
words xg lies above the boundary 7.

Forany k = 0,--- ,m — 1 and any E € S*(v) not intersecting y, we follow the same construction
as in the interior case (for Q-valued or (Q — 1)-valued functions) and define hon E x [0, 5] by
interpolation of f* and 2*, or f~ and §~ respectively. Across the boundary vy, we temporarily
extend the functions trivially by zero, that is, we set

7= f*, onC* ~ | &, onC*
"7\ f+[0], onC, 07 &+ [0], onC,
so that fo, 8o are Q-valued functions. Notice that the values of |D f l, |IDgl, G( f*, g") stay the
same, and on C~
1
V2
see (3.28). Recall that for any p € S°v) contained in C~, we define h on p X [0,0] as a linear
interpolation between f and g, and that

G(f.8) < G(fo.8) < G(f .2,

A C . G
(3.38) Dir(h, p x[0,0]) < =G(f “(P),& (p)) < gg(ﬁ)(P),é’o(p))z-

Now we construct /2 by an induction on the dimension k. Suppose E € S*(v) intersects 7,
where k = 1,--- ,m — 1. Either by the inductive hypothesis or by the base case k = 0 (see (3.38)
and assume fio(p) = h(p) + [0]), we assume that for all lower skeleta G € S*'(v) with G C E,
we have defined a O-valued function fzo on G X [0, 6] with the desired properties. Since

d(Ex[0,6) =[] G x0,6) ] Exion ] Exish,

GeSk=1(v)
GCE

we can define izo on E x [0, 8] as the 0-homogeneous extension of ilola(Ex[o,g]). Simple computa-
tions show that

Dir(ho, E % [0, 6]) < C5 Dir (o, 4 (E % [0,6])) .
More importantly, notice that every point on (E N C™) X (0, ) lies in a line segment between the
center xg X {0/2} and some pointin (ENC™) X {0}, (ENC™) X {6} or (GNC7) x [0, 5] for some
G € S~!(v) and G C E, hence this construction guarantees that on C~ X [0, 6], the Q-valued
function hy always has an element [0]; in particular we may define 1 € A} accordingly and



DIRICHLET ENERGY-MINIMIZERS WITH ANALYTIC BOUNDARY 21

it satisfies the desired boundary condition. To sum up, we construct a function /iy defined on
Fsx[0,06], where F Cc Fs C F;s, and it satisfies

l’:lF("O):ga 2F('96):f\0nF;

il;f-(~, t)|y = iz;(~, t)|y +[0] foreveryt € [0,6];

A A C A
Dir(hp, F X [0,06]) < Co Dir(f, Fs) + CoDir(g, Fs) + 3 G(f. 8>
Fs
We would like to repeat the same argument for any neighboring face of F, take for example
F' as in (3.35); but we need to be CaI‘CfIAll and make sure the new function A is consistent with
hr on their domains of overlap, since A is defined on a small neighborhood near ¥ N F’ by
projecting the fattened region Fs onto F”:

Ng(F):=F' Nn{-1<x <-1+4+6},
where ¢’ € [0, 0) is determined by the choice of v.

We sketch the necessary technical modifications below. As before, we consider a fattened
region Fj of F’; and we then choose a cubical decomposition of Fj to satisfy, in addition to the
requirements stated above, that all skeleta (orthogonal to x;-axis) ought to be at least 6/2-distance
away from Ng(F). On the interior region

Ng'(F) :=Ng(F)n{-1+6<x;<1-¢forevery j=3,---,m},

we use /iy as the boundary condition to construct /i to make sure they agree; outside, on each
(m — 1)-dimensional d-cube E contained in Ng(F) \ Ngi(F ), we replace and reconstruct hy on
E X [0, 0] as above. This way hr = hp on their domains of overlap Ng(F); moreover, since we do
not redefine izp near the boundary y X [0, 9], it still satisfies the desired boundary condition. O

3.5. Decay estimate. The key point in the proof of Theorem 3.1 is a suitable decay estimate for
the Dirichlet energy, which is essentially the content of the following proposition.

Proposition 3.39. Suppose f is a (Q — %) Dir-minimizing map on By with interface (y, ¢) and
assume that 7y is the graph of a function ¢ over R™ ! with ||{|lcr < 1. Let 0 < r < 1 and assume
that flss, € W"(0B,, AL). Then we have

(3.40) Dir(f, B,) < C(m)r Dir(f, 0B,) + Cr’”lngolléo ,
where C(m) < (m —2)~".

Remark 3.41. By translation, the same estimate holds for any ball B,(y) C B; withy € y. If
B.(y) Ny = @, the analogous interior estimate was proven in [15, Proposition 3.10].

Proof. We will prove (3.40) for r = 1, because the general case follows from a scaling argument.
Moreover we will assume, without loss of generality, that ¢ = 0. Indeed, for a general ¢, we let
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¢ be an extension to B; with the property that ||Dél|co,) < ClID¢l|co(y), since the interface 7y is
given by the graph of ¢ satisfying ||/{||c1 < 1. Define then (h*,h™) as

P =) [ ) - ¢)] -

Moreover, let k* be a Dir-minimizer with boundary values 4™ and interface (y, 0) and construct a
corresponding competitor for f by setting

F =) [k +ow] .

Observe that for every ¢ there is a constant C(g) such that
IDh*(x)* < (1 + &)ID.f*(x)] + C(&)|D:p(x)I,
IDg*(x)* < (1 + &)|Dk*(x)]* + C(&)| Dp(x)|*.

Here D, denotes the tangential derivative on the boundary dB;. After proving the Proposition for
interfaces (y, 0) we will know that there is a constant C’(m) < —L such that

Dir(k, B)) < C'(m) Dir(k, dB,) = C’(m) Dir(h,dB,) < C’(m)(1 + &) Dir(f, 0B;) + C(m, &)||D||%.
Hence we could estimate
Dir(f, B)) < Dir(g, B,) < (1 + &) Dir(k, B) + C(&)|D¢llzo
< C'(m)(1 + &)’ Dir(f, dB,) + C'(m, &)|IDg||% .
1

Since C’(m) < —L it suffices to choose & so that C(m) := C'(m)(1 + £)* < —>. From now on we
restrict therefore our attention to the case ¢ = 0.

The planar case. Set g := f|sp, and let g = go + 25:1 g; be a decomposition into irreducible
maps as in Proposition 2.7. Suppose g, unwinds to ¢ : S' — R” as in Proposition 2.7 (ii); and
each g; unwinds to a W' function ¢; : S' — R” as in [15, Proposition 1.5 (ii)]:

g0 = > [4@].
0

Now we construct an admissible competitor for f as follows. Recall that {,(0) = ,(27) = 0,
we consider its Fourier expansion

= (s
40(9) = lzz;cl S1n (5) .
We then extend ¢, to be a W' function defined on all of B, as:

Zo(r,0) = Z ric;sin (%9) )

=1
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Note that Zo is not harmonic, but it vanishes on all of the positive real axis. We also consider the
harmonic extension of each {j, denoted by ¢;. Simple computations show that

_ —, 1
(3.42) // IDE,I* <2 / 10: 4017, // D < 5 / 104
D st D St

We then unroll ZO toa (Qp— %)—Valued function hy = (hg, hy) as in Lemma 2.11. By definition, it
follows that hy satisfies the boundary condition

hgly = hgly + [O].
We also unroll each £; to Q;-valued function /; by
hio =Y [
Li=x

The function h = (h{, hy) + ZL] h; has interface (y, ¢), agrees with f on S!, and thus is an
admissible competitor for f in By. Therefore by Lemma 2.11, [15, Lemma 3.12] and (3.42), we
get

J J J
Dir(f, By) < Dir(h, By) = » _Dir(h;, B)) = » _ / IDZ P <2 / 102
=0 j=0 M D j=0 /¢!
J

= (200~ ) Dir(gy, ) + ) | 20, Dir(g;. 8") < 20 Dir(g, 0By).
j=1
In particular, the above inequality says that the constant in (3.40) satisfies C(2) = 2Q(1 +¢€)?, and
we may assume that C(2) = 3Q for example.

The non-planar case. We define Q-valued functions g and f by adding a “0 sheet” to g~
and f, as in (3.5). Observe that |[Dg(x)| = |Dg*(x)| and |DTf(x)| = |D.f(x)|. So, rather than
exhibiting a competitor for g we wish to exhibit a competitor, say &, for g: we just have to
respect the property that spt 4(x) > O for every x € B. With a slight abuse of notation we thus
keep the notation g and f for g and f.

