HARNACK’S INEQUALITY FOR p()-HARMONIC FUNCTIONS WITH
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PETTERI HARJULEHTO, PETER HASTO*, AND VISA LATVALA

ABSTRACT. We study properties of the function u = lim,_,, Uy, where U, is the solution
of the min{p(-), A}-Laplacian Dirichlet problem with bounded Sobolev boundary function.
Here p: Q — (n, o] is a variable exponent such that 1/p is Lipschitz continuous. We
derive Bloch-type estimates and using them we prove Harnack’s inequality in cases of
unbounded but finite exponent.

1. INTRODUCTION

During the last ten years, function spaces with variable exponent have attracted a lot of
interest, see the surveys by Diening, Hésté and Nekvinda [9] and Samko [32]. Apart from
interesting theoretical considerations, these investigations were motivated by a proposed
application of variable exponent spaces to modeling electrorheological fluids, see Ruzicka
[30, 31] and Acerbi & Mingione [2]. More recently, another application emerged, as
Chen, Levine & Rao [6] proposed a variable exponent formulation for the problem of
image restoration.

Partial differential equations related to Sobolev spaces with variable exponent have
also been investigated by several researchers. The paradigmatic Dirichlet minimization

problem,
inffqulp(X) dx
v Ja

for u—-we Wé’p(')(Q), where w € WXPO(Q) is the boundary function, has been investigated
e.g. in [1, 13, 20, 24] and the corresponding Euler-Lagrange equation

div (p(x)|Vul"®-2vu) = 0

e.g. in [3, 4, 5, 12, 15, 22, 29, 33]. However, all of these investigations have been limited
to the case when p is bounded away from 1 and co. Investigations of the p(-)-harmonic
functions usually also assume that pis log-Holder continuous, but also stronger continuity
conditions have been used, for instance in [1, 3, 15]. Recently, the authors [21] considered
minimizers in the case p — 1. The main points of that work are described in Section 3.
In this paper we investigate the opposite limit, as p — oo. Previous investigations of
limit cases of the variable exponent (e.g. [11, 16, 18] on Sobolev inequalities when p /' n
or p N\, n, and [8, 17] on maximal inequalities when p \, 1) suggest that going to the
limit will be quite difficult. Our approach is based on solving the Dirichlet problem for
p: = Min{p, A}, a truncated version of the exponent p we are really interested in, and then
letting A — oo. The challenge is to obtain estimates which are independent of the upper
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bound of the intermediate exponents. This is only partially achieved in the method
presented in this article: for our results we need a growth condition on the exponent.
Although this condition allows us to approach the set where the exponent is infinite, it
does not allow us to cross into this set.

The structure of this article is as follows. We start by reviewing the basics of variable
exponent spaces. In Section 3 we present the method and results from the case p — 1.
Then we consider minimizers in the one-dimensional case in Section 4. In Section 5
we prove Bloch type estimates which are used in Section 6 for the proof of Harnack’s
inequality for minimizers in the unbounded case p: Q — (N, ).

2. PRELIMINARIES

By Q c R" we denote a bounded open set. A measurable function p: Q — [1,00] is
called a variable exponent, and we denote for A C Q
Pa = esssup(X), Pa = essAinfp(x), p*i=ps, and p = py.
Xe

XeA

For A > 1 we denote py(X) = min{4, p(X)}. By Q. we always denote the set where p equals
infinity, Q. = {x€ Q: p(X) = oo}. By C we denote a generic constant, whose value may
change between appearances even within a single line.

The variable exponent Lebesgue space is a special case of an Orlicz-Musielak space.
For a constant function p, it coincides with the standard Lebesgue space. Often it is
assumed that p* < oo, since this condition is known to imply many desirable features for
LPO(Q). Spaces with p* = co have been investigated in [8, 10, 25].

We define a modular on the set of measurable functions by setting

oL (U) = f lu(x)|P® dx + ess supu(x)|.
Q\Qu XEQeo
The variable exponent Lebesque space LPO(Q) consists of all measurable functions u: Q —
R for which the modular g wq)(U/u) is finite for some u > 0. The Luxemburg norm on
this space is defined as

Ul e (@) i= inf {,u >0: QLp(»)(Q)(ﬁ) < 1}.

