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Abstract

We study the Plateau Problem of finding an area minimizing disk
bounding a given Jordan curve in Alexandrov spaces with curvature
> k. These are complete metric spaces with a lower curvature bound
given in terms of triangle comparison. Imposing an additional condition
that is satisfied by all Alexandrov spaces according to a conjecture of
Perel’'man, we develop a harmonic map theory from two dimensional
domains into these spaces. In particular, we show that the solution to
the Dirichlet problem from a disk is Holder continuous in the interior and
continuous up to the boundary. Using this theory, we solve the Plateau
Problem in this setting generalizing classical results in Euclidean space
(due to J. Doublas and T. Rado) and in Riemannian manifolds (due to
C.B. Morrey).

1 Introduction

The Plateau Problem is the problem of finding a surface minimizing the area
amongst all surfaces which are images of a map from a disk and spanning a
given Jordan curve I' in a space X. If X is the Euclidean space R", we can
formulate this problem more precisely as follows. If D is the unit disk in R?2,
the area of a map u: D — R" is

aw= |5

The Plateau Problem in R". Given a Jordan curve I' C R™, let
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F = {v:D—=R":veW"*(D)nC’D)

and v|8D monotonically parameterizes T'}.

Find uw € F so that A(u) < A(v) for allv € F.

The mathematical problem of proving the existence of an area minimiz-
ing surface spanning a given contour was raised by J. Lagrange in the mid-
eighteenth century, but the problem is named after the Belgian physicist J.
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Plateau who studied soap films. It was not until the 1930’s that J. Douglas
[D] and T. Rado [R1] [R2] properly formulated and independently solved this
problem. In the 1950’s, C.B. Morrey [Mo] generalized the problem by replacing
the ambient Euclidean space by a space belonging to a very general class of
Riemannian manifolds (that includes all compact ones). Further generalization
is due to I. Nikolaev [N] who replaced the Riemannian manifold by a complete
metric space with the curvature bounded above in the sense of Alexandrov.
Our interest here is to extend the generalization to the case when the ambient
space is an Alexandrov space, i.e. when the curvature is bounded from below.

An important ingredient for the Plateau Problem (and minimal surface
theory in general) is the theory of harmonic maps from a domain of dimen-
sion 2. In fact, the solution of the Plateau Problem in Euclidean space and
Riemannian manifolds can be given by a map that is harmonic and conformal.
With the assumption of non-positive curvature, the harmonic map theory into
a singular target space (with the domain assumed to be a Riemannian do-
main of arbitrary dimension) was first considered in the foundational paper of
M. Gromov and R. Schoen [GS] and further generalized by N. Korevaar and
R. Schoen [KS1], [KS2]. This theory was also developed independently by J.
Jost (see [J] and references therein). A generalization to the case when the
curvature is bounded from above by an arbitrary constant was given by T.
Serbinowski [S1]. The aspect that makes the harmonic map theory tractable
in this setting is the convexity property of the energy functional under the as-
sumption of an upper curvature bound. The regularity theory for the Dirichlet
problem (i.e. the problem of finding a map of least energy amongst all maps
with a given boundary condition) states that the Dirichlet solution is Lipschitz
continuous in the interior [KS1] and Holder continuous up to the boundary if
given a Holder continuous boundary condition [S2]. Recall also that there of-
ten exists a heavy reliance on the upper sectional curvature bound when one
studies harmonic maps into Riemannian manifolds (see for example [ES]). The
harmonic map approach to the Plateau Problem in metric spaces of curvature
bounded from above is discussed by the first author in [Mel], [Me2], [Me3].
(This differs substantially from the approach pursued in [N].)

To tackle the Plateau Problem when the ambient space has a lower curva-
ture bound, we will develop the relevant harmonic map theory. More specif-
ically, we study the Dirichlet problem for maps into an Alexandrov space X.
The difficulty here is that we do not have the nice convexity properties of the
energy functional and cannot mimic the techniques developed for maps into
non-positively curved spaces. In fact, the solution of the Dirichlet problem is
not continuous in general, even for maps into Riemannian manifolds (cf. [H]).
On the other hand, the regularity of harmonic maps into Riemannian mani-
folds from a two dimensional domain was established by by [Mo], [Gu], [Sc] and
[He]. We generalize this result when the target space is an Alexandrov space
of curvature > k assuming an additional condition on X which we describe
later in this section.



Regularity Theorem (cf. Theorem 6, Theorem 9) Let X be an Alexan-
drov space satisfying Perel’man’s conjecture. A Dirichlet solution u : D — X
is Hélder continuous in the interior of D and continuous up to 0D.

We note that this is the optimal regularity result. A two-dimensional cone
C with vertex angle < 7 is positively curved and a harmonic map from a disk
into C' is Holder continuous, but not Lipschitz, at a point in the pre-image of
the vertex.

Using the theorem above, we solve the Plateau Problem by using the Dirich-
let solution as a means to obtain an area minimizing disk. One fundamental
point we need to clarify is the notion of area associated to a map into an
Alexandrov space. Note that the area given by (1) for maps into Euclidean
space is obtained by integrating the area element associated with the pull-back
metric. The notion of the pull-back metric for maps into non-positively curved
metric spaces was given in [KS1] and for metric spaces of general upper curva-
ture bound in [Me2]. We prove that this notion also makes sense for maps into
Alexandrov spaces (cf. Theorem 11). Using the pull-back metric, we define
the area functional for maps into X and formulate the Plateau Problem analo-
gously to the statement of the Plateau problem in Euclidean space. The proof
of the existence of the solution of the Plateau Problem parallels a well-known
argument for the Euclidean case [L]. Combined with the regularity theorem
for the Dirichlet problem, this gives us:

Theorem (cf. Theorem 13 and Theorem 18) Let X be a Alexandrov space
satisfying Perel’man’s conjecture and I' C X be a Jordan curve. Suppose there
exists a continuous map ug : D — X of finite energy whose restriction to 0D
monotonically parameterizes I'. Then there exists a continuous mapu: D — X
which minimizes area amongst all other continuous maps whose restriction of
0D monotonically parameterizes I'. Furthermore, u is conformal, energy min-
imizing and Hélder continuous in the interior of D.

We now discuss the space X in the theorems above in more detail. Recall
that an Alexandrov space with curvature bounded below by & is one in which
geodesic triangles are thicker than comparison triangles in the two-dimensional
simply connected surface of constant curvature x. This notion of curvature
bounds in metric space seems to be due to A. Wald [W] in the 1930’s and was
developed by a Russian school of mathematicians led by A.D. Alexandrov start-
ing in the 1940’s. More recently, Alexandrov spaces re-emerged into promi-
nence as they are the limiting spaces of a sequence of certain Riemannian mani-
folds under the Gromov-Hausdorff convergence. Perel’'man’s Stability Theorem
[P] states that if two Alexandrov spaces of the same dimension are sufficiently
close in the Gromov-Hausdorff distance, they are actually homeomorphic. In
fact, Perel’'man asserts something more - the homeomorphism between the two
spaces can be chosen to be bi-Lipschitz. The proof of Perel’'man’s claim in its
full generality is not yet available to our knowledge. For a good discussion on



the Stability Theorem and related issues, we refer to Kapovitch [K1]. We note
the following two properties of an Alexandrov space; first, the tangent cone
TpX at a point of an n-dimensional Alexandrov space X is a cone C(Ilp) over
the space of directions IIp at P which is itself an (n — 1) Alexandrov space,
and second, the Hausdorff-Gromov distance between a neighborhood around
P in X and a neighborhood around the vertex of C(Ilp) at this point can be
made arbitrarily small by taking the neighborhoods sufficiently small. Thus,
Perel’'man’s claim implies that if X is an n-dimensional Alexandrov space, then
X satisfies the property that X is locally bi-Lipschitz equivalent to a cone over
a (n—1)-dimensional Alexandrov space. Furthermore, this (n —1)-dimensional
Alexandrov space is locally bi-Lipschitz equivalent to a cone over an (n — 2)-
dimensional Alexandrov space and so forth. This motivates us to say that an
Alexandrov space X satisfies the Perel’man conjecture if it has this property.

The outline of this paper is as follows. In section 2, we give definitions
of Alexandrov spaces and other related concepts. We also recall Korevaar
and Schoen’s Sobolev space theory into metric spaces. Section 3 contains the
two dimensional harmonic map theory. In particular, we discuss the existence
of the solution to the Dirichlet problem and prove its interior and boundary
regularity. In section 4, the solution of the Plateau Problem is shown. This
section also contains the proof of the existence of the pull-back inner product
that allows us to make sense of the area functional (subsection 4.1).

