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BOUNDARY CONTINUITY FOR QUASIMINIMIZERS ON
METRIC SPACES

JANA BJORN

ABSTRACT. A pointwise estimate near a boundary point is obtained
for quasiminimizers of the energy integral on a doubling metric measure
space admitting a Poincaré inequality. Wiener type conditions sufficient
for the (Holder) continuity of quasiminimizers at a boundary point are
also given.

1. Introduction

In R™, the problem of minimizing the p-energy integral

[ Ivutap s

among all functions u with prescribed boundary data is, for 1 < p < oo,
equivalent to solving the Dirichlet problem for its Euler equation

div(|Vul|P~2Vu) = 0,

and the theory of partial differential equations can be used to obtain qual-
itative information about the minimizer. For non-differentiable variational
integrals, there is no Euler equation and the approach of partial differential
equations is not possible. Instead, variational methods such as those based
on De Giorgi classes [4] have to be used; see, e.g., Giaquinta—Giusti [8].

In [9], Giaquinta and Giusti introduced the notion of quasiminimizers as
a tool for a unified treatment of variational integrals, elliptic equations and
systems, obstacle problems and quasiregular mappings. They proved several
fundamental properties of quasiminimizers such as local Holder continuity,
the Harnack inequality and the maximum principle. The boundary behaviour
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of quasiminimizers was studied by Ziemer [22], who obtained Wiener type
conditions that are sufficient for continuity at a boundary point.

In recent years, several papers have been written on Sobolev spaces and the
calculus on metric measure spaces without a differentiable structure; see, e.g.,
Hajtasz [10], Heinonen—Koskela [13], Cheeger [2], Shanmugalingam [19], [20]
and Franchi-Hajlasz—Koskela [5]. In these papers it is shown that first order
Sobolev spaces can be defined without the notion of partial derivatives and
a version of the p-energy integral can be considered. This theory of Sobolev
spaces on abstract metric measure spaces unifies, and has applications in,
several areas of analysis, such as weighted Sobolev spaces, calculus on Rie-
mannian manifolds, subelliptic operators associated with vector fields, and
potential theory on graphs.

In the setting of metric spaces, the approach with quasiminimizers is par-
ticularly useful, as the Euler equation for the p-energy integral need not exist.
Local properties of quasiminimizers of the p-energy integral on metric spaces
are studied in Kinnunen—Shanmugalingam [14]. In particular, it is shown that
if the space is doubling and admits a Poincaré inequality, then quasiminimiz-
ers are locally Holder continuous and satisfy the Harnack inequality and the
maximum principle.

The aim of this paper is to obtain a pointwise estimate for quasiminimizers
of the p-energy integral on metric measure spaces and to give sufficient con-
ditions for their continuity and Ho6lder continuity at a boundary point. We
show that if the measure g on the metric space is doubling and the space
admits a p;-Poincaré inequality for some p; < p, then every quasiminimizer
u of the p-energy integral with boundary data w satisfies

(1)  osc u< osc w
B(z0,p) B(zo,m0)

, 1 r P (B, 1) \OY dr
+Cl OSCU)GXP( S/p exp( CO(Cp1(B(xO’T)\Q) " 7

where C,,, is the pi-capacity on X; see Theorem 2.11 and (16).

Pointwise capacitary estimates for p-harmonic functions in R™ were first
proved by Maz'ya in [16] (for p = 2) and [17] (for p > 1), and used to
obtain the sufficiency part of the Wiener criterion. Similarly, our estimate
(1) implies sufficient conditions for the continuity and Holder continuity of
quasiminimizers at a boundary point; see Theorem 2.12 and the comment
following it. In particular, we obtain (Hélder) continuity if the complement
of Q is pi-fat or has a corkscrew at xzg. Due to the pi-capacity and the
exponential in the integrand, these conditions are more restrictive than the
Wiener criteria for solutions of various classes of elliptic equations that have
been obtained, for example, in the papers [21], [15], [17], [6], [12], [3], and [1],
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and which are of the form

/01 (cp(B(xo, )\ Q))W” dr

r=2 (B0, 1)) F

r

For quasiminimizers in R", there are two sufficient conditions for continuity
at a boundary point, both due to Ziemer [22]. One of them, which more
resembles the classical Wiener criterion, can be generalized to our setting.
Namely, we prove that there exists A such that if

1 ZTo,T A T
o0 [(mmmnye.

then every quasiminimizer of the p-energy integral on 2 with continuous
boundary data is continuous at the boundary point x¢; see Theorem 2.13 and
the remarks following it. At the same time, Ziemer’s method, which is used
to obtain the sufficient condition (2), does not give any pointwise estimates or
conditions for Holder continuity at a boundary point. From this point of view,
our Theorems 2.11 and 2.12 seem to be new, even in the Euclidean setting.

2. Definitions and results

Throughout the paper, X = (X, d, 1) will be a metric space equipped with a
Borel regular measure p satisfying 0 < p(B) < oo for all balls B = B(xg,r) =
{r € X :d(z,z0) <r}in X with 0 < r < co. Later, we shall impose further
restrictions on the space X.

In [13], Heinonen and Koskela introduced upper gradients as a substitute
for the modulus of the usual gradient. The advantage of this new notion
is that it can easily be generalized to the metric space setting. In order to
give an exact definition of upper gradients we first need to introduce some
terminology.

