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Abstract. The result by G. Bouligand (1926) about the boundary behaviour of the solution
to the generalized Dirichlet problem is sharpened, the requirement that the prescribed boundary
function f be bounded being now replaced by |f| having a superharmonic majorant. By way of
application, a recent result on the boundary behaviour of the solution to the variational Dirich-
let problem for harmonic maps is sharpened by leaving out the previous requirement that the
prescribed boundary map be bounded.

Introduction

In the course of his investigation from 1926 of the classical Dirichlet prob-
lem for harmonic functions in a bounded open set 2 C R™, G. Bouligand [Bou]
essentially found that, for any bounded resolutive (e.g. Borel measurable) func-
tion f: 02 — R and any regular point zo € 92 at which f is continuous, the
generalized solution H ?: 2 — R in the sense of Perron and Wiener satisfies

(%) H?(m)ef(mo) for x — xp, x € Q.

It is known that the boundedness hypothesis on f cannot be omitted, see [Br2].
The Perron—-Wiener method was extended and further developed by Brelot in
his axiomatic theory of harmonic functions from the late 1950’s, comprising also
Bouligand’s result [Br2, p. 115].

In the present article it is shown that the Bouligand-Brelot result remains
valid when boundedness of f is weakened to the existence of a superharmonic
function s > 0 in a neighbourhood of Q such that |f| < s on 9Q (Theorem 1).
The author was led to this complement to the Bouligand—Brelot result while study-
ing the Dirichlet problem for harmonic maps, in the sense of Eells and Sampson
[ES] from 1964, between Riemannian manifolds X and Y, rather than harmonic
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functions. Owing to the nonlinearity of the concept of harmonic map, the Perron—
Wiener—Brelot procedure is no longer available. Instead one applies the direct
method of variational calculus, whereby the energy (a generalized Dirichlet inte-
gral) is to be minimized among all finite energy maps X — Y which agree, in the
complement of €2 € X, with a prescribed map X — Y of finite energy.

We first consider the variational Dirichlet problem for harmonic functions
in an open set {2 of compact closure in a hypoelliptic symmetric regular real
Dirichlet space of local type, in the sense of Feyel and de La Pradelle [FP2], who
proved that such a space X is also a harmonic space in the sense of Brelot, with
all the general properties known from classical potential theory. The variational
solution is shown to be identical with the solution in the sense of Perron—Wiener—
Brelot, and Theorem 1 therefore applies (Theorem 3). The identity of the two
solutions is known for continuous and hence bounded functions, even in the setting
of nonlinear potential theory, [HKM, Corollary 9.29]. Our proof of Theorem 3
uses H. Cartan’s theorem [Cal] from 1945 on completeness of the space &+ of all
positive measures of finite energy on R, m > 3, extended in Theorem 2 below
to the present hypoelliptic Dirichlet space X . We further use an approximation
result [F4, Theorem 6.5] from 1972, underlying the theory of harmonic functions
relative to the Cartan fine topology on X ; this result draws on Choquet [Ch3] and
Brelot [Br3], [Br4] and [Br5].

Thus prepared, we pass to the variational Dirichlet problem for harmonic
maps. The source space X is specialized to be a Riemannian manifold (possibly
with boundary), or more generally: an admissible Riemannian polyhedron with
simplexwise smooth Riemannian metric, cf. the recent monograph [EF] by J. Eells
and the present author. The target space Y is a simply connected complete
geodesic space of nonpositive curvature in the sense of A.D. Alexandrov [All],
[A12]. In this setting we have a good concept of energy of maps X — Y | introduced
and investigated by Korevaar and Schoen [KS] in 1993 (for manifold domains), and
in [EF, Chapter 9] for polyhedral domains. Existence, uniqueness, and interior
Holder continuity of the solution to the variational Dirichlet problem for harmonic
maps 2 — Y (2 € X, Q open) with a prescribed map 1: X — Y of finite
energy was established in [F9, Theorem 1], and continuity of the solution up to
the boundary at any regular boundary point for €2 at which ¢ is continuous was
proved there for bounded 1. In Theorem 4 of the present paper this boundedness
requirement is removed, by application of Theorem 3, and hence of Theorem 1.

1. A sharpening of a theorem of Bouligand

Theorem 1. In a Brelot harmonic space X without compact components,
let € be a relatively compact open set and xo a regular boundary point for €).
If a numerical function f on 02 is majorized by a superharmonic function s > 0
on X then