Because the interior regularity proven in subsection 3.1 is central to this
paper and because of the technical nature of its proof, we conclude this section
by illustrating the ideas behind this argument. The main step of the proof is
to establish that, for any D, (z¢) C D, we have a good bound on the energy
of a map U|D7~(Z0) in terms of the energy of u|aDr(w0). This in turn implies an
energy decay estimate which, by Morrey’s Energy Decay Lemma, implies the
Holder continuity. If the image I'y C X of the boundary map u|aDT(IO) is long,
then its energy is large and thus we restrict our attention to the case when I'y
is short. Hence, we can assume that ['y is contained in a neighborhood that
is bi-Lipschitz equivalent to a neighborhood of the vertex of the cone C(IIp)
for some P € X. Since the ratio of the energy of a given map and the energy
of this map composed with a bi-Lipschitz map is bounded from above and
below by a constant depending on the bi-Lipschitz constant, we can further
assume for the sake of simplicity that u‘ Dy (2o) T0ADS into this cone. We now

consider the following two cases: (1) the length of T'y is short relative to its
distance from the vertex V' of the cone and (2) the length of Ty is long relative
to its distance from the vertex. In case (1), we extend the map ulgp, (z,) t0
a map ¢ defined on D, (zg) by setting ¢(zg) = V and linearly mapping the
radial ray from z( to a point £ € 9D, (zp) to a ray from V to u(§). By the

construction, the energy of ¢ is bounded in terms of the energy of u|8D (o)’

The main step follows immediately since u| Dr(z0) is energy minimizing and has
the same boundary values as ¢. In case (2), Iy is contained in a neighborhood
U far away from the vertex and hence U is bi-Lipschitz equivalent to product



of IIp x I for some interval I C R. We construct a map ¢ by separately
considering the Dirichlet problem in IIp and in I. Therefore, if we have a good
energy bound for the Dirichlet problem in IIp, then we are done. Since the
dimension of IIp is one less than that of X, we are able to prove the main step
by an inductive argument on the dimension of X.

2 Definitions and Background Material

2.1 Alexandrov Spaces

We begin with a discussion of Alexandrov spaces and refer to [Sh], [B1], [B2],
[OS] for more details.

Definition We say a complete metric space (X,d) (or more simply X) is
an Alexandrov space of curvature bounded from below by k if it satisfies the
following conditions:

(1) X is a length space; i.e. for any two points P,Q € X, there exists a
curve ypq between P and () with length equal to d(P, Q).

(2) Let S, be a simply connected surface of constant curvature x. Denote
the distance function of S, by d and the geodesic between P,Q € S, by PQ.
Given a triple P, @, R € X, let A(PQR) be a geodesic triangle. Then there ex-
ists a geodesic triangle A(PQR) in S, such that d(P, Q) = d(P,Q) , d(P,R) =
d(PR) , d(R,Q) = d(R,Q) and if we take two points S € PQ and T € PR

with d(P,S) = d(P,S) , d(P,T) = d(P,T), then d(S,T) > d(T,S). The tri-

angle A(PQR) C S, will be called a comparison triangle of A(PQR) C X.

For simplicity, will say that X is an Alexandrov space if there exists some
k0 so that X is an Alexandrov space of curvature bounded from below by &.
In this paper, it is not important whether x is positive, zero or negative; we
only use the fact that there exists some lower bound on curvature. Hence, we
may as well assume « < 0.

Let «(s) : [0,a] — X and §(¢) : [0,b] — X be arclength parameterizations
of two geodesics emanating from a point P € X and let (¢, s) be the angle at P
of a comparison triangle Aa(t) PB(s) in S,.. In particular, if X is an Alexandrov
space of curvature bounded from below by x = —1 then 0(¢, s) € [0, 7] is given
by the equality

coshd(a(t),3(s)) = cosht cosh s — sinh ¢ sinh s cos 0(t, 5).

Condition (2) implies that t — 6(t,s) and s — 6(t,s) are monotone non-
increasing. The angle between geodesics a and 3 is defined to be

(e, B) limoﬁ(t, s).

t,s—



We will need the following geometric fact:

Lemma 1 Let X be an Alexandrov space. For any p > 0, there exists § = 0(p)
sufficiently small so that if

(i) P,R,T € X with P# R, dpr < J and
1 2 1 2
|§dPR —dpr| < 6°dpr , |§dPR —dgr| < 6°dpr, (2)

(ii) yrr is a geodesic from T to R and R’ € yrr with
drr = ddpr (3)

(iii) ypre is a geodesic from P to R’ with T' as its midpoint,

then
drr < pdpg. (4>

Remark. The idea behind Lemma 1 is as follows. One of the distinguishing
features of a space X with a lower curvature bound is the non-uniqueness of
geodesics between two given points. Related to this non-uniqueness statement
is the following fact: given two points P, R € X, any point T whose distances
to P and to R are both approximately half of dpgr as in (i) may be far away
from the midpoint of a geodesic ypr. For example, let P be the north pole
and R be the south pole on the standard 2-sphere and 7' be a point on the
equator; There exists a geodesic vpr from P and R whose midpoint is the an-
tipodal point of T. In a smooth Riemannian manifold, the point 7" satisfying
() is close to the midpoint of ypg if P and R are contained in a sufficiently
small neighborhood, but in an Alexandrov space, such a neighborhood does
not generally exist. On the other hand, Lemma 1 says that we can choose a
point R’ close to R as in (ii) so that T is close to a midpoint T of a geodesic

VPR

PrOOF. We assume that X is an Alexandrov space of curvature bounded
from below by —1. (Given an Alexandrov space of curvature bounded from
below by x < 0, we can rescale the distance function by a factor of ‘—il to
construct an Alexandrov space of curvature bounded from below by —1. Since
the assumption and the conclusion of the lemma is scale invariant, the condition
that the curvature is bounded from below by —1 is without a loss of generality.)
Fixd > 0andlet P, R, T,yrr, R ,ypr/, T’ satisfy (i), (i4) and (¢i7) above. Since

1
drrr =drr —drr, drp = gdPR’y dpr —drrr < dpr' < dpr + drr/,

(2) and (3) imply
drpr, dpoy = (; + 0(5)> drn. (5)



Define « by setting
cosh dTT’ = cosh dTR’ cosh dT/R’ — sinh dTR’ sinh dT/R’ COS (x.
Using Taylor expansion, we obtain

d%T/ = d%’vR/ + d%’vR/ - 2dTR/ dT’R/ COS «x + O(d?:R)
= (dTR/ — dT’R/)z + 2dTR’dT’R’(1 — COS Oé) + O(d?gR)

Furthermore, apply (5) to obtain
1 2
dapr = O(6%)d% g + (2 + 0(5)> (1 —cosa)ddp + O(dbR).

Thus, if we can show that o can be made arbitrarily small by taking ¢ (and
therefore dpp) sufficiently small, then we obtain O(6)+ (% 4+ O(6)) (1—cos @) <

% for sufficiently small 6 and hence

2
7 < %d%R +O0(dpg) < pPdpp
for ¢ sufficiently small. Thus, we are left to show that « is small if § is chosen
to be small. To see this, we let yrr C yrr be a geodesic from T to R’ and
Yrr' C Yyrr be a geodesic from R to R’. Next, let oy be the angle between
vpr and yrgr and [y the angle between ypgr/ and ygrg:. Lastly, let 3 be the
angle defined by

coshdpr = coshdppgr: coshdrr — sinhdpg sinh drpg’ cos (3.

By construction, ag 4+ Gy = m, and by the monotonicity property of angles in
Alexandrov space, ag > « and By > (5. Hence

coshdpr < coshdppr coshdrpr — sinhdppg sinhdgg cos Gy

coshdppr coshdgrpr + sinhdpg/ sinh drp/ cos aq

IN

coshdpp coshdrpr + sinhdpg/ sinh dgp/ cos a.
Expanding by Taylor series, we obtain

d%R’ + d%%R’ + 2dpr/drp cosa + O(d‘?pR)
(dpr + drr)* + 2dpridrr (cosa — 1) + O(dpg).

2
dpp <
<

By the triangle inequality along with (2), we have

dprr < dpr+drr
dpr +drr — drr
< dpp+26%dpr — drp.



Furthermore, the triangle inequality and (3) gives
dprr > dpr — drrr = (1 — 6)dpr.
Combining the last three inequalities, we obtain
dpr < dpr(1+0(8%))* + dpp(6 — 6%)(cosa — 1) + O(dpp).
Dividing by d% r and 0 and rearranging terms, we get
(1 —8)(1 —cosa) <46 +45% + O(dpg).
Hence, we see that « is small if ¢ is sufficiently small. Q.E.D.

Definition The space of directions X p at P € X is the closure of the set of
equivalence classes of geodesics emanating from P endowed with the distance
function ds . ([o], [8]) = Z(a, B). Here, « is said to be equivalent to 3 if and
only if /(«, 8) = 0.