A path in X is a continuous map  from an interval I C R to X, or the
image v(I) C X of such a map. If v is rectifiable, we automatically assume
that it is parameterized by the arclength ds, so that I = [0,l,], where [, is
the length of ~.

The p-modulus of a family I" of paths in X is

Mod,(T') = inf/ PP du,
PJx

where the infimum is taken over all nonnegative Borel functions p on X such
that the path integral fv pds is > 1 for all locally rectifiable paths in I'. We
say that a property holds on p-almost every path if the family of paths for
which it does not hold has p-modulus zero.
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DEFINITION 2.1. A Borel function g on X is an upper gradient of a real-
valued function u on X if for all rectifiable paths v : [0,1,] — X

3) ur(0) ~ u(r(1)) < [ g

¥
If (3) holds only for p-almost every path in X, then g is called a p-weak upper
gradient of u.

Following Shanmugalingam [19], we define a version of Sobolev type spaces
on the metric space X. Note that there are several other definitions of Sobolev
type spaces on metric spaces; see, e.g., Hajtasz [10], Heinonen—Koskela [13],
Cheeger [2] and Franchi-Hajlasz—Koskela [5]. However, it has been shown,
e.g., in Franchi-Hajtasz—Koskela [5] and Shanmugalingam [19], that under
some reasonable hypotheses (including Euclidean spaces) most of these defi-
nitions lead to the same space. From now on, p will be a fixed number with
1 <p<oo.

DEFINITION 2.2. Let

1/p 1/p
el = ( / |u|pcm) +inf( / gpdu) ,
X 9 X

where the infimum is taken over all upper gradients of u or, equivalently, over
all p-weak upper gradients of u. The Newtonian space on X is the quotient
space

N'P(X) = {u: [[ullyre < 00}/~,

where u ~ v if and only if ||u — v||y1.» = 0.

The space N1?(X) equipped with the norm || - || y1.» is a Banach space and
a lattice; see Shanmugalingam [19]. Corollary 3.7 in [20] shows that every
u € N'P has a minimal p-weak upper gradient g, in the sense that g, < ¢
holds p-a.e. for all p-weak upper gradients of u. Note also that the proof of
Lemma 1.7 in Cheeger [2] together with Lemma 2.1 in Shanmugalingam [19]
shows that if u,v € N1P(X), then the function |u|g, +|v|g, is a p-weak upper
gradient of uv. The following lemma shows that, as long as u € N1?(X), the
notion of p-weak upper gradient is independent of p.

LEMMA 2.3. Ifu & NV (X), then for y-a.e. v € X,
gu(x) = ir;fg(m),

where the infimum is taken over all upper gradients g of u and

1
g(z) =limsup ———— / gdu.
r—0 /J(B(J}, ’I")) B(z,r)
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Proof. The inequality §,(x) < infy §(«) is immediate. Conversely, let I" be
the collection of paths on which (3) fails for g,. By Lemma 2.1 in Shanmu-
galingam [19] there exists a non-negative Borel function p € LP(X, u) such
that fvpds = oo for all v € I'. Then the functions g. = g, + €p are upper
gradients of u, and hence

inf §(2) < ge(*) < gu(@) + ep(x).

Since p(z) is finite p-a.e. (because p € LP(X, u)), letting ¢ — 0 shows that
inf, g(x) < gu(z) for p-a.e. x € X. The fact that g,(x) = gu(x) p-a.e. finishes
the proof. O

DEFINITION 2.4. The p-capacity of a set E C X is
Cp(E) = igf HU’HIJ)\[LZJ’

where the infimum is taken over all u € N''?(X) such that u > 1 on E. We
say that a property holds p-quasieverywhere (p-q.e.) if the set of points for
which it does not hold has p-capacity zero.

The p-capacity is the right gauge for distinguishing between two Newtonian
functions. In particular, Corollary 3.3 in Shanmugalingam [19] together with
the lattice property of N1?(X) shows that if u,v € N'P(X) and u < v p-a.e.
then u < v p-q.e.

In order to give a definition of quasiminimizers of the energy integral on a
set ¥ C X we need a Newtonian space with zero boundary values. Let

N&’p(E) ={ue N"P(X):u=0p-qe on X\ E}.

Corollary 3.9 in [19] implies that N, *(E) equipped with the norm || -|| y1.» is a
closed subspace of N1P(X). Note also that if C,(X \ E) = 0, then Ny ?(E) =
NP(X). We shall therefore always assume that C,(X \ E) > 0.

DEFINITION 2.5. Let w € NVP(X). We say that u is a quasiminimizer
of the p-energy integral on §) with boundary data w if u —w € Nol’p(Q) and
there exists a constant > 0 such that for all v € Ny (Q)

/ ghdp < Q/ 954-1; dp.
v#0 v#£0

To guarantee good properties of the space NP and the quasiminimizers,
we shall impose two additional conditions on the space X.

DEFINITION 2.6. If A > 0 and B = B(xo,r) is a ball, we let AB denote
the ball B(xg, Ar). We say that the measure p (or the space X) is doubling,
if there exists C' > 0 such that

1(2B) < Cu(B)
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for all balls B in X.