Step 1. Radial competitors. Let g = ) .[g] € Ap be a mean for g so that the Poincaré
inequality of [15, Proposition 2.12] holds, i.e.

1/p 1/2
(3.43) ( Q(&é)”) <C(p) < / |Dg|2) ,
0B, 0B,

where the exponent p can be taken to be any finite real p > 1 if m = 3 and any real 1 < p < 2*

(with &+ = 1 — —1=) when m > 4. Assume the diameter of g is smaller than a constant M > 0

(whose value is to be determined later),

d(@) < M.

Recall next (3.7) and define the function m(x) := dist(spt g(x),0). Observe that
T +— dist(spt(T),0)
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is a Lipschitz map with constant less or equal than 1 by (3.8): thus |Dm| < |Dg| and |D,m| <
|D.g|. Moreover m obviously vanishes on dB; (whose surface measure is larger than a geometric
constant). By the relative Poincaré inequality, we know

(3.44) / m(x)*> < C / |IDm(x))* < C / |Dg(x)*.
0B 0B

9B,
Hence

(3.45) %:ummm@ﬁf:frﬁs/iﬁ+ g@m@fsc/ IDgP.
dB; 0By OB, 0B
Combined with the assumption d(g) < M, it follows that
8P =) &l < 0(C + M)
Thus
/‘mﬁsz g@gﬁ+2/‘@ﬁscwb
0B 0B 0B

where Cy y is a constant depending on Q and M with positive correlation. Let ¢ be a real-valued
function in W'2([0, 1]) with ¢(1) = 1. Then

fuy=ﬂmm(i)
|x|

is a suitable competitor for f. A simple computation shows that

1 1
// IDf? = ( / Iglz) / @ (r)?rdr + ( / IDgIZ) / e(r)*r"dr
By 0B 0 OB 0

1
< / (@(r)* " + Cou' (r)*r" ") dr =: ().
0

By minimality we deduce that
Dir(f,By) < inf ().

pewl2((0,1])
e(1)=1

We notice that I(1) = ﬁ (¢ = 1 corresponds to the trivial radial competitor for f). On the
other hand ¢ = 1 cannot be a minimum for / because it does not satisfy the corresponding
Euler-Lagrange equation. So there exists a constant y = y(Q, M) > 0 such that

Dir(f,B;) < inf I(p) = ; —v.

ewl-2([0,17) m—2
o=

In particular, when Q = 1, the diameter d(g) = 0 and we are done. We will prove the proposi-
tion by an induction on Q.

Step 2. Splitting procedure: the inductive step. Let Q > 2 be fixed and assume that the
proposition holds for every Q* < Q. Assume moreover that d(g) > M. The strategy of the proof
is to decompose f into several pieces in order to apply the inductive hypothesis. To that end, we
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first collapse the mean g, by applying [15, Lemma 3.8] to T = g. For any € € (0, 1), we obtain
S = Zle k;[S ;] € Ay which satisfies
(3.46) BM < Bd(g) < s(S) < +o0,

(3.47) G(S,8) < es(S).

Here 8 = B(e, Q) is the constant in Lemma 3.8. The fact that s(§) < +oco means J > 2. Recall
(3.45) (this estimate is independent of the assumption on d(g)), we get

(3.48) minS <ming + G(S,8) < C + €s(S).

Assume without loss of generality that |S | = minS. We let

S = k0] + ikj[[sj]].

By (3.48),

(3.49) G(S,8) < VKIS < /Odist(spt (S),0) < C /O + € /Os(S5).

We fix € with e /Q = 6i4; we may also choose M = M(Q, (e, Q)) sufficiently large so that
(3.50) C <eBM < es(S).

Thus it follows from (3.46) that

~ 1
G(S,8) < 26 \/Os(S) = 5(5).
Combined with (3.47), we have

(3.51) G6(z.5) < \/2g(s,g)2 +2G(S,8) < %S(S).
On the other hand, we also have
(3.52) s(S) > (1 = 2€)s(S).

In fact, either s(g) =|§; -S| fori, j # 1, in which case s(§) > s(S) by definition; or s(g) =5
for some i # 1, then by (3.48) and (3.50)

S(§) =154 =215; =S| =151 = s(5)—minS > (1 —2¢€)s(S).
Let _
VA — B 5)5(S)
be the retraction given by Lemma 3.9. We define h € W'(B,_,) by

w=o(1(:%)

where 7 is a small parameter to be determined later. By Lemma 3.9 (iii), A(x) contains a zero ele-
ment for every x € By_,. By removing one zero element in the lower half space we may consider
h as a function in W'?(B,_,, Ap). Therefore by [8, Theorem 4.2] there exists a Dir-minimizer

h e W2(B,_, o) with interface (y, ¢), such that h = hondB_,\y. Almost everywhere on
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0B, h takes value in B3 /8(§ ). Therefore by Proposition 3.16 & can be decomposed into the
sum of A, and h,, where h; is a K-valued function and Dir-minimizer, 5, is an L-valued function
and Dir-minimizer with interface (y, ¢), and K,L < Q — 1. By [15, Proposition 3.10] and the
inductive hypothesis, we have

. 1 .
Dir(hy, Bi—p) < (m - %‘) (1 —n) Dir(hy,0B,_,),

. 1 .
Dlr(hz, Bl_,]) < (I’n— - 717) (1 - T]) Dlr(hz,aBl_n).

Hence

Dir(h, B,_,) < (L y> (1 — ) Dir(h,dB,_,)

m—2

1 m-2 1y;
=|——>-v | -n"" Dir(g,dB))

m-—72

1

<(t5-7):

Here yy = min{y;,y,} > 0 is a constant depending on m and Q. We consider the following
competitor

r il, in Bl—n
| interpolation between h and gasinLemma 3.32, in B\ B,
By the estimate (3.34),

Dir(f, B:) < Dirch, By_,) + C1y (Dix(h, 9B, ) + Dir(g,0B) + = | Glg, #(e))
n Jos,

1 C
(3.53) <5 =Y+ 20n+ p G(g.9(g)).

- 0B

Now we estimate the last term in the right hand side of (3.53). By the definition of the retrac-
tion ¢, g and ¥(g) only differ on the set

E = {xeﬁBl :g(x)em}.
For every x € E, by (3.51) and the properties of 17,
G130 g(x),8) = G 0 g(x),3(@)) < G(g(x), ),
and
G(5(x).8) = G(3(x),5) - 6&.5) > %s@ )

Hence

(3.54) G(g, %(g))* <2 / G(g(x),8) +G @ og(x),5)’ <4 / G(3(x).8)* < ClE|*1.
E E

0B
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Recall (3.52) and (3.50), N
s(S) > (1-2e)s(S) > (1 —2¢€)BM.
We may estimate the measure of E by Chebyshev inequality

|E|</ (g(g<x>,g>)2<g
T e\ s($)/16 ) T M

Combined with (3.53) and (3.54), we conclude that

’

1
- Y +C'n+ —,
m—2 0 n M

Dir(f, B)) <

where the constants o, C" only depend on Q and m. We first choose 7 so that C'n = 2, then we

choose M so that nCW = 2. Therefore by the minimality of f

Yo

m—-2 3

Step 3. Conclusion. With the value of M fixed, Step 1 shows that if d(g) < M, there exists
v =vy(Q) > 0 such that

Dir(f, B)) < Dir(f, By) <

Dir(f, By) < ;Y
m —
Assuming the inductive hypothesis, Step 2 shows that if d(g) > M,
. Yo
Dir(f, B)) < - =
ir(f, B1) 2 3
This concludes the proof. O

3.6. Proof of Theorem 3.1. We want to prove the following decay of Dirichlet energy
(3.55) Dir(f, B,) < Cr"***(Dir(f, By) + [ID¢l|z0)
forevery y € B 1 and almost every 0 < r < %

First of all observe that the estimate follows from Proposition 3.39 for y € y. Indeed in that
case, if we let h(r) = fB,@)'D f1?, then £ is absolutely continuous and

W (r) = / IDf|> > / ID.f|* =: Dir(f,0B,(y)) for almost every r.
9B,(y) 9B,(y)

Combined with (3.40) we have

, rh'(r)
h(r) < C(m)rk'(r) + Cr™||Dg|l%: < m_2+28" Cr'Dgl%o

(where § is assumed to be smaller than 1). We next define k(r) := h(r) + Ar™ and compute

k(r) = h(r) + Ar™ < W (r) + C||Dgl[zor™ + Ar™

,
m—2+2p

K (r) + C||Dg|20r™ — A (L 1) o

r
< - —
T m-2+28 m-—2+28
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Since
m

m-2+2p
for A = C’||D(,z>||%0 with C” sufficiently large we conclude

-1>0,

r ’
k(l") < mk (7‘)

and integrating the latter inequality in the interval [r, 1/2] we get the desired estimate

