DIFFERENTIABILITY OF p-HARMONIC FUNCTIONS ON
METRIC MEASURE SPACES

JASUN GONG AND PIOTR HAJLASZ

ABSTRACT. We study p-harmonic functions on metric measure spaces, which
are formulated as minimizers to certain energy functionals. For spaces support-
ing a p-Poincaré inequality, we show that such functions satisfy an infinitesmal
Lipschitz condition almost everywhere. This result is essentially sharp, since
there are examples of metric spaces and p-harmonic functions that fail to be
locally Lipschitz continuous on them.

As a consequence of our main theorem, we show that p-harmonic functions
also satisfy a generalized differentiability property almost everywhere, in the
sense of Cheeger’s measurable differentiable structures.

1. INTRODUCTION

A celebrated theorem of Ural’tseva [Ura68] states that p-harmonic functions, for
1 < p < o0, are locally C1*-smooth (cf. [Lew83]). Recall that for an open set
Q C R”, a function ug € VVllof (Q) is called p-harmonic if it is a local minimizer of
the p-energy functional

Flu] = /Q IVl de. (1.1)

Since Vuyg is only locally p-integrable, it may happen that Flug] = co. We therefore
define local minimizers ug as follows: for every open set U CC Q2 and v € WO1 P(U),

/|Vu\pdx < / IV(u+v)Pde.
U U

Equivalently, ug € VVllocp (Q) is a local minimizer of F if and only if ug is a solution
to the p-harmonic equation

div (|VulP~2Vu) = 0. (1.2)
This regularity result has been extended to more general equations of the form
div A(z,u,Vu) = B(z,u, Vu) (1.3)

under certain structure conditions on A : QXRxR™ — R" and B : 2 xRxR"” — R;
see [LUGS|, [Uhl77], [DiB83]. As a direct consequence of Ural’tseva’s result, we see
that p-harmonic functions are locally Lipschitz continuous.

Our aim is to investigate the regularity of p-harmonic functions in the setting of
metric measure spaces, i.e. metric spaces equipped with a Borel measure. Analysis
on such spaces has been a subject of much investigation for the last two decades.
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In particular, a suitable notion of (upper) gradient, Sobolev space, and p-harmonic
function has been developed in this setting.

General metric measure spaces are too rough for such analysis to be interesting,
but the class of spaces that support a p-Poincaré inequality turns out to be partic-
ularly rich. Many results related to analysis of first-order derivatives, known in the
Fuclidean setting, can be generalized to spaces that support a p-Poincaré inequality.
This class of spaces was introduced by Heinonen and Koskela [HK98] in their study
of quasiconformal mappings between metric spaces. Subsequently, Cheeger [Che99]
proved that such spaces admit a measurable differentiable structure. For the theory
of Sobolev spaces on metric spaces supporting Poincaré inequalities, see [HK95],
[HK98], [HK00] [Che99], [Sha00], [Haj03] and the theory of p-harmonic functions
has been investigated in [KSO01], [Sha01], [KMO03], [Sha03], [BBS03a], [BBS03b],
[BMO06], and [GMP10].

Here the relevant question is: which reqularity results of p-harmonic functions,
known for Euclidean spaces, also hold true for spaces supporting Poincaré inequal-
ities? The Moser iteration technique and the De Giorgi method can be adapted
to such spaces. This implies that on spaces that support a p-Poincaré inequal-
ity, p-harmonic functions satisfy the Harnack inequality and are therefore locally
Holder continuous [KS01], [BMO06]. The C!:®-regularity, on the other hand, cannot
be generalized; the differentiable structure of Cheeger is only measurable and we
do not consider continuity properties of differentials. However, it does make sense
to ask whether p-harmonic functions are locally Lipschitz continuous.

The difficulty here is that standard proofs of Lipschitz continuity of p-harmonic
functions involve estimates for second-order derivatives. In contrast, it is not pos-
sible to define second-order derivatives in the general setting of spaces supporting
Poincaré inequalities. A new technique is therefore needed. We know of two such
approaches: Koskela, Rajala, and Shanmugalingam [KRS03] proved that if the
space supports a 2-Poincaré inequality and a certain heat kernel estimate, then 2-
harmonic functions are locally Lipschitz continuous. Petrunin [Pet03] proved that
2-harmonic functions on Alexandrov spaces are also locally Lipschitz continuous.