DEFINITION 2.7. We say that the space X admits a weak (g, p)-Poincaré
inequality if there exist C' > 0 and A > 1 such that

() (ﬁJu—mﬁwgfmsc»(ﬁBngfm

holds for all balls B = B(xg,r) in X and all pairs (u,g), where u is an
integrable function on X and g is an upper gradient of u. Here and in what
follows, we use the notation

1
up = udu:—/udu.
7 ﬁ n(B) Jp

By the Holder inequality, a weak (g, p)-Poincaré inequality implies weak
(¢, p')-Poincaré inequalities with the same A for all ¢ < ¢ and p’ > p. On the
other hand, by Theorem 5.1 in Hajlasz—Koskela [11], a weak (1, p)-Poincaré in-
equality implies a weak (g, p)-Poincaré inequality for some ¢ > p and possibly
anew A. The argument in the proof of Lemma 2.3 shows that if the Poincaré
inequality (4) holds for all upper gradients, then it holds for all p-weak upper
gradients as well.

It is shown in Shanmugalingam [20] that the p-energy functional v +—
Jx 95 i dp, where w € N'P(X) is fixed and v € NyP(), is convex and
lower semicontinuous. If X is doubling and admits a (1, p)-Poincaré inequality
and we also assume that € is bounded and C,(X \ ) > 0, then the p-
energy functional is coercive on Ny*(§2). Indeed, let v, € N, *(Q) satisfy
lvn||nvie — 00, as m — oo. Then gy, < Gu+v, + 9w and Proposition 3.2 below
applied to a sufficiently large ball B together with Lemma 3.3 below implies

/ﬁmwz/%w—wmm
X X

B -1
> (14 aipag) TonlBins = ol = o
where C,(B \ 2) > 0 and C depends only on p, X and B. In Shanmu-
galingam [20], the coercivity of the energy functional was proved under slightly
stronger assumptions. Standard arguments from functional analysis (using
the local sequentional weak compactness of Ny (Q) and the Mazur lemma)
then yield the existence of a minimizer of the p-energy integral on Q (i.e., a
function satisfying Definition 2.5 with ) = 1); see Shanmugalingam [20].

In Kinnunen—Shanmugalingam [14], it is shown that if X is doubling and
admits a weak (1,p;)-Poincaré inequality for some p; < p, then quasimini-
mizers of the p-energy integral are locally Holder continuous in €2 and satisfy
the Harnack inequality and the maximum principle.
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EXAMPLE 2.8. Using Lemma 3.2 in Shanmugalingam [20] it is not difficult
to verify that every minimizer u of the integral functional u — [, F'(gy)dp
with a nondecreasing function F' satisfying Ct? < F(t) < C't? is a quasimin-
imizer of the p-energy integral.

EXAMPLE 2.9. It is shown in Cheeger [2] that for a doubling space X
with a (1, p)-Poincaré inequality it is possible to define a “gradient” Du of
u € NYP(X), which has all the properties of the usual gradient Vu in R".
Moreover, for p-a.e. x € X, |Du| is comparable to g,. It is then easily
verified that every minimizer u of the integral functional u — [, F(Du)du
with C|¢]P < F(€) < C'|¢[? is a quasiminimizer of the p-energy integral. Note
that we do not require any regularity or monotonicity of F.

Similarly, if A(€) is a vector-valued function such that A(§)-£ > CJ¢|P and
|A(E)| < C'|€|P~L, then every weak solution of the differential equation

/ A(Du) - Dodp =0 for all ¢ € Ny*()
Q

is a quasiminimizer of the p-energy integral. Again, the function A need not
satisfy any regularity or monotonicity conditions.

Next, we introduce a new capacity on X which will appear in the point-
wise estimate for quasiminimizers; cf. Section 6.16 in Heinonen—Kilpeldinen—
Martio [12]. Lemma 3.3 below shows that the capacities cap, and C, are
essentially equivalent.

DEFINITION 2.10. Let B C X be a ball and F C B. We define the
capacity

cap,(F,2B) = inf/ b du,
v JoB
where the infimum is taken over all u € Ny?(2B) such that v > 1 on E.
We are now ready to state the main results of this paper. We shall use the

notation

M(r,r) = (ess Sup u — esssup w) ,
B(zo,7) B(zo,r0) +

where 0 < 7 < 79, ay = max{a,0}, and u € NVP(X) is a quasiminimizer of
the p-energy integral on 2 with the boundary data w € N*P(X). Let also

r~P1u(B(xg,T1))
cap,, (B(wo,7) \ Q, B(zo,2r))’

v(p1,7) =

Our first result is a pointwise estimate for quasiminimizers of the p-energy
integral near a boundary point; cf. Maz'ya [16] and [17].
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THEOREM 2.11. Let X be a doubling metric measure space admitting a
weak (1, p1)-Poincaré inequality for some py < p. Then there exist Cy,Cy > 0
such that if u € NYP(X) is a quasiminimizer of the p-energy integral on Q
with the boundary data w € N*P(X), then

1 fr oy A
M(p,ro) < C’1M(7’07T0)GXP<—§/ exp(—Coy(p1,r)?/ P~7V) 7>~
o

As a consequence of Theorem 2.11 we obtain the following sufficient condi-
tion for the Holder continuity of quasiminimizers of the p-energy integral at
a boundary point.

THEOREM 2.12. Let X be a doubling metric measure space admitting a
weak (1, p1)-Poincaré inequality for some p1 < p. Then there exists Co > 0
such that if w € NYP(X) is Hélder continuous at xg € 09,

i .fl/le (*C’ ( )p/(pfpl))@>0
lgnjg Tog p| ; Xp 0Y\P1,T ” )

and v € NYP(X) is a quasiminimizer of the p-energy integral on Q with the
boundary data w, then uw is Holder continuous at xg.