Definition The tangent cone Tp is defined to be the set
Yp x[0,00)/ ~

where ~ identifies all element of the form ([a], 0) along with a distance function
dr, defined by

d%p(([’”? 5)7 ([O—Lt)) =5 + t* — 2st cos dEP([’”? [O—])

The equivalence class of ([@],0) will be called the vertex of Tp .

In this paper, we will usually assume an Alexandrov space X is of finite
Hausdorff dimension. In fact, under this condition, Hausdorff dimension can
be shown to be always integer-valued (cf. [B1]). The space of directions is also
a compact Alexandrov space of curvature bounded below by 1 with diameter
less than or equal to m and dimension 1 less than that of X. The tangent cone,
in turn, is an Alexandrov space of curvature bounded below by 0 (cf. [B1]).
Finally, we define the notion of an Alexandrov spaces satisfying the Perel’man
conjecture given by the following inductive definition.

Definition Let X be a Alexandrov space. We say that a 1-dimensional
Alexandrov space is said to satisfy the Perel’man conjecture if and only if it
is a finite interval or a circle. Assuming that we have given the definition an
(n—1)-dimensional compact Alexandrov space X satifying the Perel’'man con-
jecture, we say that an n-dimensional compact Alexandrov space satisfies the
Perel’man conjecture if every point P € X has a neighborhood Up (hereafter
referred to as a conic neighborhood) which is bi-Lipschitz homeomorphic to
a neighborhood of the vertex of a cone over an (n — 1)-dimensional compact



Alexandrov space which satisfies the Perel’'man conjecture.

Let X be a n-dimensional compact Alexandrov space satisfying the Perel’'man
conjecture. For each P € X, let Up be a conic neighborhood of P. Because
of the assumption that X is compact, there exists a finite set of point F' C X
so that {Up}per is a covering of X. We will refer to {Up} as a finite cover of
X by conic neighborhoods. A number A > 0 is a Lebesque number of a finite
cover {Up}per if A C Up for some P € F whenever the diameter of A is < A.

Perel’'man’s Stability Theorem is the following:

Theorem (cf. [P], [K1]) Let X be a compact n-dimensional Alexandrov space
of curvature bounded from below by k. There exists € = €(X) > 0 so that if
Y is an n-dimensional Alexandrov space of curvature bounded from below by k
with the Hausdorff-Gromov distance between X and Y less than €, then there
exists a homeomorphism between X and Y.

Perel’'man asserts that there actually exists a bi-Lipschitz homeomorphism
between X and Y above. A consequence of Pere’man’s claim is that the
condition that an n-dimensional Alexandrov space satisfies Perel’man’s con-
jecture is actually redundant. This follows immediately from the fact that, for
any point P in a n-dimensional Alexandrov space X, the pointed Hausdorff
limit of the scaling (AX; P) of X is isometric to (T’p(X); V). In other words, a
small neighborhood around P is close in Hausdorff-Gromov distance to a small
neighborhood around V' in Tp which is a cone over a (n — 1)-dimensional space
of directions.

2.2 Sobolev Space W'?(Q, X)

We summarize Korevaar and Schoen’s Sobolev space theory of [KS1]. Let Q be
a compact Riemannian domain and (X, d) a complete metric space. A Borel
measurable map u : Q — X is said to be in L?(Q, X) if for P € X,

d*(u(z), P)dp < oc.
Q
This condition is independent of P € X by the triangle inequality. For € > 0,
set Qe = {z € Q : dist(z,080) > €} and let S(x,€) denote the sphere of
radius € centered at x in . Construct the e-approximate energy function
e.(z): Qe — R by

elz) = - d*(u(x),u(y)) do
6( ) /S(a:,e)

Wh, €2 en—1

where w,, is the volume of the unit sphere in R". Let v be any Borel measure
on the interval (0, 2) satisfying

v>1, v((0,2)= 1,/02 A2dy()\) < oo.



Consider an averaged approximate energy density function defined by

2
vee(x) = /0 exe(x)dv(A)  for x € Qo
0 for x € Q — Qo,.

Since ,e.(z) € L1(£2), we can define a functional E* : C.(£2) — R by setting

Bi(f) = / e (@)

We will say that u is a finite energy map or u € W12(Q, X) if

E" = sup limsup E¢(f) < oo.
FEC(Q),0<f<1 €0

If u € WH2(Q, X), the measures ,e.(z)du converge weakly independently of
the choice of v to a measure which is absolutely continuous with respect to the
Lebesgue measure (cf. Theorems 1.5.1 and 1.10 of [KS1]). Hence, there exists
a function |Vu|?, called the energy density, so that e.du — |Vu|?dpu.

Let I(T) be the set of Lipschitz tangent vector fields on Q2. The directional
energy density |u,(Z)|? for Z € T(T9Q) is defined similarly. We denote z + ¢Z
to be the flow along Z at time e with initial point z. Define

& (u(z), ulz + 2))

Zee(z) - 62 .

If u € Wh2(Q, X), then Ze.dp — |u.(Z)|?dp (cf. Theorems 1.8.1 and 1.9.6 of

[KS1]). We set
us(Z)] = V/]u(2) 2.

and note that this notation is justified by Theorem 1.9.6 of [KS1]. For almost

every x € €,
1
Vul(2) = - / 1o () [2dor ()
Sn—l

Wn

where S"~1 C T, is the unit sphere (cf. (1.10v) of [KS1]). Lastly,
u.(hZ)|* = [ |u.(2)]?

for h € C%1(Q) (cf. Theorem 1.11 of [KS1]).

If Q is a Lipschitz domain and v € W12(Q, X), then there exists a well-
defined notion of a trace of u, denoted Tr(u), which is an element of L?(9Q, X).
Two maps u,v € WH2(Q, X) have the same trace (i.e. Tr(u) = Tr(v)) if and
only if d(u(x),v(z)) € Wy *(Q) (cf. Theorem 1.12.2 of [KS1]).

We will also need the following lemmas. For notational simplicity, we set

d(u(z + eZ),u(x + eW))

D(Z, W) = . Z,W eT(TQ).
€
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Lemma 2 LetV € T(TQ) and f € C.(Q), f > 0. Then /fD.(0,V) converges
to \/flu« (V)| pointwise almost everywhere, in L? and in L*-norm, i.e.

FDZ(0,V) = flus (V)] aee.,

/Q F(D(0,V) = fun(V)])? = 0 (6)

[ o) = [ )P (7)

PRrOOF. The convergence in L?-norm follows from Theorem 1.8.1 of [KS1].
To see the pointwise a.e. convergence, first observe that (1.9 xix) of [KS1] im-
plies that |u. (V)| = 0 almost everywhere on {x : V(z) = 0}. Since D.(0,V) =
0 on this set, we only need to verify the convergence on {z : V(z) # 0}. After
applying a C'*! change of coordinates from the initial coordinate chart, we can
assume that Z is a coordinate direction. Thus Lemma 1.9.5 of [KS1] implies
that D2(0,V) — |u.(V)|? almost everywhere. The fact that \/fD.(0,V) con-
verges to v/f|u. (V)] in L? follows immediately from the other two convergence
statements. Q.E.D.

Lemma 3 Let V,U € T(TQ) and f € C.(Q), f > 0. Then as ¢ — 0, we have

/ F(D(0.V) — D(U.U + V)2 — 0, (8)
Q
/ DU, + V)i — / Flus (V) P (9)
Q Q
and
fDXU, U+ V) = [u.(V)]* a.e. (10)

PRrOOF. For this proof, we set D, = D.(0,V), D = |u.(V)| and Tep(x) =
p(x + €U) for any function ¢ : & — R. To see why (8) is true, first note that
T.D.=D.(U,U +V) and

\/?TeD6 = T (T \/f)TGDE
= T.(Vf - (f—-T-VF)TD.
= T.(\/fD) + (T\/T — V])I.D..

Thus, denoting the L? norm by || - ||2, we obtain

H\/J?TGDG - \/}D6”2 < ”Te(\/}De) - \/?DEHQ + ||(TE\/?_ \/?)TGDEHI

11



Furthermore, several application of the the triangle inequality yields

IVFTDe = /FDell2

< TV FDe) = VIDll2 + IV FD = /FDella + (Te/f = V)T.Della
< ||TE(\/}D6)_TE(\/}D)”2+||TE(\/?D)_ \/}D”2

HIVFID = VEDell + |(Te/F = VHTDell2
< TV D) = VIDl2 + 20V FD = /FDell2 + |(Te/f = V) TDello-

As € — 0, the first term on the right hand side converges to 0 since v/fD €
L?(Q), the second term by Lemma 2 and the third term since T./f — /f
uniformly. Thus, we have established (8).