Neither of the two approaches, however, can be generalized to the general case
of spaces supporting a p-Poincaré inequality. An example provided in [KRS03, p.
150] shows a space that supports a 2-Poincaré inequality and a 2-harmonic function
which fails to be Lipschitz continuous at one point.

Let u be a p-harmonic function on a metric measure space (X, d, pt) that supports
a p-Poincaré inequality. Although w is not necessarily (locally) Lipschitz continuous,
in our main result (Theorem 3.1) we nonetheless prove that the pointwise Lipschitz
constant is finite p-almost everywhere. More precisely, for py-a.e. z € X,

Lip[u](z) := limsup sup M < 0.
r—0 yeB(z,r) r

Together with a generalization of the Stepanov theorem [BRZ04], this implies that
p-harmonic functions are p-a.e. Cheeger differentiable (Corollary 3.2). In fact, our
argument is not only restricted to p-harmonic functions; we also prove the result
for quasi-minimizers of the functionals
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where g, is the minimal p-weak upper gradient of v and F' satisfies certain growth
conditions, as discussed in §2.3.

In fact, Bojarski [Boj85] and Reshetnyak [Res87] proved that under certain
growth and structure conditions, solutions to the nonlinear elliptic equation (1.3)
are also a.e. differentiable, even if the equation does not allow for the estimates
of second-order derivatives. For other Euclidean generalizations of this result, see
[Str92a], [Str92b], [HS93], [Jez94], [KRI7], [Bj601], and [HMO02]. Our proof is an
adaptation of the technique presented in [HS93] to the metric measure space setting.

The paper is organized as follows. In Section 2 we recall basic facts about upper
gradients and Newtonian spaces, an analogue of Sobolev spaces on metric spaces.
We also discuss several weak differentiability theorems, as well as several useful
properties of quasi-minimizers. We state our main result in Section 3. To prove
it, we will use a rescaling principle to control the “difference quotients” of quasi-
minimizers, which reduces the setting to that of existing differentiability theorems.

The authors would like to thank Juha Kinnunen and Niko Marola for helpful
conversations that led to several improvements of this work.

2. PRELIMINARIES: ANALYSIS ON METRIC SPACES

In this section, we discuss a generalization of Sobolev spaces to metric spaces,
as introduced in [Sha00]; an equivalent formulation can be found in [Che99]. Other
standard references are [Haj96], [HK98], [HK00], [Hei0O1], and [Haj03].

To fix terminology, a metric measure space (X,d, pu) consists of a metric space
(X,d) equipped with a Borel measure p on X. Given a ball B = B(z,r) and A > 0,
we write AB = B(z, Ar). We write LP(X) for the space of all p-intergrable functions
on X with respect to p, and || - ||, denotes the usual norm on LP(X). For a locally
integrable function v : X — R, its average value over a ball B is

1
ug = udzi/ud.
? ]i By

(By a locally integrable function, we are referring here to functions that are inte-
grable on every ball in their domains.)

Unless otherwise stated, the letter C' will denote a positive constant that depends
on certain parameters to be specified. The exact value of C' may change, even within
the same line.

2.1. Generalized Sobolev spaces. We begin with line integrals on metric spaces
and proceed to upper gradients, which are defined in terms of line integrals and a
generalized Fundamental Theorem of Calculus.

For a rectifiable curve « : [a,b] — X (with respect to the metric d on X) and a
Borel function p : X — [0, 00|, we define the line integral of p on v to be

L pis = | e at

where £(7) is the length of v and 4 : [0, £(7y)] — [0, o] is the arc-length parametriza-
tion of 4. For u : X — R we say that a Borel function g : X — [0, 00] is an upper
gradient of u if
u) — ur(a))] < [ gds (21)
¥
holds for every rectifiable curve « : [a,b] — X.
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As examples, every smooth function v : R® — R admits |Vu| as an upper
gradient (with respect to the Euclidean metric and the Lebesgue measure). More
generally, for each Lipschitz function f on a metric space X, the pointwise Lipschitz

constant
Lip[f](z) := limsup sup [#(y) = F)|
r—0 yeB(x,r) r
is an upper gradient of f [Sem95, Lem 1.20] (see also [Che99, Prop 1.11]).