A sufficient condition for the continuity of quasiminimizers of the p-energy
integral at a boundary point can also be obtained from the estimate in The-
orem 2.11. However, this condition is more restrictive than the following
condition which is obtained directly by a different method; cf. Ziemer [22].

THEOREM 2.13. Let X be a doubling metric measure space admitting a
weak (1, p1)-Poincaré inequality for some p1 < p. Then there exists A > 0
such that if w € NYP(X) is continuous at x¢ € 99,

[ttty

and u € NYP(X) is a quasiminimizer of the p-energy integral on Q with the
boundary data w, then u is continuous at xg.

)

REMARK 2.14. The proof shows that Theorem 2.13 is true for all A sat-
isfying
1
A>—+ L,
p1 o o(p—p1)
where o is the exponent from the weak Harnack inequality (Theorem 4.6).

REMARK 2.15. By Lemma 3.3 below, y(p1,7) is for sufficiently small r
comparable to

5) cap,, (B(zo,7), B(zo,27))

Cappl (B(x()v 7") \ Q’ B(‘T()a QT)) 7




BOUNDARY CONTINUITY FOR QUASIMINIMIZERS ON METRIC SPACES 391

which is the reciprocal of the relative capacity of B(zg,r) \ © appearing in
many Wiener criteria. Lemma 3.3 also shows that for small r

Cr—P1u(B(xg,r)) Cu(B(zo,1))

(6)  (p1,r) < G, (Blzo,r) \ Q) and  y(p1,7) < (Bl \ Q)
so that Theorems 2.11 and 2.13 yield (1) and (2) in the introduction.

Finally, (5) and (6) show that the conditions in Theorems 2.12 and 2.13
are satisfied, e.g., if one of the following conditions holds for some C' > 0 and
all sufficiently small r:

(i) The complement of Q has a corkscrew at zg, i.e., the set B(zg,r) \ £
contains a ball with radius Cr, or, more generally,

w(B(zo,r) \ Q) = Cp(B(zo,7)).
(ii) The complement of € is pi-fat at zo, i.e.,
cappl(B(aco, )\ Q, B(xo,2r)) > C cap,, (B(zo, 1), B(xo,2r)).

Note also that by Theorem 1.2 in [1] every set which is uniformly p-fat (i.e.,
p-fat at all its boundary points) is also uniformly p;-fat for some p; < p.

ExaMpPLE 2.16. Let X be a doubling metric measure space admitting a
weak (1,p1)-Poincaré inequality for some p; < p. Assume moreover that X
is geodesic and that all geodesic curves are “open” in the sense that they do
not contain the first and the last point. Then every ball B = B(zg,r) in
X is regular, i.e., every quasiminimizer of the p-energy integral on B with
continuous boundary data is continuous up to the boundary. Indeed, let zg €
OB and let v be a geodesic curve connecting zy and zg. By the assumptions,
xo cannot be the last point of . Hence for all sufficiently small p > 0 there
exists « € v such that d(zg,2) = p and d(zo,z) = r + p. It follows that
B(x,p) C B(xo,2p) \ B, i.e., the complement of B has a corkscrew at x.

3. Sobolev type inequalities and capacity

In this section we will prove two Sobolev type inequalities for Newtonian
functions. We start by mentioning some properties of Newtonian functions
which will be needed later. By x4 we denote the characteristic function of a
set A.

By Proposition 3.1 in Shanmugalingam [19], every u € NVP(X) is abso-
lutely continuous on p-almost every curve, i.e., the function uo~y: I — R is
absolutely continuous on I for p-almost all rectifiable paths v in X. A set
V C X is p-path open if for p-almost every path v in X the set v~ 1(V) is
open in R. Note that if u is absolutely continuous on p-almost every curve,
then the set {z € X : u(z) > k} is p-path open for all k.

Let u, u; and us be absolutely continuous on p-almost every curve in X,
u=wu; onV and u = uy on X \ V for some p-path open set V C X.
If g1 and g, are p-weak upper gradients of u; and wus, respectively, then
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g1 + gaxx\v and gixv + g2 are p-weak upper gradients of u; see Lemma 3.2
in Shanmugalingam [20]. In particular, if ug = 0, then g xv is a p-weak upper
gradient of u.

Unless otherwise stated, C' denotes a positive constant whose exact value
is unimportant and depends only on the fixed parameters, such as X,d, u
and p. The following proposition is a generalization of the classical Sobolev
inequality.