1
Dir(f, B.(y)) < k(r) < "%k (E) < "% (Dir(f, By 2(y)) + C'lIDgl% )
< Cr"* (Dir(f, By) + IDgllgo) -

Consider now a pointy € By, \y. If r > ‘—11 the estimate (3.55) is then obvious. Hence we

assume r < i. Let next p := dist(y,y). If r > p, consider x € y such that [x — y| = dist(y,y)

and observe that B,,(x) D B,(y). The estimate follows then from the one for y € y. Otherwise,
we have two possibilities. If p > 1 > r, we then can use the decay estimate for Q-valued

4
Dir-minimizers to infer
Dir(f, B.(y)) < Cr"***Dir(f, By 4(y)) < Cr"***Dir(f, B)).

Ifr<p< 411 we can then proceed in two steps to prove

m—-2+28
Dir(f, B,(y)) < (ﬁ) Dir(f, B,(y)) < Cr"*** (Dir(f, B)) + [IDgllzo ) -

Having finally proved the decay (3.55), the Holder continuity follows from the Campanato-
Morrey estimate.

4. FIRST VARIATIONS AND MONOTONICITY OF THE FREQUENCY FUNCTION

In this section we address a main tool to prove Theorem 1.6, the monotonicity of the frequency
function. The original frequency function was introduced by Almgren in [2] for Dir-minimizing
Q-valued map, cf. also [15]. The one for (Q — %)-Valued maps with interface (y,0) in R” was
introduced in [8] and requires a subtle argument. Since our Theorem 1.6 is 2-dimensional, we can
take advantage of the reduction to Theorem 2.1 and restrict our attention to the model situation
in which the interface is (R, 0). Under such assumption the statement and proof of the relevant
formulae is just a straightforward adaptation of the arguments in [15], which we give below for
the reader’s convenience (the issue in [8] is that in dimension m > 3 it is not possible to “rectify”
a general y with a conformal change of coordinates).

Definition 4.1 (The frequency function). Assume f = (f*,f7) is a (Q — %)—valued map on
Q) c R™ with interface (y, ¢) and consider a ball B,(x) C Q with x € y. We define

42)  Dof(r) = Dir(f,B,(x), Hy/(r) = / P = / P / P
OB} (x) 0B, (x)

0B:(x)
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When H, ((r) > 0, we define the frequency function

(4.3) Lf(r) = ———

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

Proposition 4.4 (First variations). Assume f = (f*, ) € W"(Q, Az o) is Dir-minimizing on
Q c R? with interface (R, 0) and let B, C Q. Then

4.5 1)2:2/ A fi1F + / o f I
(4.5) /MWJ i (aBmD £ 68@2] f|>

and
0
(46) J| o= [ S [ S,
B:(x) 0B} (x) FZI s 9B (x) Z !
Here v denotes the outer unit normal on the boundary of the given ball, and f* = JQ: 1l f]*]] and

[ = ZJQ:_II I f]_]] are measurable selections of f* and f~, given by [15, Proposition 0.4].

Remark 4.7. Identity (4.5) implies that the integral of the square of the tangential derivative on
the circle 9B, equals the integral of the square of the normal derivative.

Proof. The proof follows the same computations of [15, Proof of Proposition 3.2]. It just suffices
to observe the following two facts:

e (4.5) is derived by comparing the Dirichlet energy of f with competitors of the form
f o ®,, where {®,} are some specific one-parameter families of diffeomorphisms. It
easy to check that the ones used in [15, Proof of Proposition 3.2] map R, Q" and Q~
onto themselves and hence give an admissible family of competitors for our variational
problem as well.

e Similarly, (4.6) is derived by comparing the Dirichlet energy of f with competitors of the
form

£ =) ) + s, f1(0)]

where ¥(x,u) = ¢(|x|)u satisfies ¥(x,0) = 0. Therefore the functions f©* have also
interface (R, 0) and they are in the class of admissible competitors. O

The above first variation formulae imply:

Theorem 4.8 (Monotonicity of the frequency, analogue of Theorem 3.15 [15]). Let f be a (Q—% -
valued Dir-minimizing map with interface (R, 0) in an open set Q C R? containing the origin and
assume that f*(0) = Q [0]. Either there exists 6 > 0 such that

|B+(O) [[0]] f |B 0 = (Q - 1)[[0]]
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or I ¢(r) is an absolutely continuous nondecreasing positive function on (0, dist(0, 99Q)).

Proof. If H(r) = 0 for some r > 0, then f* = Q [0] a.e. on dB}(0) and f~ = (Q — 1) [0] a.e. on
0B, (0). For such boundary data the only minimizer is the pair which is constant on the respective
B (0). From now on we assume therefore that H(r) > O for every r € (0, 1).

D is absolutely continuous and

4.9) D'(r) = / IDf|? for almost every r.
0B,

Since f*, f~ € W'? are approximately differentiable almost everywhere, we can apply the chain-
rule formulas (see [15, Propositions 1.12 and 2.8]) and justify the following computations:

) d . d .
H'(n) = - / Hffry)Pdy + — / rf (ry)lPdy
rJopt dr aBy

0o 0o
= / |fry)lPdy + / r—Iftry)lPdy + / ra—lf‘(ry)lzdy
9B oy or

aB;r ar

1 . =1
(4.10) :—/aBr|f|2+2/aB+Z(8,,fj,fj>+2/63.2(&]3,]3):;H(r)+2D(r),

r r j:l r j:l
by the outer variation formula (4.6). In fact, since both H(r) and D(r) are continuous, we have
H € C! and the above inequality holds pointwise. Therefore

1y =20 IP0 gy H O
H(r)  H(r) H(r)?
_ D@ rD'(r) D) D(r)?
THe T HG) T HE) HGR
rD’(r) D(r)?
= - 2r .
H(r) H(r)?

Again by the inner and outer variations formulae (4.5), (4.6), we obtain

’ 2r 2 + - — < + . -
omgi (L Enr) (L S

roj=1 roj=1 roj=1

0 0-1 2
(4.11) —(/9 D @+ /7 Z(ﬁvff,fj‘))
OBt 0B;

r j:] r j:]

We can now choose a measurable selection of the various multifuctions involved and extend such
selections f7, d,f; to O respectively on B}. The Cauchy-Schwartz inequality will then imply:

oy Y ) o-1 ) Q , 0-1 ,
I'(r) = o, fF ofl - * -
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0 0-1 2
(4.12) - < /7 > @+ Zwm:m) > 0.
9By o) j=1

O

Corollary 4.13. Let f be as in Theorem 4.8. Iy ;(r) = a if and only if (f*, f~) is a-homogeneous,

i.e. fA) = Z Hm“ﬁ <|7xl)ﬂ '

1

In the rest of the note, when dealing with a Q-valued funcion f = Y. [f]], we will use the
notation A for the multifunction >_, [A£]. Similarly, for a (Q — 1)-valued function f = (f*, /),
Af will denote (Af*,Af7). In particular, the homogeneity of f in the corollary above will be

expressed by the formula
X
J) =x"f (-) :
|x]

Proof. Suppose @ = 0. Iy ¢(r) = 0 if and only if each f;—' is constant, so clearly (f*, f7) is O-
homogeneous. If (f*, f7) is 0-homogeneous, then each fji is constant on the ray starting from
the origin. Thus by the continuity of f near the origin, each f;* is constant on its domain and
I(),f(l”) =0.

Suppose @ > 0. Then by the proof of the above theorem, I(r) is a constant if and only if
equality occurs in (4.12), i.e. if and only if there exists constants A, € R such that

d,f; (x) = A.f; (x) for almost every r and almost every x with [x| = 7.