For technical reasons we also consider p-weak upper gradients, which are defined
similarly but allow an exceptional class of curves to the condition in (2.1). This in
turn requires a means of measuring families of rectifiable curves. Unlike upper gra-
dients, p-weak upper gradients enjoy the property that their u-a.e. representatives
are also p-weak upper gradients [Haj03, Lem 6.2].

Motivated by this, let I" be a collection of non-constant rectifiable curves on X.
For p > 1, the p-modulus of T is defined as

mod,(I') := inf/ ol du
pJx

where the infimum is taken over all Borel functions p : X — [0,00] satisfying
fv pds > 1 for all v € T". It is well known that for each p > 1, the p-modulus is an
outer measure on M, the family of all rectifiable curves on X.

Definition 2.1. For u : X — R, we say that a Borel function g : X — [0, 00| is a p-
weak upper gradient of v if Equation (2.1) holds for mody,-a.e. curve y € M — that
is, if the sub-collection of curves in I' for which the property fails has p-modulus
zero.

We now define analogue of Sobolev spaces on metric measure spaces.

Definition 2.2. Let p > 1. We say that a function v : X — R lies in the space
N1P(X) if u € LP(X) and if the quantity

lullsp = llull, + nfigl, (2.2)

is finite, where the infimum is taken over all p-weak upper gradients g of u. Fur-
thermore, for u,v € N'?(X), we write u = v whenever |Ju — v|/1, = 0.

The Newtonian space N''P(X) consists of equivalence classes of functions in
NLP(X) with respect to the equivalence relation (2).

For a domain  C X, the space N17() is defined similarly, and N,? () denotes
the functions in N1?(Q) with zero boundary values; for details, see [Sha00], [KSO01].

We conclude this section with several basic properties of the Newtonian space.
They are, respectively, [Sha00, Thm 3.7] and [Haj03, Thm 7.16].

Theorem 2.3. Let (X,d, ) be a metric measure space and let p > 1.
(1) (NY2(X), || |l1,p) is @ Banach space.
(2) For each u € NYP(X), there is a unique p-weak upper gradient g, € LP(X)
with the following property: for every p-weak upper gradient g € LP(X) of
u, we have g, < g p-a.e. on X.

We refer to g, as the minimal p-weak upper gradient of u.
For Euclidean spaces, we have W1?(R") = NLP(R") as sets and their norms are
equal [Sha00, Thm 4.5]. Each u € W1P(R") satisfies g, = |Vul.
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2.2. Poincaré Inequalities & Generalized Differentiability. For metric mea-
sure spaces under certain hypotheses, a generalized version of Rademacher’s theo-
rem holds. We begin with the first hypothesis: a growth condition for measures.

Definition 2.4. We say that a Borel measure u on X is doubling if balls have finite
and positive p-measure, and there is a constant £ > 1 so that the inequality

w(B(z,2r)) < wp(B(z,r)) (2.3)

holds, for all x € X and 0 < r < diam(X).
As a shorthand, we call @ := log, £ the doubling exponent of X.

The Lebesgue measure on R” is clearly doubling. On a Riemannian manifold
with non-negative Ricci curvature, the volume element is also doubling; this follows
from the Bishop-Gromov comparison theorems [CE75].

As a consequence of the doubling condition (2.3), the u-measures of balls are
locally bounded from below by powers of their radii [Haj03, Lem 4.7].

Lemma 2.5. Let (X,d) be a metric space and let p be a k-doubling measure, for
some k > 1. Then for each ball By := B(xg,79) in X,

s B
45 (L) < MB(1)) (2.4)
T 1(Bo)
for all x € B(xzg,r0) and all 0 < r < rg.
On Euclidean spaces, the Poincaré inequality states that the mean oscillation of

a smooth function is controlled by the average of its gradient. Below, we formulate
this property in the case of metric measure spaces.

Definition 2.6. Let p > 1. A complete metric measure space (X,d, u) is said to
support a p-Poincaré inequality if there exist C' > 0 and A > 1 so that

]{3 lu—up|dy < C diam(B) (][ 9 du)l/p (2.5)

holds for all w € N''?(X) and all balls B in X.