To see why (9) is true, one can use the change of coordinates method out-
lined in the proof of Lemma 2.3.1 of [KS1]. The convergence of (10) follows
immediately from (8) and (9). Q.E.D.

Lemma 4 Let V,U € T(TQ) and f € Cc(), f > 0. Then for all n > 0 there
exists €9,0 > 0 such that for all Q C Q with u(Q) < 6 and € < €, we have

/~ f(z)D2(0,V)dx < n and [ f(x)D*(U,U + V)dx < 7. (11)
Q Q

PROOF. We use the notation of the proof of Lemma 3. Since fD? is a non-

negative integrable function on 2, there exists & > 0 such that if p(2) < §

then
2/ Dt <
o) 2
By Lemma 2, there exists ¢y > 0 such that if € < ¢p, then
n
2 [ (D~ Vi) <2 [ (D~ VIDP <

Thus, the first inequality of (11) follows by observing that

/@sz:/ \/}(D#—DE—D))?§2/pr2+2/ﬁ(\/}De_\/?D)Q‘

(
Q
The second inequality follows from
/ f‘DCTﬁDE
Q
= /sz+/~fDe(TeDe_D6)
a Q

oo+ ()" ([0

and the observation that the second term converges to 0 as e — 0 by Lemma 3.
Q.E.D.

IN
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3 The Dirichlet Problem

We let D be a unit disk in the plane. The Dirichlet Problem for an Alexandrov
space X is formulated as follows:

The Dirichlet Problem Let ¢ € W'“*(D,X) and define W, = {v €
WY2(D, X) : Tr(v) = Tr(y)}. Let By = inf{E” : v € W *}. Find u € W,”
such that E* = Ey,.

If w € WH2(D, X) has the property that E* < EV for any v € W12(D, X)
with Tr(v) = Tr(u), then u will be referred to as a Dirichlet solution (for the
boundary data T'r(u)). We first establish the following existence result:

Theorem 5 Given any ¢ € WY2(D, X), there exists a Dirichlet solution u €
W, (D, X).

PROOF. The proof is an easy application of the results of Chapter 1 in
[KS1]. We take a sequence of maps {ux} C WJ’Q(D,X) such that E"* con-
verges to Ey. Since our spaces are compact, there exists C' > 0 so that

/D & (up(2), Q)dp(x) + B < C.

By the precompactness theorem (Theorem 1.13 of [KS1]), there exists a sub-
sequence {ug, } that converges in L?(D, X) to u € WH2?(D, X). By the lower
semicontinuity of energy (Theorem 1.6.1 of [KS1]) and the trace theory (The-
orem 1.12.2 of [KS1)), E* = E and Tr(u) = Tr(¢). Q.E.D.

The rest of this section is devoted to the regularity issues of the Dirichlet
solution.

3.1 The Interior Holder Continuity

The goal of this subsection is to prove:

Theorem 6 Let X be a finite dimensional compact Alexandrov space satis-
fying the Perel’'man conjecture. Let u € W12(D, X) be a Dirichlet solution.
Then for each R € (0,1), there exists C' and o dependent only on R, E* and
X so that

d(u(z1),u(z2)) < Clzg — 2z2|”, Vz1,22 € Dg(0).

Here, Dr(z9) C R? is the disk of radius R centered at zy. In particular,
D;1(0) = D. Before we prove Theorem 6, we will need several preliminary
lemmas. In the following, let II be a compact Alexandrov space. We define
two metric spaces P(II) and C(IT) associated with II. The first is the product
of IT with R; more precisely, P(II) is the set

OIxR={(Pt): PeX,teR}

13



endowed with the distance function dp defined by
@B ((P,1),(Q.5)) = d*(P,Q) + (t — 5)2.

For any r1,79 € [0,00) with 1 < r9, we define the truncated product space as

P, r,re) = {(P,t) e PII) : ry <t < ra}.
The second space is the cone over II; more precisely, C(II) is the set

IT x [0,00)/ ~ where (P,0) ~ (Q,0)

endowed with the distance function d¢ defined by

d2((P,1),(Q,s)) =t + s* — 2tscos d(P, Q).

The vertex of C(II) (i.e. any point of the form (P,0)) will be denoted O. For
any r1,79 € [0,00) with 71 < ry, we define the truncated cone as

C(IL,ry,ro) ={(Pt) € C(IT) : 1y <t < T2}

Given a map u € WbH2(D,P(I)) (resp.u € WH2(D,C(I))) we will denote
energy, energy density function and directional energy function by E%, |[Vul%
and |u.(V)|% (resp. EY, |Vul? and |u.(V)|%) to avoid confusion.

If0 < ry < 7o < 0o, thenu € WH2(D, P(II)) if and only if u € W2(D, C(II)).
In fact, a simple computation shows that there exists

L = L(’I“l,’r‘g) (12)

so that )
ﬁdP(Pv Q) < dC(P>Q) < \/EdP(Pv Q)

and hence 1
ZE;; < Ef < LE3.

Lemma 7 Given a finite dimensional compact Alexandrov space X satisfying
Perel’man’s conjecture, a finite cover of X by conic neighborhoods and A the
Lebesgue number of this cover, there exists k depending only on X so that if
u € WH3(D, X) is a Dirichlet solution, Tr(u) =~ € W3(0D, X) and

0 5 N
| )i < 5. (13)
then 9
E* < Ii/ Y (= 2d0. 14
[ () (14

14



PROOF. We prove this by an induction on the dimension of X. We first
verify the inductive step. Assume Lemma 7 is true whenever the dimension is
n and suppose that the dimension of X is n+ 1. Let {Up},er be a finite cover
of X by conic neighborhoods and A be its Lebesgue number. By the definition
of conic neighborhoods, for each p € F', there exists a bi-Lipshitz map

op : Up — pp(Up) C C(I1)

where we refer to II,, by an abuse of notation as the space of directions at p of
X. For each p € F, let {V/},cF, be a finite cover II, by conic neighborhoods
and A, be its Lebesgue number. Let

o UL — gh(V?) C C(IT)

be a bi-Lipschitz map where II7 is the space of directions at g of II,,. Let K,n
be sufficiently large so that for all p € F' and P, Q € U,

%Ed(f’, Q) < do(¢,(P), (@) < VEA(P,Q) (15)
and )
i : 1
m < ;IélgAp and p <1 (16)

where L = L(%,2) as in (12). The assumption (13) implies

P /o o, 1/2
— < — < \.
| heplan < vas (/BD () de) <)

Therefore, the image of v is contained in U, for some p € F' and we can let
o=gpov:0D — ¢,(Upy) C C(II,,).

We will write o = (01,02) where o1 : 0D — II, and o3 : 9D — R are the
natural projection maps. We consider two cases:

CASE 1. 36y € 0D such that

R(o00).0) <0 [ ()b, (17)

oD

Let (r,8) be the polar coordinates of D and define ¢ = (11,12) : D — C(II)
by setting

P(r,0) := (01(0),r02(0)).
It is clear by construction that ¢» € W2(D,C(II)) and Tr(¢)) = o. Further-

more, we have

de(P(r1,0),9(r2,0)) = |r1 — r2|*d3(0(6), 0) (18)
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and
g ((r,61),9(r,02)) = r?dz(a(61),0(62)) (19)

by the definition of 1) and the definition of the distance function d¢. If we divide
(18) by |r1 —r2|? and (19) by |61 — 02| and take the limit as 71 — r2,6; — 62,
we obtain (cf. section 1.9 of [KS1])

[¥+(5, )|c(7“ 0) = dz(a(0), O) and ¥+ (54 )Ic(?‘ 0)=r IU*(%)\%(Q) for a.e. (r,0).
(20)
From the triangle inequality and (17), we see that

dg((6),0) (de(0(60), O) + de(a(6). 7 (60)))*

2 (d2(o(60), 0) + dz(a(0),(60)))

o, © 9 ’
2 (77 [ o pian+ ( [ |0’*(89)|cd9> )

0
2 +2ﬂ'/ o (=)|2d0.
m+2m) [ (e

IN VANVAN

IN

Thus, (20) along with the above inequality gives us

B = /aD/ (W’* )Ié + 2|¢*(§9)|g>rdrd9
- /aD/ (d2 +U*(89)|(2:(9)>7‘drd9

A |U*(

IN

69)‘C

for some constant A dependent only on 7.