ProproOSITION 3.1. Let X be a doubling metric measure space admitting
a weak (q,p)-Poincaré inequality. Then there exists C' > 0 such that if B =
B(xo,7) is a ball in X, 0 <1 < (1/3)diam X and u € Ny P(B), then

1/q 1/p
<][ ulqdu> <Cr(][ gﬁdu) :
B B

Proof. The arguments are as in the proof of Lemma 2.8 in Kinnunen—
Shanmugalingam [14]; cf. Theorem 13.1 in Hajlasz—Koskela [11]. Let usp =
fop5 wdp. Then

1/q 1/q
(][ |quM) < (][ |U—U23|qdu) + |u2B|.
2B 2B

By the Holder inequality and the fact that u vanishes on 2B \ B, we have

1/q 1-1/q
u(B))
u < u du < ul?d .
| 2B\f][23| IxB u(][w' | M) <#(2B)

As r < (1/3)diam X, the set X \ (3/2)B is nonempty and the Poincaré in-
equality implies that there exists a point 2’ on the sphere {x € X :d(z,z9) =
3r/2}. Then the set 2B\ B contains the ball B’ = B(2’,r/2), 2B C 7B’, and
the doubling property of p implies

w(B) 3
w(2B) = u2B)

<vy<1

The last three estimates and the weak (g, p)-Poincaré inequality now give

1/(] 1/(] 1/p
(1_7171/(1) <][ |u|? du) < <][ lu—ugp|? du) <Cr (][ gt d#) .
- oB 2B

As u and g, vanish outside B, the ball 2B in the above integrals can be
replaced by B. O

The following inequality was first proved by Maz’ya in the Euclidean set-
ting; see, e.g., [18]. The original proof goes through in the metric space setting
and is given here for the reader’s convenience.
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PRroOPOSITION 3.2.  Let X be a doubling metric measure space admitting a
weak (1, p)-Poincaré inequality. Then there exist C' > 0 and A\ > 1 such that
if Bis a ball in X, u € N'P(X) and S = {z € (1/2)B : u(z) = 0}, then

C
updué—/ gy dp.
f, = 5w

Proof. By splitting u into its positive and negative parts and considering
them separately, we can assume that © > 0 in B. Let

1/p
u= (][ updu) .
B

Denote the radius of B by r and let n be a 2/r-Lipschitz function (i.e., a
Lipschitz continuous function with Lipschitz constant 2/r) vanishing outside
Bsuchthat 0 <7 <1landn=1on(1/2)B. Then the function v = n(1—u/a)
is admissible in the definition of cap,, (S, B) and g, < (1—u/)gy,+gu./u. Hence

2 '4
/ gy, dp.
B
Next,

2p—1 2 —1
_qlP
e 5
1/p 1/p
([r=ara) < ([ lu-uspan) "+ a-usl ()
B B

By Theorem 5.1 in Hajtasz—Koskela [11], X admits a weak (p,p)-Poincaré
inequality with some A, which can be used to estimate the right-hand side of

the last inequality. The first term is estimated directly and for the second
term we have

Capp(S7B)§/g1[;)d:u§
B

@ —up| w(B)'? = |||ull o) — llusllLes)]

1/p
< |lu —uB|zr By < Cr(/ gn du) :
AB

The last three inequalities now give
cap, (S, B) < _Q/ gh dp,
P ar Jyp™"
and the proposition follows. O

The following lemma shows that the capacities cap,, and C, are essentially
equivalent and gives a precise estimate for the capacity of a ball.

LEMMA 3.3. Let X be a doubling metric measure space admitting a weak
(1,p)-Poincaré inequality and let E C B = B(xg,r) with0 < r <(1/6)diam X.
Then there exists C > 0 such that

n(E)
Crp

Cu(B)

< cap,(E,2B) <
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and
Cp(E)
C(1+1rp)
In particular, for bounded sets E, C,(E) = 0 if and only if cap,(E,2B) =0
for some ball B containing E.

_ 1
< cap,(E,2B) < 2"~! (1 + r_P>Cp(E>'

Proof. If v is admissible in the definition of cap,(F,2B), then by Proposi-
tion 3.1 with ¢ = p,

W(E) < / lof? d < Cr? / & dp,
2B 2B
and

By < [ P+ [ gdp<carr) [ g
X X 2

B
Taking infimum over all admissible v yields the left inequalities in the lemma.
Conversely, let n be a 1/r-Lipschitz function vanishing outside 2B such
that 0 <np<landn=1on B. Ifu € N'P(X) is admissible in the definition
of C,(E), then 1 and un are admissible in the definition of cap,(E,2B), and

hence (28) (B)
L u(B) _ Cp(B
cap,(E,2B) < /23 Gydn < =2= < ——,
and
cap,(E.2B) < [ gtydu< [ (Julg, +ng.)? du
2B 2B
or—1
< / IU\”d#+2”’1/ g% dp.
™ Jx be
Taking infimum over all u € N1P(X) finishes the proof. O

4. Proofs of the results

We shall first show that quasiminimizers satisfy a Caccioppoli type estimate
on level sets, as in the De Giorgi classes; cf. Definition 4.5 below. These
estimates will be used to obtain pointwise estimates for quasiminimizers in
terms of their LP-norm and then iterated to prove their (Holder) continuity. In
this section, the general constant C' is allowed to also depend on the constant
Q@ in the definition of quasiminimizers.