(1) lim sup ﬁ?(fl‘) < limsup f(y).
O>x—xg 0N3y—xo
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In classical potential theory the hypothesis f < s can be omitted if Q is
Lipschitz near xq, see [Ar], but not for general €2, as shown by Brelot by a variety
of examples in [Br2]. See also [CC, Exercise 3.2.14] and (with 2 disconnected):
[AG, p. 187]. Tt suffices, in Theorem 1, that s be defined in some open subset of
X containing €. If there exists at all a superharmonic function s > 0 on X then
s is bounded from below on 0f), and Theorem 1 is therefore a sharper version
of a well-known result by Brelot [Br2, Proposition 19, p. 115] in which f < s is
replaced by f being bounded from above. Brelot’s result, in turn, is an axiomatic
version of a slight extension of a result due to Bouligand [Bou, p. 89] in classical
potential theory. We recall Brelot’s short proof, his result being used in the proof
of Theorem 1: Denote by ¢ the right-hand member of (1). For given ¢’ > ¢ there is
a neighbourhood w of ¢ in 9N such that f < ¢ in w. If ¢ <sup f, there exists
a continuous function g: 9Q — [/, sup f] such that g(xg) = ¢ and g = sup f in
(0Q)\w. If instead ¢’ = sup f, define g = ¢’ on 9. In either case we have f < g
on 0N, and hence, by definition of regularity of x¢ € 992, [Br2, p. 114]:

limsupﬁ?(x) < wli)ng H;Z(x) =g(xg) = .
T—TQ ]

Proof of Theorem 1. Choose in X a relatively compact open set X O Q.
The function h := REXO > 0 on X (defined as the pointwise infimum of the family
of all superharmonic functions on X which majorize s on [X) is harmonic in Xj.
Replacing Xy by X we may thus assume from the beginning that there exists a
harmonic function h > 0 on X.

The right-hand member of (1) has the form c¢h(zg) for some ¢ € [—o0, +00].
We may assume that ¢ < +oo. Suppose first that ¢ > 0. For given ¢’ > ¢
choose an open neighbourhood V' of zo in X so that f < c'h on V Nof. The
superharmonic function v := REV (the greatest lower semicontinuous minorant of
REV in X) is harmonic and hence continuous in V; and HY = u in V, [Br2,
Proposition 5, p. 85]. Furthermore,

(2) f<u+ch  ondQ

because f <c/hin VNON and f<s=uin LV .
Since zq is regular, CQ is not thin at zg, [Br2, Theorem 32, p. 142], and
v := RE? (< u) therefore has the value v(zg) = u(a), [Br2, Theorem 28]. It
follows that
u(zo) = v(zp) < liminfv(z) < limsup v(z)

T—To T—x0

3
(3) < lim wu(z) = u(zo) < 400,

T—x(

and hence u and v are bounded in some neighbourhood W C V of xy. Define
an auxiliary function g on 02 by

g:{f—u on W N o1,

c'h elsewhere on 012,
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and note that f —u < g < h on 99 by (2); thus g is bounded from above on
09, like h. Applying the Bouligand-Brelot result to g we therefore obtain by (3)

(4) lim sup ﬁ?(m) < limsup g(y) < ch(xg) — u(xg).
Q3z—zg 0N3y—xo

Since f <u+g on 90 and H = ]/%59 = in Q, we conclude from (3) and (4)
that B B
lim sup H?(x) < limsup v(z) + lim sup H;Z(a;) < ch(xzy),
Q>x—xg Q>zr—x Q>z—x
the right-hand member of (1).
In the case where —co < ¢ < 0 we have H!(z) = ch(x) — ch(xg) as
xr — xg, x € {); and hence from the above case ¢ > 0, applied to f — ch in place

of f:

lim sup H?(IE) < lim sup ﬁ?_ch(x) + ¢ h(z)

Q>r—xg Qd>r—xg
< limsup (f(y) —ch(y)) + ch(zo) = limsup f(y).
ONd>y—xo 0Q3y—xo
In the remaining case where ¢ = —oo we obtain from the case —oco < ¢ <0,

applied for —oo < a <0 to f, := max{f,ah} in place of f:

lim sup ITI?(x) < limsup H?a (x) < limsup fu(y),
Q>x—x Q>x—x ONdy—xo

the last limsup being ah(xg) > —o0. For a — —oo the resulting inequality reads
limsup, .., H?(x) = —o00, which implies (1). o

2. Measures of finite energy

In this section, X = (X, E,7) denotes a symmetric regular real Dirichlet
space in the sense of [De2, pp. 137, 158|, or see [FOT]. Here 7 is a positive
measure with supp7 = X, and E denotes the given closed symmetric Dirichlet
form with domain 2 dense in L?*(X,7) and topologically included in L{ (X,7).
Write E(f, f) = E(f).

We assume that the underlying space X is connected and locally compact with
countable base; furthermore that (X, F,7) is hypoelliptic in the sense of Feyel-
de La Pradelle [FP2], see also [Laj; and in particular of local type in the sense
that, for every f € 2, we have E(|f|) = E(f), or equivalently E(f*, f~) = 0.
Hypoellipticity means that (i) every local E-solution (see Section 3 below) has a
continuous version, and (ii) for any z € X there exists in an open neighbourhood of
x an FE-solution whose continuous version is strictly positive. Recall from [FP2,
p. 121] that X is noncompact and locally connected, and that there exists an
associated Brelot harmonic sheaf 7 on X with a symmetric lower semicontinuous
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Green kernel GG, and satisfying the axiom of domination, see also [La]. The E-
potentials on (X, E,7T) are represented uniquely by the Green potentials y —
Gu(y) = [G(-,y)dp on X of measures p € &7, ie., the positive measures of
finite G-energy [Gudp = [Gd(p® ).