CASE 2. V0 € D,
d2(0(0),0) > 1 / 0. ()20
oD

Integrating over § € 9D, we obtain

1 2
3 | 0> [ ok

or
1 1

9 2
ox(57)]cdd < —
i fBD d%(oa O>d9 /é)D | (89)‘6 n

16



If we define 6 = (61,02) : 0D — C(I1,) by

- - 1
(61(0),052(0)) = (01(9), T B, O)d902<9)>
then we have
L[ 260),0) =1 (21)
21 Jop
and 5 L
/aD |5*(%)\3d9 < e (22)

Now note that & is continuous; indeed, for any 6,60’ € D,

1/2

0/
) B) 1
de(5(0),6(0 5/ Go(= d9§</ Gi(= 2d9> 6—0'|12 < —|0—0'|"/2.
c(a(0),5(0") ; 15:(5g)lc aDI (59l 00" \/ﬁl |

Thus, (21) implies there exists 8’ € 9D so that de¢(5(6'),0) = 1. Furthermore,
that fact that |§ — 6’| < 7 implies that

de(5(0),5(0')) < ” <3
by choice of  in (16). Thus,

11— dc(5(6),0)] = |de(5(0") — de((0),0)| < de(a(0),5(0)) <

which implies

Let v1 : D — II,, be the Dirichlet solution with Tr(v1) = 1 and v2 : D — R
be the Dirichlet solution with T'r(ve) = d2. Since the dimension of II, is n,
the inductive hypothesis implies that exists constant x’ so that

U1 ~ 8
B, < [ Il o

where we have used the subscript to denote quantities associated to the metric
space IL,. If we let v = (v, v2) € P(II,), then the definition of a product space
immediately implies that

., 0
Bp < (< +1) [ [6n(p)ha
aD
which in turn implies that

B <P ) [ ok,
oD

17



If we define w = (w1, w2) = (v1, 5= [, dc(0,0)d0 - v2), then Tr(w) = o and

0
B <P+ 1) [ (R,
oD

Finally, using the definition of K, we see that

B < B < KPP ) [ )P
oD

By letting x = max{A, K2L?(x’ 4+ 1)}, we have verified the inductive step.
Now assume that that the dimension of X is 2. Then the space of direction

at any point of X is either an interval or a circle and we can follow the proof

of the inductive step to prove the base case of the inductive argument. Q.E.D.

To summarize, we have demonstrated that if v is an energy minimizing map
with Sobolev trace map « which is small in energy, then we have an estimate of
the energy of u in terms of its trace. We use this fact along with the Morrey’s
Energy Decay Lemma for maps into X to prove Holder continuity. We let
Dr(zp) denote the disk of radius R centered at zp and E*[D,(zo)] the energy
of w in the disk D,.(zp).

Lemma 8 (Morrey) Let u € W12(D, X) satisfy
E“[D,(20)] < CEr**,0<r<1-R (23)

for each zp € Dr(0) C D where Cr is a constant depending on R. Then there
exists a constant K so that for every z1,z, € Dg(0),

d(u(z1),u(22)) < KCrlz1 — 22]*.

PRrROOF. Using the Sobolev theory of maps into metric space targets devel-
oped in Chapter 1 of [KS1], the assertion of the lemma follows from Morrey’s
argument in [Mo]. Q.E.D.

PrOOF OF THEOREM 6. Fix a finite cover of X by conic neighborhood and
let A be its Lebesgue number. Let R € (0,1) and let 25 € Dg. By [KS1] Section
1.9, u restricted to dD,.(zg) is absolutely continuous and W12 for almost every
choice of such r € (0,1 — R). Let s be the arclength parameter of 9D,.(2¢)
and 4 be the composition of u with the dilation and translation of the plane
which takes D,.(z0) to D. If faDT(ZO) lu.(£)[?ds < 2, then change of variables

s =10 gives [, i, (&)[2d9 < X. By Lemma 7 and invariance of the energy
under conformal transformation, we obtain

N 0 0
EY[D, (% = E“gn/ ﬁ*—QdGSWL/ we (=) ?ds
[D:(z0)] [ i) el
d
= T@EU[DT(Z())].
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If

[ s =2,
BDT(Zo) 38 T
then B 5
EY[D, <r— (=) 2d6.
Dol [ )
Thus, for almost every r € (0,1 — R),
D)) £ max{e b [ Ju ()P0
A 9D, (z0) 29
E*  d
< — lr—FE" .
< max{k, 3 }rdTE [Dy(20)]

Integrating the differential inequality and letting C% = max{x, ETu} gives us
the estimate needed to employ Lemma 8. Q.E.D.

3.2 Boundary Regularity

The goal of this section is to prove:

Theorem 9 Let vy € C°(0D, X) be a continuous map and u € W'*(D, X) be
its Dirichlet solution. Then u is continuous in D.

To prove the boundary regularity, we need the following lemma which gives
a lower bound on the energy of a harmonic map if a point is mapped sufficiently
away from the boundary values.

Lemma 10 Let e, M > 0. There exists n = n(e, M) > 0 so that for any ¢ €
C°(0D, X) and its Dirichlet solution v € W12(D, X) with d(v(0), p(dD)) > €
and EV < M, we have

E*Tu™ (Be(v(0)))] = 0.

PROOF. We prove this theorem by way of contradiction. Suppose that
the statement is false. Then there exists a sequence of Dirichlet solutions
v; € WH2(D, X) with ¢; = Tr(v;) satisfying d(v;(0), 0;(0D)) > € and

E" vy (Be(vi(0)))] — 0. (24)

Since X is compact, we may assume that v;(0) — p € X by taking a subse-
quence if necessary. Suppose x € D has the property that d(v;(z),p) < §.
The triangle inequality d(v;(z),v;(0)) < d(v;(x),p) + d(v;(0),p) implies that
d(vi(x),v;(0)) < e for sufficietly large i. Therefore, v; '(Be (p)) C v; ' (Be(vi(0)))

<
which implies

EV v (B (p)] < E* [ (Be(vi(0)))]. (25)
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Since E'i < M for all 7, we can apply the precompactness theorem and
the trace theory (cf. [KS1] Theorem 1.13 and Theorem 1.12.2) to obtain a
subsequence (which we denote {v;} by an abuse of notation) so that v; — v in
L?*(D,X) and ¢; = Tr(v;) — ¢ = Tr(v) in L?(0D, X). Fix § € (0,1) and let
D;_s be a disk of radius 1 — § centered at the origin. By Theorem 6, vi|D1,5
is Holder continuous; more specifically,

d(vi(z1),vi(22)) < C(X,0) | 21 — 22 |*F9) | V21,25 € Dy_s.

Note that the modulus of continuity depends only on the geometry of the tar-
get and on the arbitrary constant J. Hence, {vz‘ Dl,é} form an equicontinuous
family and converge uniformly to a Holder continuous map according to the
Arzela-Ascoli Theorem. The limit map must be the restriction of v constructed
above to the smaller disk D;_s5. Consequently, v(0) = p and, since § is arbi-
trary, v is continuous in D. In particular, this implies U_l(Bi (p)) is an open
set. By the triangle inequality, d(v;(z),p) < d(vi(z),v(z)) + d(v(2),p), and
hence if z € Dy _s and d(v(z),p) < { then d(v;(z),p) < § for sufficiently large
1 depending only on €, X and § and not on the chosen z since the convergence of
v; to v is uniform in Dy _s. Therefore, v™!(Be (p))NDy_5 C v;l(B% (p))ND1_;s
for sufficiently large 7 and

/ Vol dn< [ | Vo [ du < B (o7 (B3 (p).
v (Be (p)ND1-s Ufl(Bg(P))ﬁDlﬂs

By the lower semicontinuity of the energy functional (cf. [KS1] Theorem 1.6.1),
(24) and (25), we conclude that

/ | Vv |2 du = 0.
v (Be (p))ND1-s

Therefore,
E'[v™!(Bs (p))] = 0
by the Lebesgue Dominated Convergence Theorem which in turn implies that
v must be constant on each connected component of v™!(Be (p)). In particular,
it must be identically equal to p on the component K of v~'(B<(p)) containing
0. The continuity of v implies that v=1(p) is closed and hence K is closed. Since
K is both open and closed, K = D. Therefore, v and hence ¢ is identically
equal to p.
On the other hand, the triangle inequality says

d* (i, p) < 2d*(;, ) + 2d* (0, p)

and hence

2me < 2 d*(pi, @)dl + 2/ d*(p, p)dé.
oD oD
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Letting ¢ — 0, we obtain

2me < 2/ d*(p,p)dd = 0,
oD

a contradiction. Q.E.D.
The proof of boundary regularity is now an easy application of Lemma 10.