Standard Hypotheses 2.7. Here and in what follows, we assume that all metric
spaces (X, d) are complete and support both a doubling measure p and a p-Poincaré
inequality; that is, Equations (2.3) and (2.5) hold with fixed parameters x, C, A.
We also say that a constant C' > 0 depends on the parameters of the space and
write C' = C(X), if it depends on the parameters x, C, A from the above hypotheses.

The following result, due to Cheeger [Che99], extends the classical Rademacher
theorem to metric measure spaces. With respect to certain choices of “coordinate”
functions, Lipschitz functions satisfy a generalized differentiability property.

Theorem 2.8 (Cheeger, 1999). For a melric measure space (X,d,p) satisfying
Standard Hypotheses 2.7, there exist N = N(X) € N, and

(1) @ collection of u-measurable, pairwise-disjoint subsets {Xi}32, of X with

M(X\ G Xk) = 0,
k=1

(2) a collection of numbers {n;}32,, with 0 <ni < N,
(3) a family of Lipschitz mappings & : X — R™  with k € N,
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with the following property: for each k € N and each Lipschitz function f: X — R,
there is a unique map Dypf € L¥(Xp;R™) C L™(Xp;RY) so that, for p-a.e.
x € Xg,
L S) ~ @)~ D (@) - (6(y) — &)
y—z d(z,y)
Remark 2.9. By Keith’s theorem [Kei04, Thm 2.7], the maps & can be chosen as
distance functions; that is, their component functions are of the form x — d(z, zy).
It follows that the family of functions {&;}%2, is uniformly 1-Lipschitz.

= 0. (2.6)

By the uniqueness part of Theorem 2.8, the operator
f = Df = ZXXk Dy f
k=1

is linear, with Df € L>(X;RY). We refer to Df as the (Cheeger) differential of f.

Combining [Sha00, Thm 4.1] with Standard Hypotheses 2.7, we see that Lipschitz
functions are norm-dense in N'?(X). The differential Du is therefore well-defined
for all functions in u € NVP(X), as proven in [FHK99, Thm 10]; see also [BRZ04,
Thm 4.4]. However, for p < n not every function f € W1P(R") is a.e. differentiable
with respect to the Lebesgue measure. Similarly, Equation (2.6) may fail to hold
for functions in N1'?(X). This leads to the following definition.

Definition 2.10. For a function f : X — R, we say that f is Cheeger differentiable
at a point « € X, if Equation (2.6) holds for f at x.

As in the case of R™ and the gradient map f +— V f, similar properties hold for
the differential u — Dwu on metric spaces. The first theorem gives generalizations
of the classical Stepanov and Calderén theorems [BRZ04, Thm 3.1 & Cor 4.3].

Theorem 2.11 (Balogh-Rogovin-Ziircher, 2004). If (X,d,u) is a metric measure
space satisfying Standing Hypotheses 2.7, then
(1) each function f: X — R is Cheeger differentiable at p-a.e. point of the set

S(f) = {x € X : limsup sup M < oo},
r—0 yeB($7T) r
(2) forp > Q, each f € NYP(X) has a locally Hélder continuous representative
that is Cheeger differentiable p-a.e. on X.

The next fact states that Cheeger differentials satisfy a first-order Taylor ap-
proximation property, in terms of integral averages [Bjo00, Cor 4.6]. To clarify, the
original result is formulated for the space H'?(X), which is defined as the closure
of locally Lipschitz functions on X with respect to the norm

I fllzrexy == I fleecx) + IDfllLex)-
However, from the hypothesis of a p-Poincaré inequality and from [Haj03, Thms

10.2 & 11.2], it follows that H*?(X) = N'P(X), so the same result also holds for
NUP(X). We state this version below.