The (outer) capacity cap A of a set A C X is defined in [De2, pp. 162-164].
We have cap A = 0 if and only if A is polar in the sense of Brelot, i.e., there
exists a superharmonic function s > 0 on X such that s = +o00 in A; if so,
one may take s = Gu, p € &, [FP2, 32°, 21°]. A polar set has p-measure
0 for any pu € &%, [FP2, 4°]. A property involving points of X is said to hold
quasi-everywhere (q.e.) in a set A if it holds in A except perhaps in some polar
set.

A map p: X — Y of X into a topological space Y is said to be quasicon-
tinuous if ¢ is continuous relative to the complements of open subsets of X of
arbitrarily small capacity. Every element of & (in particular every potential Gpu,
W € &) has quasicontinuous versions [De2, p. 170], or see [FOT, Theorem 2.1.3].
Henceforth, we tacitly use quasicontinuous versions of elements of 7.

For any function f € & and any measure u € &7,

(5) / fdy = E(f.Gp),

[FP2, 37°]. Tt follows that, for any u,v € &+,

(6) /wa:E@%&ng&mm /Gwszwm,

(7) (/@M02</Gwm/wa

For signed measures p, v write u € & if and only if put, u= € &7 ; in that case
write Gu = Gut — Gu~, which is well defined g.e.; then [ Gudy is well defined
in an obvious way on account of (7) applied to the couples (u™,v"), (u™,v™),
(u=,v"), and (u=,v~). Furthermore, (5), (6), (7) remain valid for p € &, the
latter because [Gudp >0 for p € & —For an alternative proof of (7), see [FP1,
Corollary 14].

Following Cartan [Cal], [Ca2], we thus have the prehilbert space & with
the inner product (u,v) = E(Gu,Gvr), which is (strictly) positive definite. The
corresponding energy norm on & is given by |u||? = [ Gudu. Extending a key
result in [Cal], [Ca2, Théoreme 2] for the Newtonian kernel on R™, m > 3, and
for the Green kernel on an open ball in R™, m > 2, we have in the present more
general setting:

Theorem 2. The cone &' of all positive measures of finite energy on X is
complete in the energy norm.
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Proof. The proof of this in [Cal, p. 91] reduces to verifying that every measure
i € & can be approximated in energy norm by signed measures pu’ € & with
Gu' € #*(X), where £ (X) denotes the space of all continuous functions X —
R of compact support. It is known that the class of all measures p € &* with Gu
finite and continuous is dense in & in energy norm, cf. [Cal, p. 90], [Oht], [Ch2],
[F1, Theorem 3.4.1]; the proof uses Lusin’s theorem together with the continuity
principle of Evans and Vasilescu, valid in the present setting according to [JN].
Thus, it remains to approximate any p € &% having a finite continuous potential
by measures p' € & for which Gu' € #+(X).

For any relatively compact open set  C X take pu/ = pu — ,uCQ, where /LCQ
is obtained by balayage of p on (2, [He, Théoreme 10.1], [CC, Corollary 7.1.2].
Then Gu' = Gu — IA%E;% > 0, [He, Proposition 31.3, 2)] (the proof of which does
not require that supp u be compact) is finite and continuous (]/i;g% being lower
semicontinuous) and equals 0 off the compact closure of 2. Furthermore, Gu —
Gu' = E%% is harmonic in €2 and decreases for increasing €2 to a function h > 0
which is harmonic in X, by Brelot’s convergence property. And h = 0 because
h < Gu, a potential. Finally,

= |1 = 115 = /GMBQ b = /fz&% b = /fz&% dp\ 0

as Q / X because [Gudu < oo and fRE;% dub? = IR%%% dp = fR%SZL du,
by idempotency of the operator of balayage of superharmonic functions > 0 on a

given set, see e.g. [CC, Theorem 9.1.1 and Corollary 9.2.3]. o

Remark 1. Cartan’s proof of completeness of &* extends immediately to
that of the Green kernel on a regular domain X on a Riemann surface. The
regularity assumption was removed by Edwards [Ed], who considered the Green
kernel on a hyperbolic Riemann surface X, a particular instance of the present
setting.

3. The variational Dirichlet problem

With X = (X, E,7) as in the preceding section we proceed to study the
variational Dirichlet problem for harmonic functions in an open set (2 C X . Recall
that we tacitly employ quasicontinuous versions of elements of . Write

2Q) ={ue P:u=0q.e. in 0Q},

and 27(Q) ={u e 2(Q) : u > 0q.e.}. A (quasicontinuous) function v € Z is
said to be an E -solution in € if

E(u,v) =0 for every v € 2(Q),
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whereas u is termed an E -subsolution if E(u,v) < 0 for every v € 27(Q2). A
continuous E-solution in 2 is said to be harmonic in 2.
Given a (quasicontinuous) function f € 2 write

2;(V)={ucZ:u=fqeinlQ}={ueZ:u—fec2(Q).

The E-minimizer u in Z5() considered in the following proposition is called
the variational solution to the Dirichlet problem in € with prescribed function

feg.