Moreover,
D) _ oy SOSFLD
H(r) faB, Z |fji|2 )

a=1Ir)=

Therefore I(r) = « if and only if

(4.14) a,fj (x) =

ﬁ i (x) for almost every x.
X
If f is a-homogeneous, clearly (4.14) holds. On the other hand, suppose (4.14) holds, we want
to show that f is @-homogeneous. To that end we let x € dB; and o, = {rx : 0 < r < 1} be the
ray from the origin through x. Note that f|,, € W'? for almost every x € dB,. For those x (4.14)

implies

a5
dr r*
Thus fji(rx) =r? fji(x) for all 0 < r < 1 and almost every x € 0B;. O

Corollary 4.15 (analogue of Corollary 3.18 [15]). Let f be as in Theorem 4.8. Suppose H(r) # 0
for every r € (0,dist(0Q, 0)). Then
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(i) for almost everyr < 1,

d H 21
(4.16) —-log w2,
dr pm=1 r
and thus for almost every s <t < 1,
21(r) 21(s)
@.17) (2)"" 0 H) (2 2,
t tm—l sm—l t tm—l

(ii) for almost every s <t < 1, if I(t) > 0, then

Proof. (4.16) follows from (4.10). (4.17) follows from (4.16) and the monotonicity of the fre-
quency function. Finally, (4.18) follows from (4.17) and the definition of the frequency func-
tion. O

(4.18) 2 S S o

5. COMPACTNESS AND TANGENT FUNCTIONS IN PLANAR DOMAINS

The monotonicity of the frequency function provides a way of studying the asymptotic behav-
ior of a minimizer at small scales around a given point with highest multiplicity. In what follows
we will often switch between different systems of coordinates in the plane. More precisely, a
point x € R? will be identified with

e the pair (x, x,) which gives the standard Cartesian coordinates of x;

e the complex number z = x| + ix;;

e the pair (r, 8) which gives the standard polar coordinates of x, namely x; = rcos6, x, =
rsin@ and z = re®.

Definition 5.1. Let f be a Dir-minimizing (Q — %)—Valued map on a planar domain Q with
interface (R, 0). Let y be a point at the interface R and assume that Dir(f, B,(y)) > 0 for every p.
We define the following rescalings of f at y:

(5.2) () = flox+y)

V/Dir(f, B,(y))

The key point is that, up to subsequences, the latter rescalings converge locally strongly to
nontrivial Dir-minimizers.

Theorem 5.3 (Compactness, analogue of Theorem 3.19 in [15]). Let f € W'(Q, Ap) be a
Dir-minimizing map on a planar domain Q with interface (R,0). Assume f*(0) = Q[0] and
Dir(f,B,) > 0 for every p € (0,dist(0,09)). Then for any sequence {f,} with py \, 0, a
subsequence, not relabelled, converges locally uniformly to a function g : R* — A} satisfying
the following properties:

(a) Dir(g, B)) = 1 and gly is Dir-minimizing with interface (R, 0) for any bounded set U C R?;
(b) g(x)=1|x|"g <i> where a = Iy ¢(0) > 0 is the frequency of f at 0.

Ixl )’
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From now, any limit of a sequence of rescalings {f,, }x with p, | 0 will be called a tangent
function. A feature of the 2-dimensional setting is that the compactness theorem above can be
considerably strengthened: analogously to the “interior case”, cf. [15, Theorem 5.3], we can
prove that the tangent function at a given point is unique and that the rescaling converge at a
suitable rate to it. The key is to first show a suitable rate of convergence for the frequency
function.

Proposition 5.4 (Rate of convergence, analogue of Proposition 5.2 in [15]). Let f be as in The-
orem 5.3 and set a = I 4(0). Then there exist constants ry,f3,C, Hy, Dy > 0 such that for every
O0<r<r,

(5.5) 0<I(r)—a<Cr,
(5.6) 0< 2D o<, 0<2 _po<cn
r r

Theorem 5.7 (Unique tangent map, analogue of Theorem 5.3 [15]). Let [ € WI’Z(D,?(Z) be
as in Theorem 5.3 and denote by B the exponent of the decay estimate (5.5). Then the tangent
function f, to f at 0 is unique and, moreover,

(5.8) IG(fops fll72e1y < CPP.

5.1. Compactness and tangent functions: Proof of Theorem 5.3. Let B; denote a ball of
sufficiently large radius R > 1. By the definition (5.2),

Dir(f,, Bx) = D(pR) < Rm2+2U(R) 1) < R+,
D(p) I(pR)
where we use the estimate (4.18) for the first inequality, and the properties of the frequency func-
tion for the second. Since f,’s are all Dir-minimizing with interface (R, 0), by Theorem 3.1 they
are locally equi-Hélder continuous. The assumption f*(0) = Q[0] implies f;(0) = Q[0] and
£, (0) = (Q — D[O] for all p. Thus f,’s are locally uniformly bounded, and by Arzela-Ascoli
Theorem a subsequence (not relabelled) converges uniformly on compact sets to a continuous
function g = (g%, g7). (To use Arzela-Ascoli Theorem, we may add to f a zero sheet to get
functions valued in the metric space Ap.) In particular g*|, = g7|, + [0]; moreover f; con-
verges weakly in le’f(Ri, Ap) to g*, and fp‘k converges weakly in WI’Z(RE, Ap-1) to g~ (see [15,

loc

Definition 2.9]). By (1.1) it follows then that Dir(g, B,) < liminf;_,, Dir(f,,, B,) for all r > 0.
Proof of (a). Let R > 0 be fixed. We will show that for any 0 < r < R,

5.9 Dir(g, B,) = likrn inf Dir(f,,, B;) and glp, is Dir-minimizing with interface (R, 0).
For any R > 0, we will show (5.9) holds for all » < R.

By Fatou’s Lemma,

R

R
/ liin inf Dir(f,,,0B,) dr < likm inf/ Dir(f,,,0B,)dr < likm inf Dir(f,,, Bg) < C < +oo0.
0 —00 —00 0 —00
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Hence for almost every r € (0, R), the integrand of the first term is finite, and moreover by weak
convergence

(5.10) Dir(g,dB,) < liin inf Dir(f,,,0B,) < M < +oco.

For the sake of contradiction, assume that either one of the statement in (5.9) fails for such r,
then there exists a function » € W'3(B,, o) with interface (R, 0) such that

(5.11) hlss, = glss, and Dir(h, B,) < li}{n inf Dir(f,,, B,).

Leto = 1/N < 1/2 to be fixed later, and consider the functions fk on B, defined by

m—2
fi = (55) * h(55), forxe By,
hi(x), for x € B, \ Bii_s

where the h;’s are the interpolation functions provided by Lemma 3.32 between the maps f,, €

W'2(0B,, A5) and h (%) € W'(0B1_s),, AL). Notice that ks satisfy the boundary condition

hil, = hil, + [0]. By the minimality of f,,, (3.34) and changes of variables, we have

Dir(f,,, B,) < Dir(f,, B,)

m-=2
. I\ x .
< Dir ((1——6> h (m) ,B(l—é)r> + Dir(hy, B, \ B(i-s)")

< Dir(h, B,) + Cor Dir(f,,, 0B,) + Cor Dir(h, 0B,) + % sup G(h(x), fp, (X))

X€0B,

< Dir(h, B,) + C6R Dir(f,,,dB,) + CoR Dir(g, 0B,) + % sup G(g(x), fo, (x)).

X€EOB,

Passing k — oo, by the uniform convergence of f,, to g, (5.10) and the assumption (5.11), we get

(5.12) lim sup Dir(f,,, B,) < Dir(h, B,) + 2C6RM < likm inf Dir(f,,, B,) + 2C6RM.

k— o0

We get a contradiction by choosing ¢ arbitrarily small. Therefore (5.9) holds for almost every
r € (0, R). By the upper semi-continuity of Dir(g, B,) in r, it follows that (5.9) holds for all » < R.

Proof of (b). We observe that for every r > 0,

rDir(‘fpk? fr) — liminf TPk Dlr(f’ Bzrpk)
Jou o2 o o 1]

Pk

rDir(g, B,) .

L,(r) = —hininf

S P

Since g is Dir-minimizing, by Corollary 4.13 it is a homogeneous function with homogenity
@ = I;(0). If = 0, a continuous 0-homogeneous function with g(0) = Q[0] is necessarily
g = Q[0]. This is in contradiction with Dir(g, By) = lim; Dir(f,,, B;) = 1, and thus & > 0.

= If(O)
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5.2. Rate of convergence: Proof of Proposition 5.4. Step 1. We claim the following estimate
holds for some 8 > 0:

(5.13) I'(r) > %(a +B-1(r)U) — ).