PROOF OF THEOREM 9. Suppose a Dirichlet solution u : D — X with a
continuous trace v : D — X is not continuous at some point zog € dD. There
exists € > 0 and x; — xo with

d(u(w;),~(z0)) > 2e. (26)

By the Courant-Lebesgue lemma and the continuity of v, we may choose ; — 0
such that u restricted to ODs, (x9)N.D is continuous and the length of the curve

I := u(0Ds,(x0) N D) U~(Ds,(x0) NOD)
converges to 0 as ¢ — oco. This combined with (26) implies that
ATy, u(x;)) > € (27)

for sufficiently large 7. By choosing subsequence if necessary, assume that
x; € Ds,(x9)ND. By the Riemann Mapping Theorem, there exists a conformal
map v; from Ds, (29) N D to D which sends z; to 0. Let v; = uow;1 :D—- X
and ¢; = Tr(v;). Note that v;(0) = wu;(x;), the image of ¢; is T'; and (27)
implies that d(v;(0),»(0D)) > e. Thus, Lemma 10 says there exists n > 0
such that Evi[v; ' (B.(v;(0)))] > 7 for all i. By conformal invariance of en-
ergy, E“[Ds,(z0) N D] > 7. However, since u € Wh?(D, X), we see that
E*[Ds,(x9) N D] — 0 as i — oo and we arrive at our contradiction. Q.E.D.

4 The Plateau Problem

4.1 The area functional

Before we can properly state the Plateau Problem for an Alexandrov space,
we must formulate a notion of area. Our definition is analogous to the usual
definition of the area functional for a map from a surface into a Riemannian
manifold; in other words, it is obtained by integrating the area element of the
pull-back metric. Thus, we first need to generalize the notion of the pull-back
metric in this setting. This is accomplished by (28) and Theorem 11 below.
Let Q2 be a Riemannian domain and X an Alexandrov space. (Note that we
do not need to assume X is finite dimensional or satisfies Perel’'man’s conjecture
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in this subsection.) For Z,W € I'(TQ) (i.e. Z,W are Lipschitz vector fields
on §2), we define

1 1
m(Z,W) = Z|U*(Z+W)\2—1|u*(Z—W)|2- (28)
If (2, g) has local coordinates (x!,22,...,2™) and corresponding tangent basis
{01,02,...,0,}, we write
7Tij = 7'('(32', ﬁj)

We show in Theorem 11 below that 7 generalizes the notion of the pull-back
metric. The analogous result for the case when X is a NPC (non-positively
curved) space is proven in [KS1] and the case when the curvature of X is
bounded from above is proven in [Me2].

Theorem 11 The operator © defined above,
7 :D(TQ) x T(TQ) — L*(Q, R)

18 continuous, symmetric, bilinear, non-negative and tensorial; more specifi-
cally

n(2,2) = |u(2)]
m(Z,W) = (W, Z)
T(Z,hWV +W) = hn(Z,V)+7w(Z,W) for any h € C*(Q).

For Z =7'0; and W = Wiaj, we have

7T(Z, W) = 7TUZZW]
If : Qp — Qis a CY' map, then writing v = uoand m, for the corresponding
operator, we have the formula

oYt o™
Oxt Ox7

(Wv)ij = Tim (29)

PROOF. Assuming Proposition 12 below, we can follow the proof of Theo-
rem 2.3.2 of [KS1] to prove Theorem 11. Q.E.D.

Proposition 12 Let Q be a Riemannian domain and let X be an Alexandrov
space. If u € WY2(Q, X), then for any Z,W € T(TQ) the parallelogram
identity

[us(Z + W) 2+ |ue(Z = W) * = 2|us(Z)? + 2|u (W)]? (30)

holds.
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PROOF OF PROPOSITION 12. Recall that for any Z, W € I'(TQ), we denote
by = 4 €Z the flow along V with initial point = € Q at time € and
DAZW) = du(z + eZ),u(x + eW)) -

€

Now fix f € C.(Q),f > 0and Z,W € I'(Q). Let

O = {o € sptf ¢ |u(2)2, [ (WP, s (Z + WP, [un(Z = WP # 0},
O = o € sptf ¢ i < fua(2)P [ (W), (24 W), (2= W) < T,

Z+W Z+W
Fla,e) = 2D%(2, 2L 4202 (W, 22 2) 4+ D2(0.2 + W)

—D?(0,2) — D*(Z,Z +W) — D*(W, Z + W) — D*(0,W).

We claim the following:
Claim 1 p(QT\Qn) — 0as N — oo.

Claim 2 Fix N. For any p > 0, let 6(p) be as in Lemma 1. Then there
exists a function G,(z,€) so that if the following three inequalities:

1
% < De(0.Z+W), De(0, Z), De(0. W), De( 2, W), De(Z, Z+W), Do(W. Z+W) < N
(31)

2V pPD0.2+ W) (32)

1
|§De(072 + W) - De(oa

1 Z
1500.2+ W)~ Dz + W, 2y < s2D0, 2+ W) (39)

are satisfied for € > 0 and z € Qu, then
F(xz,e) > Gy(x,e). (34)

Furthermore, there exists a function G,(z) so that

e—0

| o 2
iy [ @Gy 0ldn= [ f@IG @06 3

and
lim [ f(2)|Gp()|dp = 0. (36)
P QN

Claim 3 For z € Q — Q% the parallelogram identity (30) holds.
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Assuming the validity of the three claims, we prove the parallelogram iden-
tity as follows. Fix n > 0. By Lemma 4, there exists €y, > 0 so that for any
Q with u(Q) < § and € < ¢y, we have

IR
Q
By Lemmas 2 and 3,
De(0,Z2+ W) = |ui(Z +W)|, De(0,2) = |us(Z)], De(0,W) — [u. (W)
D(Z,W) = [u(Z=W)|, D(Z, Z+W) —= |u.(W)|, De(W, Z+W) — |u.(Z)|

pointwise almost everywhere. By Egoroff’s Theorem, there exists set a A so

that p(4) < g and these convergences are uniform on 2 — A. By Claim 1,

there exists N sufficiently large so that u(Q\Qx) < g. Hence,

/ f@)F(z,0) > —n.
(QH\Qn)UA

For p > 0, the uniform convergence implies that there exists ¢y > 0 sufficiently
small so that (31), (32) and (33) hold for for all € < ¢y and all x € Qn\A.
Thus, by Claim 2 (34),

f@)F(z,dy = /(QQ L J@FG / (@) F(z,e)dy

Q+ Qn\A

> ot [ T@G(e
QN\A
> on- [ F@IG e dn
Qn\A
Take ¢ — 0 and apply Lemma 2, Lemma 3 and Claim 2 (35) to obtain
/m Flue(Z + WP + [ (Z = W) = 2[un(Z)]? = 2[u(W)[*)du
> i [ 1@IG ).

Now by taking p — 0, applying Claim 2 (36) and noting that n can be made
arbitrarily small, we obtain

/ (e (Z + WP + s (Z — W2 = 20 (Z) 2 — 2 (W) 2)dps > 0.
o+

Combined with Claim 3,

/Q Fa(Z + W) + s (Z — W2 = 20 (2) 2 — 2oas (W) 2)ds

= / +/ F(us(Z + WP + ua(Z = W)I? = 20us(2) ] = 2fu. (W)[*)dpe
Qt Q-Qt
0.

24



Replacing Z and W by @ and Z _2W respectively in the above argument,
we obtain

/Q F@Lun(2) + 20 (W) = [ua(Z + W) = [ua(Z — W) [2)dps > 0.

Finally, since the choice of f is arbitrary, we obtain the parallelogram identity.
Q.E.D.

We are now left to prove the three claims.
Proor oF CraM 1. If

QS¥ = {x € sptf : min{|u. (Z2) %, [ue (W)[2, [ (Z + W)|2, |ue(Z — W) ?} < Jv}

N
Q=N = {x & sptf + macl e (Z)1, [ua (W2, [ua(Z + WP, Jua(Z — WP} > 2},
then QT\Qy = Q<% UQZN. Since
QT C QS and NF_, Q< QT =0,

we have that u(Q<%) — 0 as N — 0. Furthermore,

N

SN < / [ Z)]? + [ (W) + us(Z + W) + [ua(Z = W) < 0.
Q>N

which implies p(Q2>") — 0 as N — 0. Q.E.D.

PROOF OF CLAIM 2. For z € Q and € > 0, assume (31), (32) and (33)
are satisfied and let

P = u(x), Q=u(r+e2) R=u(z+e(Z+W)), (37)
S=u(z+eW), T=u(z+eZEY)).
The inequalities (32) and (33) imply
1 2 1 2
|§dPR —dpr| < 6*(p)dpr , |§dPR —dgr| < 6°(p)dpr.
Let yrr be a geodesic from R to T and R’ be a point on ygrr so that
dRRI = 5(p)dp3. (38)

Let vpgr' be a geodesic from P to R’ and T’ be its midpoint. By Lemma 1, we
have
drr < pdpg.
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Define v to be the curve which is the sum of geodesics from Q = u(z + €Z)
to 7" and from 7" to S = u(z + eW). Let d be the distance function in the
hyperbolic plane H? and construct points P, Q, R’, S € H? with the property
that

dpQ = JPQ» dQR/ = CZQE'/» drrs = (jR’Sﬂ dsp = 075*157 dpr = dpé/ (39)

and so that geodesic triangles QPQR’ and APSR' intersect only along the
geodesic ¥pp from P to R'. If T” is the midpoint of 55/,

CZQT/ <dgr Jng <dpg (40)
by the property of an Alexandrov space. Hence
_QS' < _QT’ + ijg < dQT’ +drg.
Therefore, if
) 72 72 ) ) 7
then

Blr,) < I2(3) + (u(a), R) — P(u(z),u(e + ¢2)) — (R ulz + 7))
—d*(R ,u(z + eW)) — d*(u(z), u(z + eW)).