Proposition 1. For any f € 2, 2¢(?) has a unique element u of least
energy E(u); and u is the only element of class 9¢(§2) which is an E-solution in
Q) (and therefore, by hypoellipticity, has a version which is harmonic in ).

Proof. Being a convex closed nonvoid subset of the Hilbert space 2, Z;(Q2)
has a unique element u of minimal norm E(u)'/2. For any v € 2(Q) and any
t € R we have u+tv € 24(12), and hence

E(u) < E(u+tv) = E(u) + 2t E(u,v) + t*E(v),

from which it follows that E(u,v) = 0. Consequently, u is an FE-solution in {2
and so has a (quasicontinuous) version u on X which is harmonic in . For any
other element v € Z¢(f2) which is an E-solution in Q, u —u € 2(Q) is an
E-solution in 2, and hence orthogonal to itself, and so u =u'. o

The following proposition is the key to our application of Theorem 1 to har-
monic maps (Section 4). Only property (8) will be used in this paper; it was stated
in [F5, Lemme 3| (for the typical case X = R™) with a slight indication of proof,
and used there for characterizing the E-(sub)solutions in 2 as those functions in
2(Q) which are finely (sub)harmonic off some polar set [F5, Théoréeme 11].

For any function f: X — [0, +o0] write

Ry = inf{u : v superharmonic, u > f}

(pointwise infimum, understood as identically +oo if no such u exists). Denote

by Ry the greatest lower semicontinuous minorant of Ry, or equivalently, by [Br2,
Proposition 23, p. 135]:

ﬁf = min{u : u superharmonic, u > f q.e.}.

Proposition 2. For any f € &' there exists a unique measure A € &+ such

that
(8) G \>f  qe,
(9) G = f A-a.e.,
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and hence [ fd\ = [ GANd\ < E(f). This measure X\ is the unique measure in
&* having one of the following equivalent properties (with pointwise minimum in

(10)):
(10) GX=min{Gu:peé&*, Gu=> f q.e.},

(11) /G)\d)\ :min{/Gud,u THESET, Guz=f q.e.}.

Remark 2. It can be shown that A is also uniquely determined by any one
of the following two properties:

/fdAzmax{/fdu:,uGcf*, G,uéf,u—a.e.},
/(2f—G)\)d)\:max{/(2f—G,u)d,u:ueé"*}.

As already noted, the left-hand members of these two equations and of (11) all
equal [[GAdX = [ fd)\; their square-root ||A|| is termed the energy capacity of f
in [F3, Section 6.7] * (where G is the Newtonian kernel on R?). As a seminorm
on (X)), ||A| is studied in [FP1].

Proof. Suppose first that f € 2T N2 (X); then }A%f is the bounded potential
G\ of a unique measure A € &+, [Br2, Proposition 10, p. 94]; this implies (8).
Furthermore, GA € 2% is harmonic in the open set Q@ = {GA > f}, as shown
by Poisson modification, see e.g. [CC, Proposition 2.2.3]; and so supp A C [,
[He, Proposition 30.1, 2)], [CC, Proposition 11.4.12, ¢)]. Thus (9) holds because
G\ > f MA-a.e. in view of (8). Furthermore, GA < f in 0, and hence G\ = f
q.e. in 0, by (8). Thus GX € Z4(2); and according to Proposition 1, G\
is the unique solution to the variational Dirichlet problem in €2 with prescribed
function f. It follows in view of (6) that

/G)\d)\ = E(G\) =min{E(u) :u € 2, u= f q.e. in (Q}.

In particular, by (9), [ fd\= [ GAd\ < E(f) (since u = f competes).

For arbitrary f € 2%, choose a sequence (f,) C 2% N #(X) so that
E(fn — f) — 0, [De2, Lemme 1, p. 159]; and hence f,, — f in L{ (X, 7). We may
assume that f, — f pointwise 7-a.e. As shown above, we may write }A%fn =G\,
with A\, € &*. There is a constant ¢ > 0 such that, in view of (6) and the

inequality following (9) (now with f replaced by f,):

(12) E(GM) = [ Ghdh, < B(f) <&

L The comprehensive exposition announced at the end of that subsection in [F3] exists only

in manuscript (1971).
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Since G is lower semicontinuous it follows that ()\,) is vaguely bounded, and we
may therefore assume that (\,,) converges vaguely to a measure \, necessarily of
class &1; and consequently GA < liminf,, G\, pointwise in X. We show that,
actually,

(13) G\ = liminf G\, g.e. in X

(cf. [Cal, Théoréme 6] for the newtonien potentiel). Choquet’s theorem on ca-
pacitability e.g. of Borel sets [Chl] applies in the present setting, [FOT, Theo-
rem 2.1.1]; and (13) will therefore follow from the integrated form of the remaining
inequality “>":

(14) (A, ) = liminf(\,, @) for every p € &7,

to be established now. As shown in the proof of Theorem 2, 1 can be approximated
in energy norm by signed measures p’ € & with G’ € 2+ N ¢ (X), and hence

I\ ') = /G,u’ d\ = lim/Gu' d\, = lim(\,, p'),
and so
Ay = ) = I = 'l = T inf (A, 1) — ¢l — 1|

by (12), with ||u — /|| as small as we please. This establishes (14) and hence
(13), which in turn implies that GA = liminf,, G\,, > liminf,, f,, = f 7-a.e., and
so indeed GX > f q.e., by quasicontinuity of GA and f, [Del], [De2, Théoreme,
p. 170], or [FOT, Theorem 2.1.3]. This establishes (8) for arbitrary f € 2+.