Recall (4.10), we have
rD’(r) 212(r)

(5.14) I'(r)= HO) "

Thus (5.13) is reduced to prove

(5.15) Ca+ppin < 20 4 ACTAHD

r

Let r be fixed, and let g(6) := f(re"). Consider the decomposition of g(6) as in Proposition
g=g0+ Zle gj» where go € W"(S!, A% ) and g; € W'*(S!, Ayp,) are irreducible maps. Recall
that for each irreducible g;, we can find £; € W'2(S!,R") such that

9 0 + 2mi
(5.16) gj(e):zﬂgj< B )ﬂ
J

i=1

We write the Fourier expansions of {;’s as

a i0 - .
E > (ajicos(9) + by sin(l9)) , 6 € [0, 2x].

=1

(5.17) £i(0) =

Suppose go unrolls to a function , : S! — R”, as in Lemma 2.11. The boundary condition
gsl, = goly + [0] implies £,(0) = ¢o(27) = 0. Hence we write the Fourier expansion of ¢, as

$o(0) = Zq sin (%9) , 6¢€]0,2n].

I=1
Recall (4.5) and Lemma 2.11, we get

2 2 <
D'(r) = 2Dir(f,dB,) = = Dir(g,S") = = Dir(g;,S")
r r

J=0

2 2 A
= <2Qo | Dir(Z, S") + Z aDir(gj,Sl))

j=1 =7

(5.18) = <2(2Q0—1)Zc’l+;Z Q) |

[

200 -1 ’
_ 2 _ 2 _ 2 _ 2
H(r)-/a&m —r/81|g| —r( 5 /Sl|§0| +§j:1jQJ/SI|§,|>

and
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2Q0—1 a?‘,O 2 2
(5.19) = 7r ch +ZQ] 7+Z(aj’l+bj’l) .
!

On the other hand, consider a Wl*z—extenswn of £y on B,

_ A 16
(5.20) Lo(p, 0) = pra sin (5) ,
=1

(note that £, is not harmonic at the origin), and the harmonic extension of each ¢;:

f (0, 0) = é Z ajlcos(le) +bj,lsin(l¢9)) , j=1,--- 1,
=1
where p < 1 and 6 € [0,2n]. We then construct a competitor 4 of f in B, as follows: h(pe®) =
h(pe™/r), where h, a function defined on By, is given by

~ /Y L9+ 27k
h(pe”) := (hg(pe”), hy(pe)) + § H ( o 0 )ﬂ ,
j=1 k=0 J

and (h{, hy) is a (Qo — 3)-valued function defined by

A
200-1 2Qo—1

_ i — _2 29 4
ho(pee):é’o (szO_l’zQ 1 2Q l(k ))7 0€[7T,27T],k=1,-~~,Q0—1.
0~ 0~

Notice that by definition (5.20),

h§(pe”) = ¢, (pQ (k—l)) 6el0,n],k=1,--,0Qo,

hgly = h6|7 + [[O]]»

hence / has interface (v, ). A simple computation, combined with Lemma 2.11 and [15, Lemma
3.12], shows

J J
. .o — T
Dir(h, B,) = Dir(h, B;) = § // D | = 3 § L+ n§ § (@ + bl
j=0 ¥ Bi 1 =1 1

Thus by the minimality of f, we know
J
(5.21) D(r) < Dir(h, B,) = g S Gt d N (@ Bl
I j=1 1

We combine (5.18), (5.19) and (5.21) and plug into the left and right hand sides of (5.15).
After simplifications, we show that it is enough to find S > 0 satisfying

(5.22) [l =20y~ D] [l = (@ +B)(2Q0 — )] 2 0,
(5.23) (I-aQ) [I-(@+p)Q;] 20, j=1,---,J
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for every [ € N. This is equivalent to say the intervals (@(2Qy — 1), (@ + B)(2Qy — 1)) and
(aQj, (a + B)Q;) do not contain integer points. This is verified, if we choose

{l_a/kj+1—ak |_a/(2k—1)J+1—a(2k—l)} 0

S = min

1<k<Q k ’ 2k -1

Step 2. Since I(r) is monotone decreasing, there exists ry > 0 such that I(r) < a + g for all
r < ro. Hence (5.13) implies that

(5.24) I'(r) > '[—3 (I(r) — @) for almost every r < ry.
r
Integrating the differential inequality, we get the desired estimate

B
(5.25) I —-a< <ri) (I(ro) — @) < CrP.
0

Recall that the derivative of H satisfies (4.10). In particular when m = 2 we have

(@) _2D(r)

r r

This implies

H(r)\' H ' Hr)\ 2o 2
(5.26) (log 2(2) = (log HO) _ log rzo‘) = (log (r)> _a_s U(r)—a)=0.

re r r r r
Hence g% 1s monotone increasing. In particular, its limit exists as r — 0+:

H H

(5.27) O tim 29 gy s 0,

e+l = 00 patl T

On the other hand combining (5.26) and (5.25) we get

H ’ H —Cﬁrﬁ !
(log rzi?) <2Cr*!,  thus <log %) <0.

H(r)e_c/f'ﬂ . .
Hence =57 is monotone decreasing, and
HP)e S’  Hre S  H@)
—————— <lim = = H,.
yla+l r—0 pla+l r—0 pe+l

In particular Hy > 0. Moreover

H(r) H(r)e %"
F2a+1 (1 - Cﬁ’ﬂ) = F2a+1 < Ho,
and we conclude that
H(r) H(r) H(ro)
2a+l Hy < Cp P2+ < Cp r(2)a+1 P<cr
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The last inequality of (5.6) follows from:

D H H
(7’) — Dy =(r)- 1) 2(52 + I (,JT(:? - Ho) s

where Iy = @ and Dy = I H,.

5.3. Uniqueness of the tangent map: Proof of Theorem 5.7. Without loss of generality, we
assume D, = 1. By the estimate (5.6) and the definition of blow-up, it follows that

(5.28) L0 =p " f(rp,0) (1 + 0 (")) .

It suffices to show the existence of a uniform limit for the “dominant” function

hy(r,60) = p~ f(1p, ).
Note that the function 4, is homogeneous:

hp(ra 0) = p_af(rp, 9) = rahrp(la 9),
it is enough to prove the existence of a uniform limit for A,|s. Each function

hplS‘ = hp(l’g) = p_af(p’ o)
is Dir-minimizing, so by Theorem 3.1 it is Holder continuous with a uniform constant. We first
show that /|5 has an L? limit.

Let {T;} and {7} be countable dense subsets of Ayp(R") and Ay_;(R") respectively. We con-
sider /2 < s < r and estimate

/2” Gl 1B = /2” G (f(r, 0) s, 9)) "
0 0 re ¢
[ p\g (L6 1) g (L0 7)[
’g (f (r, 0), ) g (f‘(_i,@)jo ?
Sup (f*(r 0),T,~)
(r—s)/:"sgp/s 59 (f EZ’H)JZ) 2
s(r-s)/oﬂ/sr %(ffe)) 2
T pr - 2
oo [l (")

+12 ay fr2 av + +
(r_S)//Z{ |t12;+|2 ltﬁl <t];y+1f }dtd9+

do +

do

dt do +

dtdo

dtdo +

dtdo
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oo [ [ S 2O
ooa [ {5 o)
o f () )
<oon [ 1 (20 _DO)’dt
oo (32-0) 4 (320
(- s)/s o (’;ﬁ? —DO) d
cr’

Let s < r be arbitrary, and let / be a positive integer such that 7/2/*! < s < r/2!. Tterating the
above estimate we get

! B

!
r ’
NG (hr, hllr2(s1y < § G (o, By ) llizgsty + 11G s h)ll2gsty < E C <?> T<Cr
k=0

k=0

[lhe

This shows that /,|s: is a Cauchy sequence in L?, and thus converges to a limit function & €
L*(S"). Moreover, since 7, is equi-Holder continuous on S, it follows that &, converges uni-
formly to 4 on S'. In other words, f, converges locally uniformly to an a-homogeneous function

g with (@) = l2*h ().

6. HoMOGENEOUS DIR-MINIMIZERS

In this section we study homogeneous Dir-minimizers in planar domains. We do not really
give a complete characterization, but rather a set of necessary conditions that they have to satisfy.
However, we will show below that each “irreducible homogeneous piece” in the classification is
in fact minimizing.

Proposition 6.1 (Characterization of tangent maps). Let @ > 0 and let f € WZI(J’LZ.(RZ, o) be a

nontrivial a-homogeneous Dir-minimizer with interface (R,0). Then the following alternatives
hold:
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(a) either a =l for some | € N and

J J
f* = ko [F2sina)] + 3" k; [ (@ coso) + bysinGo)) | =: £ + 3 ks
j=1 J=1

7 7
f= ko= D) [Fesin@)] + >k, [[rl (a_} cos(l6) + b sin(l@))ﬂ = fy+ > kit
j=1 J=1
(b) ora = g— for some coprime natural numbers n*, Q* and

J J
=k [0] + Z k; Z Hr”* <c?j cos(n6) + b?- sin(n*@))ﬂ = fy + Z kjfj,
j=1 0, J=1
z=(r,0)

J J
f=0(o—1[0] + ij Z [{r”* (a”j cos(n*6) + b, sin(n*@))]] = fy + ijfj;
<A !