PROPOSITION 4.1.  Let u € NYP(X) be a quasiminimizer of the p-energy
integral on Q with the boundary data w € N*P(X). Let xg € X and A(k,r) =
{z € B(zo,7) : u(z) > k}. Then for 0 <11 <72 and k > esssuppy, ,,) W we
have

C
(7) [ ogaws S [ w-wtn
A(k,r) (r2 = 71)P JB(2g,r) *
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Proof. Let 1 be a 1/(ro—r1)-Lipschitz function vanishing outside B(zg,r2),
such that 0 <9 <1 and n = 1 on B(xg,r1). Let v = —n(u — k). Then,
as u = w < k p-q.e. on B(xg,72) \ Q and n = 0 outside B(xg,r2), we have
v e NgP(Q). Also, u4v = (1 —n)(u—k); +kon A(k,ry) and u + v = u
outside A(k,r2). The set A(k,r3) is p-path open, and hence the function
(1 =m)gu + (u—k) 19y + guX X\ A(k,ro) IS @ p-weak upper gradient of u +v. It
then follows from the quasiminimizing property of u that

/ gﬁdué/ gﬁduéQ/ Grogo At
A(k,r1) v#£0 v#£0

< Q/ (L=m)gu + (u—Fk)+g,)" du
A(k,ra)

C
SC/ g”du+7/ (u— k)5 du,
Alkra\A(kyr) (r2 =717 JB(wg,r) +

where C' = 2P~1Q. Adding C times the left-hand side to both sides of the
inequality yields

0
ghdu <9 gﬁdu+—/ (u— k)4 dpu,
/A(k,rl) A(k,r2) (12 = 11)P JB(2o,rs) *

where § = C/(C' + 1) < 1. The following lemma now finishes the proof. O

LEMMA 4.2.  Let f(r) be a nonnegative function defined on [Ry, Rz], where
Ry > 0. Suppose that for all Ry <r; <71y < Ry,

£(r) < 0F(ra) + —2

(r2 —7r1)®
where A,B >0, a >0 and 0 < 0 < 1. Then there exists C > 0 depending
only on « and 0 such that for all Ry <11 <719 < Ro,

f(rl)SC'((r?_Arl)a+B>.

Proof. See, e.g., Lemma 3.1 in Chapter V in Giaquinta [7]. O

+ B,

THEOREM 4.3. Let X be a doubling metric measure space admitting a
weak (1,p)-Poincaré inequality. Then there exists C > 0 such that if u €
NYP(X) and the condition (7) holds for all k > k* and 0 < r; <ry < R <
(1/3) diam X, then for all kg > k*

1/p
ess sup u§k0+0<][ (u—ko)ﬁdu) .
B(xzo,R/2) B(zo,R)

Proof. Let xy be fixed and write B(r) = B(xo,r). Let 0 < r/2 < p <
r<R,ri=(p+r)/2, and let n be a 2/(r — p)-Lipschitz function vanishing
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outside B(r1) such that 0 < n <1 and n =1 on B(p). Let k > > k* and
v =n(u—k);. Then

[ wevtdez [ - 0rdu k- 0ualkp)
B(r) A(k,p)

and the Holder inequality yields for ¢ > p
(8)
p/q
[ mrans ([ e ntan) e
B(p) B(p)

p/a 1 1-p/q
< qu,u> </ ulpdu> .
</B(r1) (k—=1)p B(r)( )+

At the same time, as A(k,r1) is p-path open, the function

9= ngu+ (u—k)gn)XAkr)

is a p-weak upper gradient of v and g, < g. By Theorem 5.1 in Hajlasz—
Koskela [11], X admits a weak (g, p)-Poincaré inequality for some ¢ > p.
Hence, by Proposition 3.1 and the assumption (7),

0 ()

Cr?
< —1/ g5 dp
u(B(r))1 =P/ [y

Cri ( / T / (u—k) d )
— gh dp u— k)Y dp
w(B(r) =P/ J g, (r=p)P JB@) *

Crf o
: (r — p)u(B(ry))—7/a /B(r)(“ k)L dp.

The estimates (8) and (9) then yield

IN

or?
w— k)P du < ! / u—1)4Ld
L@@f S S e B T gy

Note that, by the doubling property of u, the measures p(B(p)), u(B(r1))
and p(B(r)) are comparable. Let £ =1 —p/q > 0 and

u(k,p) = (][B(p) (u— k)% du) l/p-
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Then the last inequality can be written as

o
(r—p)(k—1)%
Forn =0,1,...,let p, = R(1/24+2"""1) < Rand k,, = ko + d(1 —27") > k*,

where d > 0 will be chosen later. Then pg = R, p, \, R/2 and k,, /" ko + d.
We now show by induction that, with a suitable d,

(10) u(k, p) < u(l,r)'*e.

(11) U(k’o + da %R) < U(kn, Pn) < 27#’"‘”(‘[{;07 R) - 07

as n — 0o, where p = (1 +¢)/€. Indeed, (11) is trivially true for n = 0 and
assuming (11) for n > 0, we have by (10) with r = p,, p = pnt1, k = knt1
and [ = k,,,

CR
u(kni1, < w(kn, pn)tte
( n+1 pn+1) = (pn — pn+1)(kn+1 — kn)£ ( n Pn)
< 2n+2e 9= kn(1+8),, (ko RYITE — 9—r(n+1), (L R
S @i u(ko, R) = u(ko, 1),

provided that d = (22761 C)Y¢u(ko, R), where C' is the same constant as in
the last inequality. O

PROPOSITION 4.4. Let X be a doubling metric measure space admitting
a weak (1,p1)-Poincaré inequality for some p1 < p. Then there exist C > 0
and X > 1 such that if uw € NYP(X) is a quasiminimizer of the p-energy
integral on Q with the boundary data w € NYP(X), then for all xo € OQ and
0 <2 r <ryp<(1/3)diam X,

M (3r,70) < (127" M(2Xr, 1),

where

n(r) = C’Y(Pl, %r)p/(pfm).