Dividing by €2, we obtain

Bed < (E2-n0s-piow)

€2 €2

. <d2(u(x),R') PR u(z+eW)) 3R, u(z+ eZ)))

= (I)+ {I). (41)
Hence, by the triangle inequality, we have,

L(v)

dor +d7/s
dor +drs + 2drr
dQT + dTS + 2pdpR

INIA

W 4 dtu(e + W), u(z + 22V

+2pd(u(z),u(z + (eZ + W)).

= du(z +€e2),u(z + eZ

)

If we square this inequality, divide by €2 and assume that p << 1, we have

Z+W Z+W

2

L*(y)
62

Z+W Z+W
< DX(Z, %) + DA(W, =) + 2D¥(2, S DA (W, )
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Z4+W Z4+W
+4pD.(0,Z + W) (De(z, + + ))

D.(W,

2 )+ Dol 2

+4p*D%(0,Z + W)

Z+W Z+W

2 )

Z+W
2

< 2D%(z, ) + 2D3(W,

)+ D2(W,

€

Z
+8p (D3(0,2+W) + D7, +W))

2
which immediately implies

Z+W Z+W

(I) < 2D(Z, ) +2DZ(W, ) — DZ(0, Z) — DZ(0,W)

Z4+W
2

+8p (D?(O,Z+W)+D§(Z, ) + D2(W, Z+W)). (42)

2

Furthermore, assuming p << 1, we also obtain

dbp < (dpr +drr)? = (14 6(p))’dpr < (1+38(p))dbg

dyr > (dor —drr)* = (dgr — 0(p)dpr)®

> dor —20(p)dordpr > (1—6(p))dgr — 8(p)dpg
dip > (dsg—drr)® = (dsg — d(p)dpr)?

> dip —25(p)dsrdpr > (1 —0(p))dir — 6(p)dPp,

which immediately implies

/

d(u(x), R')

_Puz+e2), R) —(1=68(p))DX(Z, Z + W)) + 8(p)D2(0, Z + W)

LBt DR () 5(p)DW, 2+ W) + 8(p) D20, Z + ).

€2 -

< (14358(p))D*(0,Z +W)

These combine to give

(II) < D*0,Z+W)—-DXZ,Z+W)—-D*(W,Z+W)
+56(p)(D*(0,Z + W) + D*(Z,Z + W) + D*(W, Z + W)). (43)

Combining (41), (42) and (43), we obtain

E(x,¢)
2

Z+W Z+W

< 2DX(Z, ) +2D2(W,

—DZ2(0,2) — D2(0,W) — DX(Z,Z+W) = DX(W,Z+ W)

)+ D2(0,Z + W)
€
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Z+W Z+W
+8p<Df(0,Z+W)+D3(Z, - - ))

2 2
+56(p)(D%(0,Z + W) + D*(Z,Z + W) + DX (W, Z + W))
Z4+W Z+W
2 2 )>
+56(p)(D%(0,Z + W) + DX(Z,Z + W) + D2(W, Z + W)).

)+ DZ(W,

IN

)+ DZ(W,

F(z,€)+8p (Df(o, Z+ W)+ D2(Z,

Let

Z+W Z+W
Gi(w,e) = —8p(DA(0,Z+ W)+ DX(Z, ") + DA(W, “= =)

—58(p)(D2(0,Z + W) — D*(Z,Z + W) — D*(W, Z + W))

Inequality (31) implies that
€
N < dpg,dgor,drs,dps,dpr,dgs < Ne.

By also using the fact that drrr = d(p)dpr < pNe, we can apply Lemma 19
of the Appendix to obtain,

E(x,
‘(626) < Cn(|D2(V,V + W)= D*(0,W)| +|D?(0,V) — D*(W,V + W)|

+|De(V,V +W) = D(0,W)| + [De(V,V + W) — D(0, W)|)
+K1p% + Kae

for some constants K7, K» sufficiently large. Define Ga(z,¢€) to be the right
hand side of the inequality above. Thus, (34) holds if we set G,(x,¢) =
G1(z,€) — Ga(x,€). Furthermore, set
1
Gp(w) = =8p(ju.(Z + W)I* + S |u.(Z = W)])
=58(p)|w(Z + W) + [ (W) * + [u(Z)?) + O(p?).
Then (35) and (36) hold by Lemmas 2 and 3. Q.E.D

Proor oF CrLAM 3. Let Qg denote the set of all points in £ so that
|u (Z + W)|2=0. If P,Q,R,T be as in (37). Then

doyr — dpg = (dor — dp)(dgr + dpg) < dpr(dor + dpg).
Thus, for any f € Co(Q) , 0< f <1,
Z+W

f(DX(Z,
Qo

) = DZ(0,Z))dp

< fDe(07Z—;W) (DE(Z,Z;W)+DE(07Z)>
Qo

1/2 1/2
([ 20 250) ([ o2 255+ [ oz
Qo Q

2 Q0

IN
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We take the limit as € goes to 0 to obtain

X (10550 = (20

1/2 _ 1/2
< ([ mde) (] ez )
1/2 B 1/2
< (3 muemp) ([ e ez we)
Qo
= 0.

Thus we arrive at

Z-W
Jun(F— )P < [un(2) ae. w € Q.

Similarly, using
dpg — dor = (dpq — dor)(dpq + dor) < dpr(dpg + dor),

we obtain the opposite inequality. Hence, we conclude

Z-Ww

5 W= |u.(2)]? ae. x€ Q.

s (

Interchanging Z and W in the argument above, we also obtain

zZ—-W
2

WP = Ju (W)]? ae. x € Q.

|

Therefore,

-w
2

z
wn(Z + W) + [un(Z = W)? = 0+ 4u.( )| = 20us (Z)]* + 2fu. (W)

for a.e. x € . Similar arguments apply when we examine points of {2 where
the other directional energy measures vanish. Q.E.D

4.2 The Plateau Problem
We can define the area functional for u € W12(D, X) by

:/ Vdet 7 datda? :/ \/ M1 — T3y datdar?.
D D

The Plateau Problem for a compact Alexandrov spaces satisfying Perel’'man’s
conjecture is formulated as:

The Plateau Problem Let I' be a closed Jordan curve in X, let

Fr={ue W'D, X)nC°D, X) : ulop parametrizes T monotonically}.
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Find u € Fr so that A(u) = inf{A(v) : v € Fr}.

The main result of this section is that we can solve the Plateau Problem if
there exists at least one continuous finite energy map whose trace monotoni-
cally parametrizes T'.

Theorem 13 If Fr # 0, there exsits u € Fr so that A(u) = inf{A(v) : v €
Fr}.

We separate the proof of Theorem 13 into two claims. The first claim is that
there exists a map which minimizes the energy functional in Fr. The second
claim is that an energy minimizing map is also an area minimizer. These
claims are proved by an extending the arguments used for the Euclidean case
(cf. [L]).

In order to prove the first claim, we need Lemma 14 and 15 below.

Lemma 14 The energy functional is invariant under conformal reparametriza-
tions of the disk.

PRrROOF. This follows by adapting a well-known computation in the smooth
setting to the current situation. This can be justified by the change of variables
formula (29). Q.E.D.

Lemma 15 Fiz z1,x9,23 € 0D and Py, Py, P € T". If

}—1/‘ ={ue Fr:u(z;) =P for i=1,2,3 and E* <2 in}f_ E(u)},
ueFr

then

F={ulpp:ueFp, E*<2 inf E(u)}
ucFr

forms an equicontinuous family of maps.

PRrROOF. This follows from the same argument given in Proposition 6 of [L].
Q.E.D.

We now prove the first claim:
Claim 1 There exists u € Fr so that E* = inf,cr. E".

PrOOF. For any v € Fr, there exists a Mobius transformation so that
vo(x;) = P;. Furthermore, EV°¥ = EV by Lemma 14. Therefore,

inf EY = inf E“.
u€Fr ue}‘;

which implies

inf E* = inf E,.
ueFr PEFL
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where
. 1,2
Ey =inf{E":ve W, (D, X)}.