(c) ora = % and

a [{r%gsm (%e)]] + [[r%asin (20 + 27r))ﬂ + jz;:k,- Z [{rz (aj. cos(26) + b sin(20)>]]
=(r,6)
= fO+ + i k]fj’

=
Il
—
S
W
o
w
p—t
=
—~
Wi
S
SN—"
[—
+
~
HNgR
Ko
—
S
(¥}
/N
H
o
o
w
~
)
<t>
N
+
Su
w2
@,
=
~
)
=
N
N———
[—]

J
= fy + > _kifi.
j=1

In all three cases the supports of fi(x) and f;(x) are disjoint for any i # j € {0,1,---,J} and
any x not at the origin. The constant vector ¢ # 0 and the pair of vectors d; and b j are linearly
independent.

Finally, under the additional assumptions that f satisfies (2.3) and its Dirichlet energy is
positive, in the cases (a) and (b) the portions ;k;fj must necessarily be nontrivial, namely
J > 1 and we cannot have f = (f§, fy)

The proof of Proposition 6.1 is based on the following characterization of homogeneous irre-
ducible Dirichlet minimizing (Qg — %)—maps with interface (R, 0). Note in particular that, in case
(b) of the Proposition above, the trace of the corresponding homogeneous map on the circle is
reducible, with the only exception of the very trivial map f; = [0].
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Lemma 6.2. Let go € W'2(S!, ié) with Q = Qg be irreducible and assume that it is the trace of
a non-trivial homogeneous Dir-minimizing map f, on S' with homogeneity a. Then:

(i) Either Qp = 1, @« = 1 € N\ {0} and f;(r,0) = érl sin(10) is a classical homogeneous
harmonic polynomial with trace 0 on R;
(i) OrQp =2, a = % and fo = (f', fy), where fy and f; are the maps of Proposition 6.1(c).

Remark 6.3. Clearly, since they are classical harmonic functions, all the examples in case (i) are
actual Dirichlet minimizers. It is much less obvious that the examples in (ii) are also minimizers.
This is not really needed in the proof of our main result. However, an elementary argument,
which we include for completeness at the end of the paper in Proposition 8.1, shows that in fact
they are. In the latter section we also show that case (ii) arises naturally as the blow-down of half
of the classical Enneper surface.

Proof of Lemma 6.2. By Proposition 2.7 there exists a function ¢ : S' — R” satisfying £(0) = 0

such that gy unwinds to . Let
20

{p,0) = p" % L(0)
be an extension of { to the disk D. By (2.12) and (2.13) f, unwinds to {(p, 6), and thus

Dir(fy, D) = // DEP
D

by Lemma 2.11. We consider the function /(z) := £(z%) : D* — R”. By definition |z = 0. Since
conformal maps do not change Dirichlet energy, we have

6.4) / TP = // DEP = Dir(f, D).
D+ D

Consider any function 17 : D* — R" satisfying nlsp+ = lsp+, we can wind the function 1( z) :
D — R” by the formula (2.12), (2.13) (where we use a branch of the square root function, for
instance setting z = re” with @ € [0, 2a[ and defining Vre® = r2¢2) and find a corresponding
function 2 : D — A7 such that Alsp = flop and h*lg = A7 [g + [0]. By the minimality of f with
interface (R, 0), we have

Dir(fy, D) < Dir(h,D) = // |Dnl*.
D+

This combined with (6.4) shows that £ is a Dir-minimizer in D* which equals 0 on R. Thus ¢
is a harmonic function in D™ which by Schwarz reflection can be extend it to D. On the other
hand ¢ is @(2Q, — 1)-homogeneous. By spherical harmonics we know a(2Qy, — 1) = [ € N and

(r,0) = &r' sin(lf) with some constant & € R". Therefore £(6) = &sin (¥) on S'.

We now claim that, since the (Qy — 1)-valued map g unwinds to {(6) = ¢sin (%) on S' and
it is irreducible, then either Qg = 1 or [ = Qy = 2. In the first case g = ¢sin(/0) for some integer
[ € N\ {0} and we fall in the first case of the classification. In the second case

(6.5) g = H?sin (%6’)}] + H?sin (%(9+ 27r))ﬂ , 6¢€[0,n],
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(6.6) 8 = |[E’sin (ge)ﬂ , 0¢€(n,2n],

which covers the second case of the classification.

We next show our claim. When Qy = 1, the condition (i) in Proposition 2.7 holds trivially,
thus g is irreducible. Now assume Qy > 1. The condition (i) fails if we can find 8 € [0, 2] and
k € N such that

A
. = < 2n.
(6.7) £(6) §(0+2Q0_1k), 0_0,6?+2Q0_1k< Vg
We denote 8 = [6/2, then (6.7) becomes
. . 2nlk 2nlk
(6.8) sin () = sin ('B+ZQ0—1)’ OSB,B+2QO_1 < In.

To rephrase it slightly different, (6.8) is equivalent to find S1,8, € [0, Ir) such that sin(8;) =
sin(3;) and B; — B, = zQZf_l I for some k € N \ {0}. For all odd integers [ € N, we can always
find B, 3, € [0, Ir) with arbitrary distance in the range [0, [r) satisfying sin(8;) = sin(B3,); for all
even integers [ € N, we can always find 5y, 8, € [0, Ir) having the same sinus and with arbitrary
distance in the range [0, (I — 1)x]. In the latter case, the only way (i) could be satisfied is that

there is an even integer / > 2 so that

2
Ir>{- .
20,17 (I=Dr
Namely we are looking for even numbers / > 2 and natural numbers Qy > 1 such that ZQ% > 1—71
Clearly, % > % When Qp > 3 we have ; Qﬁ_l < % < % Hence Qy = 2 is the only possibility:
2 2 2

in that case 5o = 3. Then [ = 2 satisfies the inequality 5+ < 55,
have =1 > 2 > 2. This restricts the possibilities to the only case Qp = [ = 2 and thus proves our
claim. O

but as soon as [ > 4 we

Proof of Proposition 6.1. Denote by « the homogeneity of the map f and let g = f|s1.
We decompose g € WH(S!, o) into irreducible pieces as described in Proposition 2.7:
§=8 +8=8 +8
where gy = (8;.8;) € WS, Ap,) 1s an irreducible map with interface (R, 0). We then get a
similar decomposition of f as f, + f, where both are a-homogeneous and Dir-minimizing.

Recall that according to Lemma 6.2, either Oy = 1 and so f; is a classical harmonic polyno-
mial with trace 0 on R, or Qp = 2, in which case f, is the map of case (c). According to [15,
Proposition 5.1] we can further decompose

F=) kf
J
where the traces g; of each fj on S! are irreducible and have disjoint supports, namely
(6.9) sp(g;(0)) N spt(g:(6)) =@  for every 6.
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‘We next wish to show that
(6.10) if spt(g5(0)) N spt(g;(0)) +# @ then Qp = 1 and 8,(0) =350 VO €|0,n],

namely f; is a classical harmonic function which coincides with f; on the upper half plane and
can thus be obtained by Schwarz reflection on the lower half plane. We argue for (6.10) and we
distinguish two cases:

Case Q) = 2. f] must have homogeneity % By the classification result of [15, Proposition 5.1]

it must take the form
> |7 (a5 cos20) + b sin20)) | -

=x

z=(r,0)
where a; and b ; span a 2-dimensional plane, or it must the trivial map f] = [0].

Assume that for some 6 we have spt(g;(0)) N spt(g,(0)) # @. If 6 €]0,n[, then either we
have a line of “interior singularities”, contradicting the regularity theory of [15], or spt(g;(6)) C
spt(g;(6)) Y0 €]0,n[. The latter condition would however contradict the linear independence
of d; and b ;- A similar argument can be used to exclude that there is any intersection between
spt (25(0)) and spt(g;(0)) when 6 €], 2x[.