Theorem 2.12 (Bjorn, 2000). Let (X,d, ) be a metric measure space satisfying
Standard Hypotheses 2.7, with 1 < p < oo, and let { X}, and {£x}72, be as in
Theorem 2.8. For each u € NYP(X) and p-a.e. v € X, we have

lim % (]i(“) u(y) — u(z) — Dyu(x) - (&(y) — &(x)) ‘pd,u(y))% - 0.
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2.3. Quasi-minimizers and Local Boundedness. We now formulate a varia-
tional problem on metric measure spaces. For a domain 2 CC X and a function
F: X xR xR — R, consider functionals on Nﬁ)’f(X) of the form

| Plau(o).0u(@)duta). 27)

Definition 2.13. A function v € N P(X) is called a (K -)quasi-minimizer (of the

loc

functional (2.7)) if there exists K > 1 so that
Flu;Q@n{u#v}) < KF(v;Q0 {u#v})

for all @ CC X and all v € NJP(X) with u — v € NyP(Q). If K = 1, then u is
called a minimizer (of (2.7)).

f(u; Q)

For the case of X = R™ and F' = |Vu|?, it is well known that u is a weak solution
of (1.2) if and only if it is a minimizer of the functional (2.7). The same holds true
for equations (1.3) with a vector field A : @ x RxR™ — R™ and a non-homogeneous
term B : 2 x R x R” — R, where A and B satisfy certain growth and structure
conditions; for details, see [Giu03, Chap. 5].

Structure Conditions 2.14. Motivated by this, in what follows we will focus
exclusively on functionals whose integrand F' satisfies

2P = b(@)lyl” —ale) < Flo.y,2) < Li? +b(@)lyl +a(x)  (28)

where L>1,1<p<@Q,s>Q/p,and a,b € L*(X) with a,b > 0 p-a.e. on X. (As
before, () denotes the doubling exponent of X.)

We call the parameters s, L, a(x), and b(z) the data of the functional F. We
will also say that a constant C' > 0 depends on data and write C' = C(data), if C
depends on s, L, a(x), and b(z) from (2.8).

As an example, the non-homogeneous p-energy functional
U — / (g% +ub+a)dr (2.9)
Q

corresponds to the p-Laplace equation (1.2) on R™, with b replacing 0 on the RHS
and with @ = 0. From the elementary identity t < t? + 1 for ¢t > 0, we easily see
that the functional satisfies Structure Conditions 2.14.

Remark 2.15 (p-harmonicity vs. Cheeger p-harmonicity). Recall from [Che99]
that there exists C' = C'(X) > 1 so that the p-a.e. inequality

C'g, < |Du| < Cg,

holds for all Lipschitz functions u (and by density, for all u € NYP(X)) where
| - | indicates the standard Euclidean norm (on RY). As a result, for b = 0 the
K-quasi-minimizers u of (2.9) are C?? K-quasi-minimizers to

u / (|Dul? + a) dp. (2.10)
Q

Similarly, K-quasi-minimizers of the functional (2.10) are C?? K-quasi-minimizers
to (2.9).

For K = 1 and a = b = 0, the corresponding minimizers to (2.9) and (2.10)
are known as p-harmonic functions and Cheeger p-harmonic functions, respectively

[BBS03b].
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The next result [GMP10, Lemma 4.2] is a local boundedness lemma for quasi-
minimizers and is crucial to the proof of Theorem 3.1; see [KS01] for the original
case of a = b = 0. Roughly speaking, it states that quasi-minimizers are locally
bounded by their integral averages, up to an additive term that depends on the data
of the functional. Below, we assume that Standing Hypotheses 2.7 and Structure
Conditions 2.14 are in force.

Lemma 2.16 (Gong-Manfredi-Parviainen, 2010). Let 2 be a domain in X and fix
K > 1. There exist C = C(X,data) >0 and 8 = B(p,Q,s) € (0,1) so that

1/p
swlul < C{(f )" + (la L)) (2.11)
B 2B

holds for all K -quasi-minimizers u € No¥ () and all balls B = B(x,r) in X.

Le(x) + [[b]

3. DIFFERENTIABILITY PROPERTIES OF QUASI-MINIMIZERS
We now state our main result in terms of pointwise Lipschitz constants.

Theorem 3.1. Let (X,d,u) be a metric measure space satisfying Standard Hy-

potheses 2.7. If the functional in (2.7) satisfies Structure Conditions 2.1/4, then
X L. 1,p |

every quasi-minimizer u € N,J¥(X) satisfies

Lip[u](z) < o0 (3.1)
for p-a.e. z € X.

Using the notion of Cheeger differentiability from Definition 2.10, the next result
follows easily from Theorems 2.11 and 3.1.

Corollary 3.2. Under the same hypotheses, every quasi-minimizer is Cheeger dif-
ferentiable p-a.e. on X. In particular, p-harmonic and Cheeger p-harmonic func-
tions are Cheeger differentiable p-a.e. on X.