Proof. With xg, r and r¢ fixed, write M = M (2Ar,ro) and B = B(xo,r).
If M =0 or M = oo, there is nothing to prove. Assume that 0 < M < oo
and define

k;j = esssup w+ M(1—277),
B(zo,70)
vj = (u—kj)4 — (u—Fkjs1)+
Let A be as in Proposition 3.2. Then v; = 0 on AB\ Q and guX7(k; k;41,r)5

with T'(k,l,r) = A(k,r) \ A(l,r), is a p-weak upper gradient of v; in AB.
Proposition 3.2 with p replaced by p;, the doubling property of u and the
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Hoélder inequality then imply

[opans B | g
B capp1(§B\Q,B) B

p1/p
< CrPy(p, 37) </A(k R )gﬁ dﬂ) (T (K, kjg, Ar)) P/,

Next, we estimate p(A(k;41,7)) as follows:

MP1
/B”;)l dp = (kj1 — k)P w(Akj1,7)) = WN(A(/%H,T))

Proposition 4.1 and the doubling property of u yield

p1/p C p1/p
(0" £([ ot
A(k; A7) P \JarB

C p1 C MP
N A p1/p
< o (eszs)\s;pu k‘]) 1(2AB) < TR

u(BP/P,

and putting together the last three inequalities, we get

Ak 41,7)) 1 w(T(kj, kjy1,Ar)) 1—p1/p
- wB) <C7(p1,2r)< u(B) ) .

If n > j+1, then A(k;41,7) on the left-hand side can be replaced by A(ky,7),
and the inequality remains true. We get

<u(A(kn,T))>p/(p_pl) <07(p1 1 )P/(P—Pl)ﬂ(T(kjakj-‘rla)‘r))

1, |
M(B) B} M(B)
and summing up over j = 0,1,...,n — 1, yields
(12) (A, )\ Oy (e, 3r)T
#(B) = - .

Theorem 4.3 with ko and R replaced by k,, and r and the fact that v — k,, <
27"M on B give

1/p
(13) esssup u < ky + C<][ (u—kn)t d,u>
B

B(zo,r/2)
CM [ p(Alkn, )\
( w(B) ) '
Using the estimate (12) we see that the last term on the right-hand side in

1S at most 27" , whenever n > n(r) = D1, 5T ~ . Inserting
13) | 2-"=1M, wh Cy(py, 1)/ P77
the smallest integer n > n(r) into (13) finishes the proof. O

<esssupw+ M(1—-27") + ——
B(I(},’I”o) 2
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Proof of Theorem 2.11. With rq fixed, write M(r) = M(r,r9). We can
assume that 0 < M(rg) < oco. Let C and n(r) be as in Proposition 4.4,
Cy = Clog2, and

w(r) = exp(_cofy(ph T)P/(P*pl)) — 2*?1(27").

For m = 1,2, we divide the interval (0, r¢) into two disjoint subsets as follows:
L = [J[(4N)™ 2 g, (4N) 1)
j=1

Then I U I = (0,79), and hence for some m,

T0
(14) / w(r) ﬁ < 2/ w(r) ﬁ
p r (prr0) NI r

For j =1,2,..., choose rj € [(4\)™ "%~ 1ry, (4X\)™ % ry) so that

1 (4)\)m_2'7T0 (4)\)111,—2_7’7,0 dT

wlr) = e | wlrydr= [ w(r) &,
J (4)\)7” 2j 1’/’0 (4N)m—2i—1p (AN)m—2i—1p, r
Then, as w(r) < 1 for all r, we have
d

(15) / WL < 3wy +o

(pyr0)NIm T p<ri<ro/an
Proposition 4.4 yields for j =1,2,...

M((AN)™ % rg) < M(r;) < M(4Xr;)(1 — 27(@m)=2)

< M((4N)™ 2% ) (1 - #)

Iterating this estimate and using log(1 — ¢) < —¢, we obtain for 0 < p < rg,
1
M) < Miwen(- X i),
p<r;<ro/4A

Finally, we use (14) and (15) to estimate the sum on the right-hand side. O

Proof of Theorem 2.12. As —u is a quasiminimizer of the p-energy integral
on ) with the boundary data —w, it suffices to estimate (u(x) —w(zg))+. We
can assume that w(zp) = 0. As w is continuous at xg, by Theorem 4.3 we
have, for some R >0 and all 0 < ry < R,

M(rg,r0) < M := esssup uq < 0.
B(zo,R)
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By Theorem 2.11 we have for 0 < p < rg

(16)  esssupuy < esssup wy + M(p,ro)
B(zo,p) B(zo,m0)

1 [ d

< esssup w4 + C1 M exp (—— / exp(—C’ow(pl,r)p/(P—Pl)) _7‘)
B(z0,70) 8 p r

By the assumptions, there exist «, 3, C' > 0 such that for all sufficiently small

p and g

esssup wy < Crl
B(I(),’l"())

and
1 dr
| expl(=Contpa, 1 7) % = aftog .
P

Note also that for all 0 < rg < 1
1 1
d d
/ exp(—Coy(py, )P/ 7P0) = S/ = = |log ro-
T0 r T0 r
Then, by (16), we have for sufficiently small p and rq

esssup uq < C’rg + C’lMpa/sro_l/8,
B(zo,p)

and choosing ro = po‘l with 0 < @’/ < a shows that, after a redefinition on a
set of measure zero, u is Holder continuous at xg. O

In the proof of Theorem 2.13 we shall need a weak Harnack inequality for
functions from the De Giorgi class, which we now introduce.