If 6 = 0, then spt (g 7(0)) contains 0 or ¢sin 4?” # 0. Like above, the second possibility (and
the continuity at the interface) would imply spt(g§(6)) C spt(g;(6)) V€ € [0, x] by the interior
regularity theory of [15]. If instead O € spt g;(0), g; would have to be trivial, because in the other
alternative d; and b ; must be linearly independent. Hence fj vanishes identically. This being the
case, consider the 5/2-valued map [[ fo]] + [[ fj]] , which must be Dir-minimizing, and decompose
it differently by introducing the maps

_ f+(r’ 9) if@ e [0, 7T]
h(r’ 9) - { ‘](72—(9) +f;(r’ 9) if0 e [ﬂ', 27T]

and
ht(r,0) = fi(r,6)  if6€[0,n].

Clearly h* + h is the same %—Valued Dir minimizer and & must therefore be a 2-valued Dir-
minimizing map. It is however % homogeneous, but not of the form given in [15, Proposition

5.1], which is a contradiction.

Since we can argue similarly for 6 = 7, this shows that when Qy = 2 the supports of g%(6) and
g;(6) must be disjoint for all 6.

Case Q) = 1. Here we only have to examine 6 € [0,7]. If spt(g;(6)) intersects spt(g;(6))
for 6 €]0,n[, then arguing as above, the interior regularity theory would imply spt(g5(6)) C
spt(g;(0)) for all & € [0,n]. But then the homogeneity of f] must be an integer and fj is a
single-valued classical harmonic polynomial by [15, Proposition 5.1]. Since on the upper half
plane such polynomial coincides with f;, on the lower half plane it is determined by Schwarz
reflection.
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If 6 € {0, nr}, then either 0 € spt(g (0)) or 0 € spt(g;(m)). If the homogeneity of fj is integral,
then it is a classical harmonic function, which thus vanishes identically on R. We then argue as
above and consider the 3/2-valued map [[ foﬂ + [[ fj]] , which must be Dir-minimizing. As above,
wecompose it differently by introducing the maps

| e if 6 € [0, 7]
h(r.6) = { Fi(r,0) if 6 € [, 27].
and 5
h*(r,6) = f;(r,0) if 6 € [0, r].
Clearly A* + h is the same %—Valued Dir minimizer and / must therefore be harmonic. By the

Schwarz reflection principle, we conclude that in fact £ is the restriction of fj on the upper half
plane, namely it vanishes identically.

We thus must finally examine the possibility that O € spt(g;(0)) or O € spt(g ;j()) and the homo-
geneity is not a natural number, namely @ = g; where n* and Q" are coprime. The classification
of [15, Proposition 5.1] implies that either

Fio = ; |7 (@ costn'0) + b sini'0)) |
i

with d; and I;j linearly independent, or fj = [0]. In the first case we must have O ¢ spt (g;(6)) for
every 6, so we are necessarily in the second case, where f] is a single-valued harmonic function.
Arguing as above we then conclude that it must coincide with f; on the upper half plane.

Conclusion. (6.9) and (6.10) lead immediately to the following conclusions:

e When Qy = 2, f takes necessarily the form in (c), where we set f, = ﬂ) and f; = fj;

e When Q, = 1, either the supports of g;(0) are disjoint from those of g;(6) for all 6 and
j» in which case we set fy = fy and f; = f}; or there is one f; which coincides with f;f
on the upper half plane, while all the others have disjoint supports. This results into a
decomposition of the form (a) or (b). If the homogeneity « is an integer, then the decom-
position takes the form (a). If the homogeneity « is not integer, then the decomposition
takes the form (b) because the only classical harmonic function which is @-homogeneous
is the trivial one.

We come to the final statement of the proposition. If the Dirichlet energy of f is positive,
clearly in case (b) the map ) ;k;f; must have nontrivial energy. In case (a), observe that the
triviality of ) jk;fj, the Schwarz reflection principle, and assumption (2.3) would imply that
ff = 0]0] and f~ = (Q — 1)[0], which again is not compatible with the positivity of the
Dirichlet energy. O

7. PrROOF OF THEOREM 1.6 AND THEOREM 1.7: DISCRETENESS OF THE SINGULAR SET

The proof of the main theorem is by induction on the number of values Q. The basic step
Q = 1 is clearly trivial, because f~ does not exist in that case and f* is a classical harmonic
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function. . Now we assume Q > 1 and, as induction hypotheses, that the theorem holds for every
Q' <0.

We argue by contradiction and assume the existence of a Dir-minimizing (Q - %) -valued pla-
nar function with real analytic interface (y, ) whose singular set is not discrete. As shown
in Section 2 we can assume, without loss of generality that f is as in Theorem 2.1, namely
On* = (Q — D~ and the interface is (R, 0). Under our assumptions the singular set must have
an accumulation point xo. The latter cannot be in the interior, and thus belongs to the interface.
Without loss of generality we can assume that xy = 0.

Next, we must have f*(0) = Q [0]. Otherwise we have f*(0) = Q, [0] + T with T € Ay, (R"),
where Q; + O, = 0,1 < Q; < O — 1 and spt(T) does not contain the origin. By the Holder
continuity theorem, in a neighborhood U of the origin there would be a Q,-valued map & €
W'2(U) and a (@, — 3)-valued map g = (g*,¢") € W'*(U), with disjoint supports and such that
f* = g + h. Then the singular set of f in U would be the union of the singular set of 4 and
of the singular set of f. Moreover, both must be Dir-minimizing. Hence the singular set of 4 is
discrete by the interior regularity theory, whereas the singular set of g is discrete by the inductive
assumption. This is however not possible because we know that 0 is an accumulation point of
the singular set of f.

Note next that it must be D(r) > 0 for every r in a positive interval, otherwise we would have
f*=0][0] and f~ = (Q — 1) [0] in some neighborhood of 0. Thus I(r) is well-defined for
every r > 0 sufficiently small. Let g be the (homogeneous) tangent function to f at 0, given by
Theorem 5.7. By the characterization in Proposition 6.1 g has the following decomposition:

J J
g =g+ kigi & =g+ kig
j=1 j=1

where:

e In the alternatives (a) or (b) of Proposition 6.1 (g3, gg) equals (ko [A] , (ko — 1) [A]), where
h is a classical harmonic function which vanishes at R and g; its reflection.
e In the alternative (¢) (g3, gy) € W' (R?, AL).

In the alternative (b) g} is 2-valued, namely g3 = [(g{)1] + [(g8)2] and we define
do = mé? sep(go(x)) = Helél} }(88)1(?6) - (gS)z(x)I :
xeS; A€

Note that d|, is positive. In the alternative (a) we set dy = +oo.

For each j € {1,---,J} we define

dy ; := min {mélll dist (spt(gg (x)), spt(g;(x))) , min dist (spt(gy (), spi(g,(x))) } :
XES, XESZ
and define for each pairi # j e {l,--- , J}
d; := min dist (spt(gi(x)), spt(g,(x)) .
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By Proposition 6.1 we know dy,dy j,d;; > O for all i, j, because the Dirichlet energy of the
tangent function is positive and it satisfies the averaging condition (2.3). Let

| ) )
€ = —min < dy, mindy ;, mind;; » > 0.
4 J T

We claim that there exists o > 0 such that
(7.1) G(f(x),g(x)) < €lx|* for every |x| < r,
where a = I /(0) > 0. In fact, recall the uniform convergence of the blow-ups f; to g:
G(f.(0),g(0)) — 0 uniformly in 8 € Stasr — 0.
Recall (5.28), the blow-ups satisfy

52 -4(2) (ol

6
G (f(r, ) g(Q)) — O uniformly in 6 € S' as r — 0.

re

Hence

Recall that g is an a-homogeneous map, i.e. g(x) = le"g(ﬁ). We have thus showed (7.1).

The choice of e implies the existence of functions &; with j € {0, 1,--- , J}, such that:

e hy = (hi,hy) € WY (B, Ag,) with interface (y,¢) and Qp = 1 or 2, depending on
whether alternative (a) or (b) in Proposition 6.1 holds, and in particular card spt(/(x)) =
Qo for all x € B} \ {0};

e cach /;isin Wl’z(Bro, Ay,0,), and

J
(7.2) A, = (g, hg) + D hy;
=1
e Forevery x € B, \ {0} and every i > j > 0 we have spt(;(x)) N spt(h,(x)) = O;
e For every x € B}, \ {0} and every i > 0 we have spt(h;(x)) N spt(hg(x)) = @;
e Forevery x € B, \ {0} and every i > O we have spt(;(x)) N spt(h;(x)) = O.

In particular:

e /i 1s a Dir-minimizer with interface (R, 0), and each £, is a Dir-minimizer;
e The singular set of f in B, is given by 0 and the union of the singular sets of &g, h; and
the h;’s.