The proof of Theorem 3.1 follows a similar idea in [HS93]. Instead of rescaling the
PDE, however, we show that generalized difference quotients of quasi-minimizers
are themselves quasi-minimizers to appropriately rescaled energy functionals. Since
arbitrary metric spaces do not admit Euclidean dilations of the form = — Az, we
will instead rescale the metric d.

In what follows, we will see that many crucial properties of metric measure spaces
are preserved under rescalings of the metric. The rescaled energy functionals will
also satisfy local bounds similar to Lemma 2.16. We will later see that the constants
for these bounds will be independent of the scaling parameter, from which Theorem
3.1 follows.

3.1. Rescalings of Metric Spaces. Given a metric measure space (X, d, u) and
A € (0,1), put dy := A~ 'd. We also write X for the rescaled metric measure space
(X,dy, ). To fix notation, By = By(x,r) denotes the ball(s)

By(z,r) = {ye€ Xy :dxy(z,y) <r}
= {yeX :dx,y) <Ar} = Bz, Ir)

and diamy (A) refers to the diameter of A C X. Clearly the diameter functions of
X and X, are related by the formula

diamy (By(x,7)) = A\~!diam(B(z, \r)). (3.2)
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If v : [a,b] — (X, d) is a curve then we write vy : [a,b] — (X, dy) for the same curve
in X; the subscript A only indicates the change in the metric. Clearly, the length
£x () of vy satisfies

() = A7)

from which we conclude that, for all Borel functions p : X — [0, o],

/pds = )\/ pdsy. (3.3)
Y A

Here s) denotes the arc-length parameter of y.

Regarding the Standard Hypotheses, it is easy to see that if X is x-doubling,
then so is X. The next fact asserts that p-weak upper gradients of functions
are rescaled whenever the metric is rescaled; in contrast, Poincaré inequalities are
preserved under rescalings, with the same parameters as before.

To fix notation, the minimal p-weak upper gradient of u on X is denoted by g;.

Lemma 3.3. Let A € (0,1) and let u: X — R.

(1) A Borel function g : X — [0,00] is a p-weak upper gradient for u in X if
and only if Ag : Xx — [0,00] is a p-weak upper gradient for u in X.

(2) Let pu be a doubling measure on X. Then X supports a p-Poincaré inequality
if and only if X supports a p-Poincaré inequality with the same parameters
C>0and A > 1.

Proof. Let g : X — [0,00] be a p-weak upper gradient of v : X — R. For a
rectifiable curve v: [0, L] — X, Equation (3.3) implies

[u(y) — ()| < /gds - /ngdsk

~

so Ag is an upper gradient of v : X, — R. The other direction is symmetric, so
this proves (1).
For (2), if u € N.P(X) then (1) implies that u € N5”(X,) and that

Using this and Equation (3.2), we obtain the identities

1

diam,\(BA)(]{\B (gg)pdu)E - xldiam(AB)(][

(92)" dn)”
A(AB)

— diam(\B) ()ﬁp]{\ o) (g))P d,u) ’

1
= diam(\B) (]{\(AB) gb du) "

Moreover, it is clear that we have the identities up, = uxp and

£l unldn = sl dn
B AB

So by replacing the balls AB with B, the lemma follows. O
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3.2. Difference Quotients are Quasi-Minimizers. To determine the differen-
tiability properties of quasi-minimizers, we now study their generalized difference
quotients. Given a ball B = B(xzo,r) in X, a function v : X — R, and a fixed
number 7 € R, we define

u(z) =1

Qpu(x) :=

r

Clearly u € N,oP(X) implies Qpu € N\bP(X) and we have the identities

loc

Q2pu = 2(Qpu) (3.4)
u = r(Qpu)+T (3.5)
Ju = TIQpu)- (3.6)

Lemma 3.4. Let K > 1, fix a ball B = B(xo,7) in X, and put A = r. Suppose
that the functional (2.7) satisfies Structure Conditions 2.14 with data s, L, and
a,be L*(X).