Since A does not charge the polar sets, (8) implies GA > f A-a.e. Thus (9)
will follow from its integrated form, or just from the inequality

(15) /GAdA< /fdA.

To obtain (15) we show that G\, — G\ weakly in the Hilbert space Z, i.e., in
view of (5),

(16) /ud)\n = E(GAp,u) — E(G\u) = /ud)\ for u € 9.

Because \,, — A vaguely, (16) holds for v € 2 N #(X) (dense in Z), and hence
for any u € 2, in view of (12). Since moreover f, — f in 2, it is well known
that (16) extends to

/fn d\p = E(GAp, fn) = E(GA, f) = /fdA.
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As shown in the beginning of the proof, (9) holds with A replaced by A, and f
by fn;and hence [ G, d\, = [ f, d\,. This leads to (15), and therefore to (9),

again for any f € 2+

/CHdA<lmﬂnﬂ/G&“Mn:lmi/ﬁ”Mnzi/fdk

Any X € &* satisfying (8) and (9) also satifies (10) and (11). To see this,
let 4 € & and Gu > f q.e., hence A-a.e.; then Gu > G\ A-a.e., by (9). By
Lemma 1 below it follows that Gu > G\ everywhere, and so (8), (9) imply (10),
which in turn implies (11) because [Gudp > [GAdp = [Gud\ > [ GAdA.
Note that (10) implies uniqueness of A, a measure A € &' being determined
by its potential GA. Likewise, (11) implies uniqueness of A, the convex subset
{p €& : Gu > f q.e.} of the prehilbert space & having at most one element of
minimal norm. o

Lemma 1 (Cartan’s maximum principle, cf. [Ca2, Proposition 2]). Let \ €
&t , and let s > 0 be superharmonic on X. If GA < s A-a.e., then G\ < s
everywhere.

Proof. The pointwise minimum min{GA\, s} is a potential Gv < G\, and
hence [Grdv < [GAdv = [Grd\ < [GAd), and so v € &F. Furthermore,
Gv = GX X-a.e; and consequently, as in [Cal], [(GX — Gv)(d\ —dv) <0, ie.,
IAN—v||? <0, A=, and so indeed G\ = Gv < s everywhere. o

Theorem 3. For any relatively compact open set {} C X and any func-
tion f € &, the harmonic restriction to 2 of the variational solution u from
Proposition 1 is also the solution H JQ in the sense of Perron—Wiener—Brelot with
prescribed boundary function f|aq. Consequently, by Theorem 1,

u(x) — f(xo) for x — xg, x €

for every regular boundary point xo for ) at which f is continuous.

Proof. Since f*, f~ € &, we may assume that f > 0. By Proposition 2 there
exists A € & such that p := GA > f q.e., and even everywhere (after adding a
suitable potential). In particular, p is semibounded in the sense of Brelot [Brb,
p. 41], or see [F4, Section 2]. It follows that

HY<HS =R onq,

the equality by [Br2, Proposition 5, p. 85|, or see [CC, Proposition 5.3.3]. Denoting
by 4! the harmonic measure for  at z, we thus have

(1) o< [rau< [ fad = H@) < B0 < ox,
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the equality by [Br2, pp. 111-112], and finiteness by harmonicity of RE,Q in Q.
Furthermore, f is pf?-measurable for each = € Q. Indeed, f is continuous relative
to the complements of open sets w,, with capw, — 0, and hence e := ), w, is
polar. Write f, = f in Cw, and f, = 0 in w,. Then f, is Borel measurable,
and so is therefore f’ = sup, f, (pointwise). Moreover, f’ = f in (e, and
pil(e) = 0 by [CC, Corollary 6.2.4], so f is u'’-measurable; and uS!-integrable
by (17). Consequently, ﬁ?(w) = H?(x) = [ fdus}. Thus the PWB-solution Hf]
exists and is harmonic in 2.

To prove that H? is also the variational solution, it remains according to
Proposition 1 to verify that the extension u of H JQ by f in CQ is quasicontinuous,
or equivalently: finely continuous g.e. in X .? Thus the quasicontinuous function
f: X — R is finely continuous off some polar (hence finely closed) set e;. The
irregular points of 9 form another polar set ey, [Br2, Theorem 32|; and e3 :=
{p = +o0} is likewise polar. We prove below that, for any zo € 92 not in the
polar set e := ey Uey Ueg,

(18) H?(m) — f(xo) for x — x¢ finely, x € Q).

Because H JQ is harmonic and therefore continuous (in particular finely continuous)
in Q, it will follow from (18) that the said extension u of H ]9 is indeed finely
continuous at any point z € X \ e (whether z € Q, x € 92, or x € [Q).