Let {v,,} C F[ be a sequence so that lim,, .o F,,, = inf,cz. E¥. By
the equicontinuity of F, there exists a subsequence {vy,/} so that {vy/|,,}
converges uniformly to a continuous map ¢ : 9D — I'. By the uniform con-
vergence, we are guaranteed to have ¢(p;) = ¢; for i = 1,2,3. Let u,, be the
solution to the Dirichlet Problem for boundary data v,,. From the precom-
pactness theorem (cf. Theorem 1.13 of [KS1]), we may choose a subsequence
which converges in L?(D, X) to u € WH2(D, X). By the lower semicontinuity

of the energy functional (cf. Theorem 1.6.1 of [KS1]),

E* <liminf £~ <liminf £, , = inf E" (44)

m’— oo m’— o0 vEFT

Since the trace functions converge in L? distance (cf. Theorem 1.12.2 in [KS1]),
we have Tr(u) = ¢ and hence u € F. C Fr and inf,c 7. E* < E* which com-
bined with (44) implies EV = inf,c 7. E*. Q.E.D.

We now claim that u obtained above not only minimizes energy in Fr, but
also minimizes the area functional. We need the following two lemmas.

Lemma 16 Ifu € Fr satisfies E* =inf . E", then u is weakly conformal;
r
in other words, u satisfies the conformality relation w1 = 72 and w2 = 0.

Proor. This follows by adapting a well-known computation in the smooth
setting to the current situation. This can be justified by the change of variables
formula (29). Q.E.D.

Lemma 17 For any v € Fr and 6 > 0, there exists a continuous map F :
D — D monotonically taking D to dD such that E(vo F) < A(v) + 4.

ProoOF. Consider the disk D as a subset of the complex plane C and let
X x C be the metric space equipped with the distance function

d((P,2),(Qw)) = V& (P,Q) + |z — w]?
for P,Q € X and z,w € C. For v € W12(D, X), consider v : D — X x C,
ve(2) = (v(2), €2).
For V € I(TD) and a.e. z € D,

d” (ve(2),ve(z + KV))

2 .

@)V = lim =
— lim A (ve(2),ve(z + KV)) + |ez — e(z + &V |?
o k—0 K2

= |wo):(V)I* +€VI%
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Hence, letting 7. = m,_, we have
€2 €2
(me)11 = (mo)11 + ik (Te)az = (y)22 + a0 (me)12 = (o) 12-

We now choose ¢y such that

A(ve,) < A(v) + 6.

We mollify functions (¢, )i; to obtain the metric (7;) defined on Dy, = {z €

4
D : |z| < 1—o}. For sufficiently small o, we have 7{, 75, — (7f5)? > 5. Hence,
there exist C*° conformal diffeomorphisms F,, : D, — (D,,7°) and

E(FU,TU,DU) = 2A(F077_07D0) = QA(DMTU) = QA(D>7T60) + O(U)
=2A(ve,) + O(0) = 2A(v) + 2§ + O(o).

For sufficiently small o,
€2 €2

(7711 = (mo)11 + 3 (77)22 = ()22 + 5
Therefore E(F,,m,) < E(F,,7%). Let 0,, = n%_l Since E(F,,m,) is uniformly
bounded independently of o, the Courant-Lebesgue Lemma and Arzela-Ascoli
Theorem imply that there exists an increasing sequence of integers S; such
that {F,, }res, converges uniformly to a continuous map Fj in D,,. Now
inductively define a sequence S,, C S,,—1 such that {F,, }xes, uniformly to
a continuous map F,, in D, . Note that by the choice of S, we have that
F, =F, in D,k for m <n. Define F': D — D by

F(z)=F,(z2) z€ D,,.

For any o, choose o, < o, hence,
1 1
iE(F’ Ty, Dy) < §E(Fn,7rv,Dgn) < A(v) + 6.

E(F,m,) < A(v).

Since the above is true for o arbitrarily small, E(vo F) < £

Q.E.D.
We now prove our second claim.

Claim 2 If u € Fr satisfies E* = inf,cr. EY, then A(u) = inf{A(v) :
DS fr}
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PRrROOF. By the Cauchy-Schwarz lemma,

1
Vi1mee — (m12)? < /Ti1mas < 5(7T11 + ma2)

with

1
V1T — (m12)? = 5(7T11 + m2) < w11 =2 and w2 = 0.

Since u satisfies the conformality equations by Lemma 16, we deduce that

Au) = %E“ Furthermore, if § > 0, v € Fr and F are as in Lemma 17, then
voF € Fr and

A(u) = %E“ < %E”OF < A(u) + 0.

Since § can be chosen arbitrarily small, we are done. Q.E.D.

In establishing the above claims, we have also shown:

Theorem 18 The solution u of the Plateau Problem is a conformal, energy
minimizing map. As such, u is Holder continuous in the interior of D and
continuous up to 0D.

5 Appendix

We establish the following fact about quadrilaterals in hyperbolic plane. The
purpose is to estimate the difference between the sum of the lengths of the
diagonals and the sum of the lengths of the sides.

Lemma 19 If P,Q,R',S € H? so that

€ _ _ _ _ _ _
N S 4P dor, drrs, dps, dprry dgs < Ne,

then
72 72 72 72 72 72
ldos +dpr = dpg = dgr — dps —dp
< Cy (IC%R/ —dpgl + 1dbg — dhisl + e(ldop — dps| + |dpg — dR’ﬁD) +0(e%)

sl

where Cy is a constant dependent on N and O(e*) has the property that
?,E—fkl) —0ase—0.

PROOF. Let

R R

_ 72 72 72 72
E=dos+dpr —dpg —dg rs — dpg-

QR
Define A, 6 € [0, 7] by
coshdpp = cosh JQR, cosh Jp@ — sinh CZQR, sinh Jp@ cos A

coshdgpg = coshdgp coshdp g — sinhdg g sinhdg g cos é.
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By Taylor series expansion, we obtain
&?51?’ = cZZR, —+ &?5@ — QJQR/(LBQ cos A\ + 0(63)
C% %R/+CZ?§,§—2&QR/(jR/gCOS(5+O(63)

W

We have then

E = djp —dbs—2dgrdpgcos A = 2dgrdpgcosd + O(€)
= ‘%R' —d%5 —2dgp ((drg — dpg) cosd + dpg(cosd + cos A)) + O(e?).
and hence

E < \C%R,—JZ—S|+2N6|§R,g—JQP|+2N262|COS(5+COS)\|+O(e3)
< COn(ldhp — dpgl + eldrs — dgp| + € cos§ + cos A|) + O(€”). (45)

We now estimate |cosd + cosA|. Let A be the area of AR'QP. Since the

perimeter of AR'QP is bounded by some constant times Ne, we have A =
O(€?). Define o, 3 € [0, 7] by

cosh JQR, = coshdpp cosh JPQ —sinhdp g sinh Jp@ cos o

coshdpg = coshdpp coshdp g — sinhdpp sinhdg g cos 8. (46)
The interior angles of the triangle AR'QP are a, A and § — (3. Since A =
T —a—X—(§— ), we see that
|cosd+cos\| < |cosd —cos(6+ (A+a—pB))] <A+ |a—B] = |a—B]+O0().

where we used the Mean Value Theorem in the second inequality. The fact that
the ratios of any two pairwise distances of P,Q, R’ and S are bounded from
below by ﬁ and from above by N2 implies that o and 8 are bounded away
from 0 and 7. Thus, |o — ] < L|cosa — cos ] for some constant dependent
on N. Therefore, we obtain

|cos§ + cos A| < L| cos o — cos ] + O(€?)
which combined with (45) gives

E< |(%R, — dpg| + 2Neldpig — dgp| + 2LN?e*| cos a — cos 8] + O(€?). (47)

By (46), we also have

sinh(dp /) sinh(dg g) sinh(dpg)| cos a — cos B

= |sinh(dpg)(— cosh(dpg) + cosh(dpp ) cosh(dg 5))
—sinh(d g 5)(— cosh(dg s ) + cosh(dpp) cosh(dpg))|-
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The right hand side can be estimated as

‘JR'S (B + g —dbp ) —dpg (Bog + dhg Jfas)’ +0(&)

< J%Q ’dl_{’g _dPQ’ +JPQ (CEBQ _J%/g) +d215]§/ JR’S’ —Jp@

3 <dppdpg _PQ < sinh( _PR’) Sinh((ZR/S) sinh( _PQ)‘

Therefore, we obtain

Cn

| cos a — cos 3| < —= (€|d_R/5« —dpg| + (cpr —d%,5) + (d%s —%;ﬂ) .

Combining this with (47), we obtain the desired inequality. Q.E.D.
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