(1) Ifu € N.P(X) is a K -quasi-minimizer of the functional (2.7), then Qpu €

loc

Nﬁ)’f(XA) is a K-quasi-minimizer of the functional

Folws) = [ Fieula). b)) dula)
where Fy(x,y,z) = F(z, Yy + T, z)
(2) Fy satisfies the modified structure conditions
2P = @)yl +a(z) < Folw,y,2) < LIzl +b(@)lyl’ +a@)  (3.7)
with respect to the data

a(z) = 207'(|7|Pb(z) + a(x))
b(z) = 2P7'rPb(x)
Proof. To prove (1), note first that Lemma 3.3 and Equations (3.5)-(3.6) imply that

A _
g(QBU) = )\g(QBU) = Ar 1gu = Gu

from which it follows that
FO(:L'7 QBU(LI'), ggBu(x)) = F(CE, ’U,(CE), gu(fﬂ))

Let V € N.P(X) be such that Qpu — V € Nj?(Q). The function v := rV + 7

loc
satisfies Qv = V and therefore u — v € Ny P(2). Using the above identities, we
obtain

Fo(Qpu; Qn{Qpu#V}) = Fy(z,Qpu(z), Q(AQBU)(’I)) dp(z)

/S)ﬁ{QBu;aéV}
= / F(z, u(z), gu(x)) du(z)
QN{u#v}
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and using the quasi-minimizing property of u, we further obtain
Fo(Qeu: QN {Qpu #V})

< K F(l‘, ’U(.’E), gv(w)) dﬂ(‘r)
QNn{uz#v}

K Fy (m, Qpv(x), gE\QBv)(x)) du(x)
QN{Qpu#V}

= K]:()(V,Q N {QBU #+ V})

Hence Qpu is a K-quasi-minimizer of Fj.
Since F from the functional (2.7) satisfies Structure Conditions 2.14, the con-
vexity of the function t — |¢|P, for p > 1, gives

Fo(z,y,2) = F(gc7 Ty+T,Z)

L] + b(a) "+ a()

A

Y+ T

IN

LIz + b(@)20~ (7]yl? + |717) + a(x).
The other inequality is similar, which proves (3.7). O

We are now ready to prove our main result. As before, g, denotes the minimal
p-weak upper gradient of v in X.

Proof of Theorem 3.1. Let u € NIIO’CP(X) be a K-quasi-minimizer. In particular, we
have |u(zg)| < oo and |Du(zg)| < oo for p-a.e. zp € X. For such points zg € X,
let r € (0,%) and put A = r. It follows that

By := Bx(zo,1) = B(zo,7) =: B.
With 7 = u(zg), the difference quotient

QBU(:]C) _ U(.’[) u(l'o)
r
is a K-quasi-minimizer of the modified functional Fy from Lemma 3.4.

By hypothesis, (X, d, 1) satisfies Standard Hypotheses 2.7, so by Lemma 3.3 the
rescaled space X, satisfies the same hypotheses and with the same parameters k,
C, and A.

For the functions @ and b from Lemma 3.4 and using the ball 2B of radius 2,
observe that the expression

(lallzexy + 1Bl e () 2°

in inequality (2.11) is bounded by a constant ¢y > 0 that is independent of . Hence
Lemma 2.16 and equation (3.4) imply that

C(]ém |Qpul? du)% + ¢o

c(]éB 2P| Qo ul? du)% +eo

IN

sup |Qpu| = sup|Qpu|
B ) (3.8)

IN

for constants C, ¢y > 0 independent of r.
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Let {Xj}72; and {&}72, be as in Theorem 2.8. Theorem 2.12 implies that for
p-a.e. g € Xi, we have

<]£B ‘Q2BU — Dyu(zo

for sufficiently small r > 0. Since each & is 1-Lipschitz (Remark 2.9) we further
obtain

)§k(y) —Tﬁk(xo) pd/,é)% <1

(]éB ‘QQBU’pd'u/)% < (]éB ‘QzBu_Dku(xo)M‘pdu)%
+ (]l ‘Dku(ﬂfo) S (y) — &n(@o) pdu)%
2B r
< 1+ [Dyu(zo)]

which, combined with Equation (3.8), implies that

sup |Qpu| < C’<][ ’Q23u|pdu>; + ¢ < C(1+ |Dru(zo)]) + co-
B 2B

In particular, the upper bound is independent of r = A. Taking limits as r — 0,
the LHS converges to Lip[u](zo), so the theorem follows. O
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