For the proof of (18) we first approximate f from below by upper semicon-
tinuous (u.s.c.) functions h of compact support such that 0 < h < f. Because
f < p, the function ¢ := Ry_; is a potential satisfying f —h < ¢ < Rp—p <p
q.e., and hence, for x € €0,

770 77 Q »Co »CQ
H p(x) < Hy(z) = Ry (x) — Ry (2z0) = q(w0)
as © — x¢ finely (by definition of the fine topology), the latter equality by [Br2,

Corollary (i), p. 115], zo ¢ ea being regular. Because f = h + (f — h) it follows,
for any function ¢ € #(X) with ¢ > h, that Hgf < Hg + H?_h, and hence

fine li H¥z) < lim H(z)+
selimsup 1) < lim H(2) + ol
= ¢(w0) + Ryp_p(w0) < flwo) + 2.

Indeed, for given € > 0, ¢ can be chosen so that ¢(zg) < h(zo) +¢e < f(zo) + €.
Moreover, f is finely u.s.c. q.e., and at xo € Ce; in particular. The u.s.c. minorant

2 Tine continuity means continuity relative to the Cartan fine topology, the weakest topology

on X in which every local superharmonic function is continuous. The stated equivalence, essen-
tially going back to Choquet [Ch3], has been established in more generality in [Br6, Theorems IV.7
and IV.8] and in [F2, Theorem 5.5].
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h can therefore be chosen so that (ﬁf_h(xo) <) Ry—n(xp) < € according to the
former assertion of [F4, Theorem 6.5(c)], established by application of [Br3].
Next, we approximate f from above by lower semicontinuous (l.s.c.) functions
g such that f < g <p. Then r := ]/i;g_f satisfies ¢ — f < r q.e., and hence, for
r € Q, R R
H j(x) < HP(x) = B (x) — R (o) = (o)

T

as  — g finely, xo ¢ ez being regular. Because f = g—(g— f) in Ces it follows,
for any ¢ € #(X) with ¢ < g, that ch2 > Hf} — H?_f, and hence

. Q ST Q .
fipelimint 1) > o Jim, H, () = r(ao)

~

= ¢(z0) — Ry—s(w0) = f(z0) — 2¢.

Indeed, since g(z¢) < p(zo) < +00, ¢ can be chosen so that p(zg) = g(zg) — €.
Furthermore, f is finely Ls.c. g.e., and at zo in particular. The lLs.c. majorant
g can therefore be chosen so that (R,_¢(z¢) <) Ry—¢(x0) < € according to [F4,
Remark, p. 51]. Since € > 0 is arbitrary, we have altogether established (18),
and thereby completed the proof that the variational solution is also the PWB-
solution. The final assertion of Theorem 3 therefore follows from Theorem 1

because f < p. o

4. The Dirichlet problem for harmonic maps

In this final section we shall complete the results on continuity of the varia-
tional solution up to the boundary, recently obtained in [F9, Theorems 1 and 3],
for harmonic maps into spaces of nonpositive curvature. By application of Theo-
rem 3 above (and hence of Theorem 1) we show that the hypothesis of boundedness
of the prescribed map, imposed in the quoted results from [EF|, can be omitted.

The source space is an admissible Riemannian polyhedron (X, g), where the
Riemannian metric g is simplexwise smooth, i.e., g is defined and smooth on
each topdimensional open simplex s of X, with g, extending smoothly to a
nondegenerate Riemannian metric on the affine m-space containing s, see [EF,
Chapter 4]. Such a polyhedron (X, g) is a particular case of a hypoelliptic Dirichlet
space as specified in Section 2; see [EF, Chapter 7], where the Dirichlet space
Ly*(X) replaces the domain 2 of the Dirichlet form E. The reader may well think
of the particular case of a Riemannian manifold (X, g), possibly with boundary.

We require that (X, g) satisfy the Poincaré inequality

(19) /X u? dp < C/X \Vul?dy for all u € Wy 2 (X)

and some constant C'; here p denotes the Riemannian volume measure on (X, g).
For example, if (X, g) denotes a compact admissible Riemannian polyhedron with
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boundary bX # @ (cf. [EF, p. 45]) then (X, g) with X = X \bX is an admissible
Riemannian polyhedron satisfying the Poincaré inequality (19), [F8, Lemma 1(c)].

For target we first take a simply connected complete geodesic space (Y,dy)
of nonpositive curvature in the sense of A.D. Alexandrov [All], [Al2], cf. [EF,
Section 2, Geodesic spaces]. Denote by &(X,Y) the class of all maps ¢: X — Y
of finite energy E(p) in the sense of Korevaar and Schoen [KS| (with p = 2) for
a Riemannian manifold (X,g), and extended in [EF, Chapter 9] to the present
case of an admissible Riemannian polyhedron. 3 Every map of class &oc(X,Y)
(i.e., locally of finite energy) has a quasicontinuous version [F7]. Every locally E-
minimizing map (of class &joc(X,Y)) has a (unique) Hélder continuous version,
as shown in [F6, Theorem 1] (sharpening [EF, Theorem 10.1]). Accordingly, we
define a harmonic map X — Y in the present setting as a continuous locally
E-minimizing map of class &joc(X,Y). This will be applied with X replaced by
(the components of) an open subset of X.