DEFINITION 4.5. Let U be an open subset of X. The De Giorgi class
DG, (U) consists of all functions u € NP(X) satisfying the condition (7) for
all k € R, all balls B(zg,r2) CU and all 0 < 1 < rs.

The following weak Harnack inequality is established in [14, Theorem 7.1].

THEOREM 4.6. There exist positive constants C and o such that for every
ball B C X and every nonnegative function v such that —v € DG, (B),

1/o
(][B o d,u) < Ciréfv.

Proof of Theorem 2.13. Let w € N1P(X) be continuous at xo and let u €
N1P(X) be a quasiminimizer of the p-energy integral on § with the boundary
data w. Note that v = w p-q.e. on X \ Q. Assume that u is not continuous at
zo. Replacing u by —u if needed, we can assume that lim,_,g esssupp,, ,y u >
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w(zg) = 0. Then we can find positive constants ky and M so that for all
sufficiently small r > 0

(17) 2k < esssupu < M.
B(zo,r)

Let o be the exponent from the weak Harnack inequality (Theorem 4.6) and
let 0 <o’ <oand 0 <6 < 1. Let

w(r) = esssup u—esssupu and I(r) = esssup u—w(r)?/°.
B(xo,10Ar) B(zo,r) B(zo,10Ar)

As lim, g w(r) = 0, we have [(r) > ko and

(18) w(r)"//” = esssup u—I(r) < w(r)g"//”
B(z0,10AT)

for all sufficiently small r > 0.

As w is continuous at zo, we have esssuppg(,, ) w < ko for some ro > 0,
and hence (u — ko)+ = 0 p-q.e. on B(xg,79) \ 2. Proposition 3.2 then implies
for sufficiently small » > 0

(19) cap,, (B(ro,7) \ 2 B(ro,2r)) ][ (u — ko)?" dy
B(zo,27)

<C 9oy, Apt
B(xo,2)1) (u=ko)+

SC/ gu' du+0/ gu' dp,
A(l(r),2Ar) T (ko,l(r),27)

where A(k,r) = {z € B(zo,7) : u(z) > k} and T(k,l,r) = A(k,r) \ A(l,7).
The two integrals on the right-hand side in (19) will be estimated separately.
By the Holder inequality, Proposition 4.1, and (18), we have

p1/p
(20) / gP dp < </ gb du> w(B(zq, 2)\r))1—p1/p
A(L(r),22r) A(l(r),22r)

: e <][B(wo,10)\r) (u = 1r))s du) "

rb1

< Cr(B(zo, 7)) w(r)plegl/g~

- rb1
Another application of the Holder inequality implies
(21)

p1/p
/ gutdp < (/ gu du) (T (ko, U(r), 22r)) ' —P2/P.
T(ko,l(r),2A7) A(ko,227)
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By Proposition 4.1 and (17), the integral term on the right-hand side can be
estimated as follows:

p1/p C p1/P
(22) (/ 9 du) < — (/ (u—ko)% du)
A(ko,2)7) P2\ JB(z0,102r)

< Cr7PLMP (B (xg, 7))PH/P.

In order to estimate (T (ko,l(r),2Ar)), we first observe that the function
U = eSS SUP gy, 100r) ¥ — Max{u, ko } is nonnegative in B(zo, 10Ar). A simple
calculation shows that (—v—Fk); = (u—k"); with k" =k +esssupp(,, 101 ¢
for all k > k™ = ko —esssupp(y, 10ar) U- At the same time, for & < k* we have
—v—k > —v—k* > 0on B(zg, 10Ar). Hence, Proposition 4.1 with k replaced
by k' implies that —v belongs to the De Giorgi class DG, (B(zo, 10Ar)). It
then follows from the weak Harnack inequality (Theorem 4.6) that

H(T (ko, 1(r), 24r)) (sts sup u= i)

< / v dp < C’u(B(xo,Q)\r))< esssup u — esssup u) )
B(xo,2Ar) B(xzo,10Ar) B(zg,2Ar)

This and (18) now yield
(T (ko,1(r),22r)) < C,u(B(ch,r))w(r)”_"/.
Inserting this estimate, together with (20)—(22), into (19), we obtain
ca, B(xo, Q, B(xg,2
(23) pp1( Exo )\ (z0,21)) ][ (u — ko)g} du
r le(B(.’L'(),T)) B(zo,2r)
< C(w(r)Pr0/e 4 MPro(r) e Amp/P)),
Next, by Theorem 4.3 and (17) we have for sufficiently small r > 0,

P
kb < (ess supu — ko) < C][ (u— ko) du
B(zo,r) B(zo,2r)

SCM”_I’I][ (u— ko)t dp,
B(zo,27)

and hence
][ (u — ko) dp > CMPPREY > 0.
B(zo,2r)

The estimate (23) with suitable choices of § and ¢’ then shows that for suffi-
ciently small » > 0 and all A > 1/py +p/o(p — p1),
ca B(xg,7) \ Q, B(xg, 2r A
( Py, (B(wo,7) \ (w0 ))) < Cuwlr).
=7 (B0, 7))

The inequality fol w(r)dr/r < fllo/\esssupB(zo’r)udr/r < oo finishes the
proof. O
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