In the case of norms and modulars taken over the whole set Q we also use an abbreviated
notation where LPO(Q) in the subscript is replaced simply by p(-). Equipped with this
norm, LPO(Q) is a Banach space.

If E is a measurable set with a finite measure, and p and q are variable exponents
satisfying q < p, then LPO(E) embeds continuously into LY)(E) and the norm of the
embedding does not exceed 1+ |E|. In particular this implies that every function u €
LPO(Q) also belongs to LP2(Q). The variable exponent Holder inequality takes the form

f fgdx < 3|0l 0.
Q

where p’ is the pointwise conjugate exponent, 1/p(X) + 1/p'(X) = 1. Recall also the
following fundamental relationship between norm and modular:

Lemma 2.1. If ue LPO(Q), then |lUllpy < 1 if and only if opy(U) < 1.
For all the preceding results we refer to Kovacik & Rékosnik [25].

The variable exponent Sobolev space W-PO(Q) consists of functions u € LPO(Q) whose
distributional gradient Vu belongs to LPY(Q). The variable exponent Sobolev space
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WLPO(Q) is a Banach space with the norm
[lUll1pey = llUllpey + 1VUll)-

We define the Sobolev space with zero boundary values, Wg’p(')(Q), as the closure of the
set of compactly supported WE-PO(Q)-functions with respect to the norm || - ll1pe)- Note
that we do not use smooth functions in this definition, since this class of functions is not
always dense in the variable exponent Sobolev spaces [34].

Assume that p is bounded. We say that a function u € Wltf(')(Q) is a (weak) p(-)-
supersolution in Q if

(2.2) f P(X)|VU[P¥=2Vu . Vo dx > 0
Q

for every non-negative test function ¢ € Wé’p(')(Q). A function uis a p(-)-subsolution in Q
if —u is a p(:)-supersolution in Q, and a p(-)-solution in Q if it is both a p(:)-super- and
a p(-)-subsolution in Q. A function u € WP(Q) is a p(-)-minimizer if

f [VU[P™ dx < f IVV|P™) dx
Q Q

for every v e WHPO(Q) with u—v e Wé’p(')(Q). If we assume that u € W-PO(Q), then u is
a p(-)-minimizer if and only if it is a p(-)-solution. For every f € W*PO(Q) N L*(Q) there
exists a p(+)-minimizer with u— f € Wé’p(')(ﬂ) [24].

The bounded variable exponent p is said to be log-Holder continuous if there is a
constant L > O such that

L
logle+ 1/1x -yl

for all X,y € Q. A bounded exponent p is log-Holder continuous in Q if and only if there
exists a constant C > 0 such that

Ip(X) — pY)I <

BIPs™Ps < C

for every ball Bc Q [7, Lemma 3.2].
Under the log-Ho6lder condition smooth functions are dense in variable exponent Sobolev
spaces [7].

3. MINIMIZERS FOR p— 1

In this section we give an overview of our recent study [21] of the p(-)-harmonic functions
in the case p~ = 1. In this case we have problems already with the existence of a solution
with given boundary values. Even when a minimizer exists, it may be discontinuous, and
so there can be no question of it satisfying Harnack’s inequality. A critical feature which
the limits p - 1 and p — oo have in common is that both lead us out of the realm
of reflexive Sobolev spaces. In the case p — 1, we need a new space with some crucial
properties of the space BV(Q) of function of bounded variation.

Let Q c R" be a bounded open set. Recall that the function u € LY(Q) is of bounded
variation, U € BV(Q), if

supf f udivedx: ¢ € C3(Q; R, |¢l < 1} < oo,
Q
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It is well-known that for u € BV () there is a Radon measure g on Q and a y-measurable
function o: Q — R" such that |o] = 1 p-almost everywhere and

fudiv<,0dx=—f<p-0'du
Q Q

for every ¢ € C3(Q;R"). The measure y is called the total variation measure and it is
denoted by [|Vul.

Assume that pis a bounded variable exponent and define Y = {xe Q: p(X) = 1}. For
ue BV(Q) N WHPO(Q\ Y) and a Borel set E ¢ Q, we define a new modular by

oo () = [IVUI(Y N E) + o v (VU).
The norm for functions in Llloc(Q) is given by a Luxemburg-type definition:
ullgyeoqy = llUllLroe) + inf{1>0: QBVP(‘)(Q)(U//D < 1L

With this norm we define the space BVPO(Q) to consist of those measurable functions
u: Q — R for which [|ullgysq) < c0. We denote U € BVFo(g(Q), if ue BVPO(U) for every
open set U cc Q.