Given a relatively compact open set Q@ C X and a map ¢ € &(X,Y), write

Es(Q,Y) = {p € E(X,Y) : dv(p,0) € Wy*(Q)}

20
(20) ={pe&(X,)Y): ¢ =1 qe in X\Q},

the equality being a consequence of (19) and the spectral synthesis theorem of
Beurling and Deny, see [De2, pp. 168, 172], [FOT, Chapter 2]. Much as in Propo-
sition 1 and Theorem 3 (for functions) we have for maps ¢: X — Y

Theorem 4. (a) With (Y,dy) as described, &,(Q2,Y) has a unique element
@ of least energy, and ¢ is the only map of class &(2,Y) which is harmonic
in €.

(b) If ¥)pq is continuous at some regular point xo € 02, then

o(z) — P(z0) for x — x¢, x € L

Proof. Part (a) was established in the proof of [F9, Theorem 1], while (b)
was proved there under the additional hypothesis that the prescribed map 3 be
bounded. Here are the changes in the proof of [F9, Theorem 1(b)] which are needed
in order to cover the general case of (b). We redefine ¢ in a polar set so that ¢ = ¢
everywhere in 0§, cf. (20). The function

fz) = dy (p(2),¢(z0)), w€X,

of class &(X,R) = LY?(X) (in view of [EF, Corollaries 9.1 and 9.2] and because
dy (-, ¢(z0)) is Lipschitz) need not be bounded. Choose g € Lip,(X) with g =1
in a relatively compact domain Xg D €, and replace f by gf € W12(X) C
L(l)’Q(X ). Theorem 3 above then applies to the truncated function f, taking

3 In [EF), the present &(X,Y) is denoted W12(X,Y).
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9 = Lé’Q(X ), and shows that the variational solution w in © (with prescribed
function f) has the property

(21) u(x) — f(xg) =0 for © — ¢, v € Q.

In the paragraph containing [F9, (3.5)] this was established for bounded 1, and
hence bounded f, by application of results from [F4] about the fine Dirichlet prob-
lem (for functions). These results, however, require that f < p for some finite
semibounded potential p, cf. [F4, Section 14.3], and that need not be fulfilled
in the present context where f may be unbounded. For that reason we modify
the proof of [F9, Theorem 1(b)] so that—rather than drawing on the theory of
finely harmonic functions—we employ Theorem 3 above (including the limit prop-
erty (21)), which was established in Section 3 by application merely of a key to
that theory, notably [F4, Theorem 6.5(c)].

Recall from [EF, Lemma 10.2] that f is weakly subharmonic (i.e., an E-
subsolution) in Q. It follows by [EF, Theorem 5.2] that f < u p-a.e. in §,
and indeed everywhere in ) because u, ¢, and hence f are continuous in ().
Consequently,

0<dy (cp(x),go(aco)) = f(z) <u(z) =0 for x — xg,

showing that indeed ¢(z) — ¢(z¢) = ¥ (xg) as © — zg, € Q. O

Remark 3. As it might be expected, the variational solution ¢ in Theo-
rem 4 depends only on the restriction of the prescribed map : X — Y to 01).
Indeed, for any ¢’ € &(X,Y) and corresponding solution ¢’ € &/ (£,Y), the
quasicontinuous function v := dy (g, ¢’) of class &(X,R) C W,o2(X) (because
dy € Lip(Y x Y)) is subharmonic in 2, [F8, Section 4, Proof of (b)]. After
truncation (not affecting v in ) we may assume that v € Wy *(X) C Ly*(X).
Then v < GX q.e. in X for some A\ € &1, by Proposition 2; and the potential
G is semibounded, cf. e.g. [F4, Theorem 2.6]. If ¢ = ¢’ q.e. on 9§ then v =0
g.e. on 02, and hence v = 0 everywhere in ) according to the fine boundary
minimum principle [F4, Theorem 9.1] applied to the superharmonic (hence finely
superharmonic [F4, Theorem 8.7]) function —v on the open (hence finely open)
set Q C X. Thus p = ¢ in Q.

Remark 4. The requirement in Theorem 4(b) that x be regular is necessary,
even if Y = R in view of Theorem 3, taking for ¢ a bounded strict potential of
class L12(X), cf. [CC, Proposition 7.2.1].

Next, let instead (Y, dy) be a complete geodesic space of curvature bounded
from above. By rescaling the metric dy we arrange that Y has curvature < 1.
Let B = By(q,R) be a closed geodesically convex ball in Y of radius R <
i (in a sense best possible, cf. [HKW, Section 6], or see [EF, Example 12.3]),
satisfying bipoint uniqueness, i.e., there is only one (minimizing) geodesic segment
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in Y joining two given points of B, and this segment varies continuously with its
endpoints (in the uniform topology on paths). It follows that every closed ball in
B is convex, and hence satisfies bipoint uniqueness, along with B. For details,
see [F8, text following Theorem 3]. Then Theorem 4 above carries over, with Y
replaced by the ball B:

Theorem 5. (a) With (Y,dy) and B as described, &,(), B) has a unique
element ¢ of least energy, and ¢ is the only map of class & (€2, B) which is locally
F -minimizing in 2.