Suppose J = 0. Recall Proposition 6.1, this may only occur in the alternative (c), i.e. when
fls,, = (hg, hy)isa %—Valued map. By the separation of sheets of A, the singular set of f in B, is
just the origin and we get a contradiction. Suppose J > 1, in other words the sum (7.2) contains
at least two terms, so /i takes strictly less than Q values and we can use our inductive hypothesis
to conclude that the singular set of £, is discrete. On the other hand, the singular set of each #;
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with j > 0 is discrete by [15, Theorem 0.12]. We conclude that the singular set of f in B, is
discrete as well, contradicting the assumption that the origin was an accumulation point for it.

Theorem 1.7 is proved in a similar way. Fix a singular point O and assume the interface is
(R,0). The inductive procedure used above shows that, in sufficiently small neighborhoods of
the origin, we can keep decomposing the map f into pieces which have strictly less sheets, until:

e cither we arrive at a classical harmonic function ~ which is taken with multiplicities Q*
and Q" — 1, which results; this gives a “standard singularity” as in Theorem 1.6(a);

e or we arrive at a %—Valued Dir minimizer whose tangent function is the exceptional %—
homogeneous minimizer of case (ii) in Lemma 6.2; this gives an exceptional singularity
as in Theorem 1.7(b).

8. THE EXCEPTIONAL %-HOMOGENEOUS MINIMIZER

In this section we complete the analysis of the singularities by showing the following
Proposition 8.1. Let ¢ # 0 and let fy be the %-valued map of case (ii) in Lemma 6.2. Then f is
locally Dir-minimizing.

Remark 8.2. Before coming to the proof of the Proposition, we wish to draw a rather interesting
connection with the existing literature in the theory of classical minimal surfaces. Consider the
classical Enneper surface in R?, which is given parametrically by the equations

where the parameters (u, v) range in R?. Introducing the complex coordinates w = u + iv we can
rewrite the equations as
3

. wow
+iy)= - — —
(x + iy) 3779
1
= —Rew?.
Z 3 cw

Rotating the (x, y) plane of 90 degrees clockwise and introducing the new parameter £ = e/,
we end up with

UN
(95}

(x+iy)==+

W |\

5 ©

ImZ?.

R
£T73
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Consider now half of the Enneper surface, namely let the parameter { range in the upper half
plane Im ¢ > 0. The corresponding surface has smooth boundary given by the line {y = z = 0}.
If we “blow-down” at infinity, namely we apply the homothety (x’,y’,z") = A17'(x,y,7) and let
A T oo, the rescaled surfaces converge to the union of a double copy of the half plane {7’ = 0,y >
0} and a single copy of the half plane {z" = 0,y < 0}. If we apply instead the inhomogeneous
rescaling (x’,y',7) = (947'x,947 !y, 317%/37), after letting A T oo the rescaled surfaces converge
to

X +iy = 4’3
7 =-ImZ%,

where the parameter { keeps ranging in the upper half plane Im ¢ > 0. The latter is precisely the
graph of one of the %—homogeneous exceptional maps f of case (ii) in Lemma 6.2. Since by the
works [22, 20], half of the Enneper surface is indeed an area minimizing integral current, such
blow-down procedure could be used as an alternative argument to prove that f; is a %—Valued
minimizer with interface (R, 0).

Proof of Proposition 8.1. First of all consider that f, takes values in the line spanned by ¢&. Thus
it suffices to show the claim under the assumption that n = 1. Consider now the scalar functions

g7 = |[sin %9}] + |[sin %(9 + 2n)ﬂ , 0 € [0,n]

g 0 = Hsin §0ﬂ , 0 € [n,2n],

and the corresponding %—Valued map (g*,g”) on S'. Denote by & = (h*, k™) any minimizer of the
corresponding Dirichlet problem for %—valued maps with interface (R, 0), which can be shown
to exist by the direct methods of the calculus of variations following the theory in [8]. Note
that in order to apply the direct methods we need to show the existence of at least one %-Valued
function with finite Dirichlet energy which takes the Dirichlet boundary data and has interface
(R, 0). However such function is provided precisely by the f; of case (ii) in Lemma 6.2.

A simple computation shows that 2n(g*(0)) = g~ (27 — 6) for every 6. In particular, it must be
that 2i(h*(x)) = h™(X), otherwise we could argue as in Section 2.1 and lower the energy of & by
keeping the same boundary value and the same interface. Hence # satisfies the condition (2.3).
Now, A~ is a classical harmonic function and by Theorem 3.1 it has continuous trace on the open
segment J(—1,0), (1,0)[. We will show below that there must be one point o €] — 1, 1[ such that
h™(0,0) = 0. Fix now such p = (0, 0) and observe that the Dirichlet energy of & cannot vanish
in any disk B,(p): if it vanishes on some disk, by the unique continuation of classical harmonic
function 4~ would have to vanish identically, which is not possible because its trace on (S!)~
is not identically 0. Consider now the unique tangent function f to /& at p. The latter must be
an a-homogeneous Dir-minimizer, satisfying the averaging condition (2.3). We claim that such
tangent function must be necessarily of the form f = (fi, f;) as in case (c) of Proposition 6.1,
which thus would prove the minimality of f (by the compactness of Dir-minimizers). Indeed,
if this were not the case, then f would have to fall necessarily in case (a) of Proposition 6.1,
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because in order to fall in case (b) the map would have to be (Q — %)-valued with Q > 3. In case
(a) of Proposition 6.1 we would have

(8.3) () = [k(x®)] + [L(0)],
(8.4) [ ) =[ix],
where both k and [ are homogeneous harmonic polynomials with the same degree of homogeneity
d > 1. Moreover k(s,0) = O for every s. In particular
k(r,6) = ar sindf
I(r,0) = r'(asind6 + 8 cos db)
for some constants a, @, € R. Notice however that k and / cannot coincide, because otherwise

the averaging condition (2.3) would imply that they both vanish identically, whereas the Dirichlet
energy of f must be positive. Since k and / do not coincide, Proposition 6.1 implies that

asindf # asind6 + S cos df Yo € [0, ],

namely
(@ —a)sindfd + Bcosdf + 0 V6 € [0, n].

The latter condition is however impossible.

It remains to show the existence of o €] — 1, 1[ such that 47 (c, 0) = 0. As already recalled, A~
has a continuous trace on ] — 1, I[. If we knew the continuity of 4~ also at the “corner points”
(-=1,0) and (1, 0), then we would have

4
(8.5) h(1,0) = sin ?” <0

2
(8.6) h(=1,0) = sin ?” >0

and the existence of the point o would be guaranteed by the intermediate value theorem for
continuous functions. While it is possible to show a general continuity result at the intersection
of the “boundary” S' with the interface R under rather general assumptions on the boundary data
and for a general (Q— %)—Dir minimizer, this would require quite some effort and goes beyond the
scopes of the present paper. We circumvent this technical difficulty with a short ad hoc argument.

In order to prove that o exists it suffices indeed to argue that 4~ must take both positive and
negative values on |—1, 1[. For this it suffices to show the existence of a sequence of values s; T 1
such that A~ (s;, 0) — sin 43—” and of a sequence #; | —1 such that 47(#,0) — sin %” Without loss
of generality, let us argue for the existence of the sequence s;. Assume by contradiction that
there are a positive ¢ and positive n such that

4
h‘(l—t,O)—sin?ﬂ >25  Vrelo,nl.

Let y, be the arc dB,(1,0) N B1(0) N {(x,y) : y < 0}. One endpoint p, of y, is precisely (1 —
t,0), while the other endpoint g; lies on (S')~. By choosing 7 sufficiently small we can use the
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continuity of the harmonic function /™ at g, and the continuity of its trace g~ at (1, 0) to infer

4
‘h‘(q,) _sin =

3| = lg7(q) —g (1,0)] <6.

‘We have thus concluded that
lh~(p) —h (g =6.

By the fundamental theorem of calculus and using Cauchy-Schwarz, for every p €]0, n[ such that
h7l,, € W"(y,) we conclude

2
C Céo?
/ D > = / |D:h7 ] =2 —,
Yp 'D Yp p

where C is a geometric constant. The latter inequality thus holds for a.e. p €]0, n[ and integrating
in p we then conclude

n n Cé‘Z
// \Dh™? z/ / DA | dp 2/ =% dp =0,
B,(1,0) 0 Yo Y

which contradicts the fact that 4~ has finite energy. O
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