We write p' = max(p, A) for 4 > 1. Assume that f € L=(Q) N WEPO(Q) for some & > 1.
Then for any A € (1,6) there exists a p'(-)-solution with boundary value function f [24].
This unique solution is denoted by ut. By a p(:)-solution with boundary value function
f we mean a limit of such solutions.

The main results from [21] regarding this limit are contained in the following theorem.

Here we say that p is strongly log-Holder continuous in Q if it is log-Holder continuous
in Q and

lim |p(x) - 1] log vy

for every y € Y.

Theorem 3.1. Let p be strongly log-Hélder continuous and bounded. Let f € WEPO(Q)N
L>(Q) for some § > 1 and denote by ut a p*(-)-solution in Q with boundary value function
f, for any A € (1,6). Then there exists a function U € BVFO((':)(Q) NL*(Q) with the following
properties.
(i) There exists a sequence (1;) — 1 such that Ui — u in LPO(Q) and u'i — u in
Wi (@ V).

(ii) u is a p(-)-solution in Q\Y.

(iii) for every D cc Q the function u belongs to WPO(D \'Y).

(iv) U is a local minimizer of the energy ogyeo, i.e. for every compact F € Q and every

Ve BVp(')(Q) with v=U i Q\ F we have

loc
OpveoE)(U) < 0pyrogr (V).

The proofs of these results are based on moving back and forth between the solutions
u' and regularized versions of the same. The crucial question is to keep control of the
modular ggyro in this process and arrive at the minimization property, (iv) in the previous
theorem.

Estimates in one direction follow immediately from the weak lower semicontinuity of
the modular. The much more difficult part relates to the upper semicontinuity. We
restricted our consideration to mollified versions Vs = V* @5 of the function v e BVPO(Q).
The main tool in the proof of the previous theorem is the following approximation result:
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Theorem 3.2. Let Q C R" be bounded and let p be a bounded, strongly log-Holder
continuous exponent in Q. If ve BVPO(Q) and F c Q is closed, then

”r? SOUPQBVPO(F)(V&) < opyror) (V)

Fortunately, it turns out that we can skip these complicated approximation procedures
in the limit p — oo considered in the rest of this article. The reason for this difference
is, essentially, that the space W-P'O(Q) N L®(Q) decreases as A — 1, whereas in the case
considered below we have an increasing sequence of spaces, and so we can consider the
solution in any intermediate space of our choice. The details of existence of the limit
function in the case p — oo are given in the beginning of Section 6. On the other hand,
the use of Caccioppoli type estimates is more problematic in the case p — oo than it is
in the case p — 1.

Next, we turn to the one-dimensional case for some intuition on what is going on at
the limit of the minimization problem.

4. THE ONE-DIMENSIONAL CASE

Consider minimizing

1
(4.1) o) = [ IOIPdx

1
where U is absolutely continuous with boundary values a and b, a < b. If we assume
that the minimizer u exists and is absolutely continuous, then one easily finds (by the
Euler-Lagrange equation) that its derivative is of the form

: C \mw
(5
where the constant ¢ > 0 is chosen such that u(—1) = a and u(1) = b. The next theorem
answers the question of existence.

Theorem 4.3 (Theorem 3.2, [19]). Let p: (-1,1) — (1, o) be bounded. The minimization
problem (4.1) with boundary values @ and b, a < b, has a unique absolutely continuous
manimizer if and only if there exists a constant € > 1 such that

1 é p(+H
b—a<f_l(m) dx < co.

In this case the derivative of the minimizer is given by (4.2) for appropriate ¢ € (0,C].

Using the previous expression for the derivative, we can easily prove the Harnack
inequality. Example 3.10 from [22] shows that the constant in the Harnack inequality can
not be independent of the solution u.

Theorem 4.4 (The Harnack inequality). Let 1 < p~ < p* < 00 and | € R be an open
interval. If ue WPO(1) is a minimizer with boundary values O and a> 0, then

sup u(y) <C(p~,p",a) inf u(y)

yeB(x,r) yeB(xr)
for every X € | and every r with B(x,2r) c I.