(b) If ¥)pq is continuous at some regular point xo € 92 then there is a polar
set Z C §) such that

o(z) — ¥(x0) for v — xo, v € Q\ Z.

The variational solution ¢ in Theorem 5 has a Holder continuous and hence
harmonic version, at least if R < iw, or if Y is locally compact, [F6, Theorem 2].
In (b) we may then take Z = &, as in Theorem 4.

This companion to Theorem 4 was established in [F9, Theorem 2]. We bring
a variant proof of (b).

Proof of Theorem 5(b). Again we may assume that ¢ = ¢ everywhere in
X\ Q. Fix p > 0 with R+ p < %71’; if R < iﬂ' take o = iﬂ', hence R < p.
Consider a point y € By(q,0), and note that dy (gp(:c),y) < R+4+o< %71’ for

x € X . The function f: X — R defined by

f(z) = cosdy (p(z0), y) — cosdy (¢(z), y)
is of class W12(X) by [EF, Corollaries 9.1 and 9.2] because cosdy (- ,y) € Lip(B);
and fpq is continuous at xo with the value 0. Theorem 3 applies to f (after
truncation, as in the proof of Theorem 4(b)), and the corresponding variational
solution u has the properties v — f € I/VO1 ’Q(Q), u continuous in {2, and

(22) u(x) — f(xo) for x — x¢, z € Q.

According to [EF, (10.19)] with ¢ replaced by y (noting that B C By (y, R + 0)
with R+ o < %7?), f is weakly subharmonic in Q, hence f < u in Q\ Z, for
some polar set Z, C €2, [EF, Theorem 5.2], [Del, Théoreme 5]. It follows by (22)

that

cos dy (p(x0), y) — cosdy (p(x),y) = f(z) <u(z) — f(zo) =0
for x € Q\ Z,. Because cos is continuous and decreasing on [0, R + g| it follows
that
(23) limsup dy (gp(:z;), y) <dy (gp(:z;o), y).

Q\Zydx—xmo

If o(z¢) € By(q, 0) we may take y = ¢(xg) above, and it follows in that case from
(23) that ¢(x) — p(x9) as * — xo in Q\ Z,. This applies in particular if R < p
(e.g. if R< %7?), so we may suppose that R > p. The same inductive scheme as
in [F8, Section 8] then serves to prove that indeed ¢(x) — p(zo) as * — zo in
2\ Z for a certain polar set Z C 2, a finite union of sets like Z, above. o
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Remark 5. In Theorem 5, ¢ depends only on %9q. For the proof we
refer freely to [F'8, Theorem 3 and the paragraph containing (2.7)]. For any ¢’ €
&(X,Y) with solution ¢’ € & (Q,Y), the function v = 0(p,¢') € Wh(X) is
weakly subharmonic in 2, though for a Dirichlet form obtained by multiplying
the previous volume measure p by a certain scalar a > 0 for which a and 1/a are
bounded. This substitution causes no problems, and the argument in Remark 3
carries over.

Remark 6. Theorems 4 and 5 have companions in which the geodesic space
target (Y, dy) is specialized to be a simply connected complete Riemannian man-
ifold (Y,h) of nonpositive Alexandrov curvature as above, or equivalently: of
nonpositive sectional curvature. The energy of maps ¢: X — Y can then be de-
fined in an alternative and equivalent way (see [EF, Definition 9.2, Lemma 9.3, and
Theorem 9.2] [F'8, Proposition 2]) which remains meaningful even when we now
drop the previous requirement that the Riemannian metric g on the source poly-
hedron X be simplexwise smooth; instead we merely require that g be bounded
and measurable, with elliptic bounds on each simplex of dimension m = dim X,
cf. [EF, pp. 47-48]. Theorems 4 and 5 remain valid when we keep the hypotheses
that the Poincaré inequality (19) holds on (X, g), that Q@ € X is open, and that
the prescribed map ¢ is of class &(X,Y), resp. &(X, B), (now in terms of the
alternative concept of energy). For bounded 1 (in the former case of nonpositive
curvature) this was proved in [F9, Theorem 3]. The proof given there remains
valid for possibly unbounded % when the same change is made in the proof of (b),
involving the use of the present Theorem 3, as described above for Theorem 4(b).
For upper bounded curvature, see [F9, Theorem 4]; alternatively, adapt the above
proof of Theorem 5(b). Also note that, under different hypotheses on X and the
Riemannian manifold Y, Picard [Pi] obtained by probabilistic methods continu-
ity up to the boundary of any bounded quasicontinuous map X — Y which is
harmonic in € as in Remark 7 below, and everywhere continuous relative to 0f).

Remark 7. A particular case of Theorem 4 and of Theorem 5, now with X
compact, was obtained in [F8, Theorems 1 and 3], where Q@ = X \ bX, bX # &;
then every point of 02 = bX is regular. Similarly, the companions in Remark 6
above (with manifold target) contain [F8, Theorems 4 and 5] (where likewise 2 =
X\ bX #X).
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