Proof. We assume without loss of generality that | = (-1,1). We start by noting that
=401 lies between €1 and 1 for all t > 1. Using this and integrating (4.2) we obtain

X+T 1 X+T
C \r-1 1 1 1
supu = f (—) dy < f cit dy < (x+ 1 + 1) max{cr 1, ¢ 1
B(xr) 1 \pY) 1
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and

T/ ¢ ST 1" 1 1 1
inf u = (—) d>—f W dy > =(x—r + 1) min{cF, ¢
B|(r)1(’r)u Il o) y e ), cPo-I dy e(x r+ )mm{cn (off }

Taking into account that X

SUQS(x,r) u
inf B(xr) U

< 3, we obtain
-1 1 1 1
< 3emax{cpt1 -1, cr-1 p*fl}.

Here the constant C is from (4.2) and it depends on the boundary values of u and p.
Hence € can be estimated in terms of p~, p* and a. O

For the rest of this section we focus on one-dimensional examples which include an
unbounded exponent. With these examples we are able to introduce some crucial ideas of
this paper in an elementary context. Throughout the examples and the rest of the paper
we denote p; = min(p, 2) for 1 > 1.

Example 4.5. Let p : (-1,1) —» R be an exponent which is increasing and finite on
(-1,0), even on (-1,1), with p~ > 1, and limy_op(X) = co. For every 4 < oo, we get a
p,-minimizer of (4.1) with boundary values —a and a > 0 by formula (4.2). We denote
this minimizer by U, and the corresponding constant by c,. It is easy to see that cC,
remains bounded as A4 — oo, since the energy of U, has to be smaller than or equal to the
energy of X — (4ax + 3a)y(-1-1/2](X) + a(-1/2,1)(X), which is given by

1
2
(4.6) f (4a)P™ dx < (42)P2) + 1 < oo,
-1

Thus we can find a sequence Aj — oo such that ¢;, — ¢ € [0, o).
Let ig be such that c), < ¢+ 1 for every i > ip. Then for any i > ip we obtain

(p?(it))#l <(c+1)7.

(i (g

a.e. in [-1, 1] we find by dominated convergence that

Uy (x) = Iz(p?(t))m dt-a— [I(%)ﬁl dt — a =: u.(x)

as 1 — oo. It is clear that U, is increasing and it attains the boundary values +a at +1,
respectively. It is also clear that ¢ > O since otherwise U,, would be a constant function
—a. See Figure 1 for examples.

We conclude this example by proving that U, minimizes the energy (4.1) among func-
tions which are absolutely continuous on [—1, 1] and attain the boundary values +a at +1,
respectively. To show this, assume to the contrary that v is an admissible function which
has smaller p(-)-energy than U,. By the dominated convergence theorem with [V'[P® + 1
as a majorant, we have

Since

1 1
f IV ()| ¥dx — f IV (X)X dx.
-1 -1

Since the U} are uniformly bounded, dominated convergence implies that

p0) (Us) = 1im 0, (5 (U1)-
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-1.0 -0.5 0.0 0.5 1.0
X
FI1GURE 1. Four minimizers for p(x) = Wlth different boundary values.

Since op)(V) < opp(U,) we conclude that op, ()(V) < op,((U)) for some i. This is a
contradiction since each U, was assumed to be a p,,(-)-minimizer.

Example 4.7. Assume next that p is increasing and finite on (-1, —‘—11), p = co on [—%1, 0],
Iimx_,(_%)_ p(X) = co and p is even. As in Example 4.5 we see that there exists a limit

constant C € [0, o) of the minimizer constants c,.. If ¢ > 0, then

: Cy Wlm 11
lim (—2 )07 Z 1 for te [-1, 1],
i (5.0 ortelal

and if ¢ = 0, then the same limit belongs to [0, 1]. In both cases we have

(il ()™

a.e. in [-1,1] \ [_Z’ 4] As above, dominated convergence implies that

= [ ( :”(it))”" dt - a

- I|m
_pi—e p/l (t)

/ N H C/1i ﬁt)_l
(0 = fim (55

(4.8)

dt —a=: Uo(X).

In particular,
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0.6

0.5

0.4
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0.2

0.1 H

0.0 Jezs’ —

-0.1

T T T T T T T T T T 1

—
-0.5 0.0 0.5 1.0
X

FIGURE 2. A limit function and two solutions with 1 = 10, 100,

a.e. in [-1,1]. By the arguments of Example 4.5 we infer that U, minimizes the energy
(4.1) among absolutely continuous functions v with boundary values +a at +1, respec-
tively. Notice that any such function v with finite energy necessarily satisfies 0 < V' < 1
11

a.e. in [_Z’ al-

Example 4.9. As our third example we consider the explicit exponent

3

p(x) = {m’ IX| >

0, X<

B L N |

and choose boundary values 0 and % This exponent satisfies the requirements of Exam-
ple 4.7. Suppose that ¢ > 0. Then U, > x| 11, which is impossible, since the total mass
of U, is % Therefore ¢ = 0 and U, = 0 a.e. in [-1, 1]\ (—%, %1) from which it follows that
u,=1lae. in (%1, %) Figure 2 presents the limit function Uy, (line) and p,-solutions with A
equal to 10 (dot) and 100 (dash). The constants c; are approximately equal to 4.6x 107*
and 1.6 x 10714,

Note that the limit function U, equals O on (-1, —;ll). Therefore, Harnack’s inequality
does not hold for Uy in the form of Theorem /.J.

5. BLOCH TYPE ESTIMATES FOR BOUNDED SUPERSOLUTIONS

Recall that Q c R" is a bounded open set. We want to prove estimates independent of
p* for bounded supersolutions. For this purpose we assume throughout this section that
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1< p <p" <o and that 1/p is Lipschitz continuous. In particular, 1/p is log-Holder
continuous, and we may estimate the norm of 1 over a ball by

(5.1) Loy ~ B[P

[8, Lemma 6.2]. Here pg denotes the harmonic average of p,

Pg = (ﬁ% dx)_l.

The following Caccioppoli estimate is a modification of [22, Lemma 3.2]. The new
feature in the estimate is the choice of a test function which includes the variable exponent.
This has both advantages and disadvantages: we need to assume that p is differentiable
almost everywhere, but, on the other hand, we avoid terms involving p*, which would be
impossible to control later.

Lemma 5.2 (Caccioppoli estimate). Let p: Q — (1,00) be an exponent with 1 < p~ <
p* < oo and such that 1/p is Lipschitz continuous. Let U > 6 > 0 be a supersolution
in Q and let n: Q — [0,1] be a Lipschitz function with compact support in Q satisfying
nlog% < a|Vny| a.e. in {n > 0} for some constant a> 0. Then for any y < 0 we have

f VU9 dx < f (Z(P0) +avpO)D)™ w947 P dx,
Q Q

Proof. We want to test U with the function ¢ := P, Since n has compact support,
it is enough to show that ¥ € W-PO(Q) in order for it to be a valid test function. Since
wnPt) < 87, we obtain ¥ € LPO(Q). For the derivative we have

IV < [yw"'nPVu+ 0 prP iy + wnP lognVp)
< VU PP + p* eVl + 87a V| (V.

a.e. in {n > 0}. Since n has a compact support in Q and U € V\/Itf(')(Q) by the definition
of being a supersolution, we see that [Vy| € LPO(Q).
Since U is a supersolution and ¢ is a non-negative test function we find that

0< fQ p(X)|VulPX=2Vu - Vi dx
= fg P()IVUPRI2Vu - (PO + W p()nPO Yy + P logn Vp(x)) dx.
Since |y| = —y and |logn| = IOQ% we get
fg P(X) Iy IVuPPur= dx

(5.3) < f POY?IVUPO 1w PO vyl + p(IVUPR~tu ¥ log 2 |V p(x)| dx
Q

< f p(X)(P(X) + &V p(X))Vu[POLuryPM-1 vy dx,
Q

where, in the second step, we used the assumption n IOQ% < a|Vnl.
We next apply the e-version of Young’s inequality,
1\"tfp v
fg< (—) —+ gg—/
& Y p
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. +p(¥)-1 1 PO yep(y-1 [yl
with f = u™»0 |Vyl, g = [VUPO 76w~ "5, and &(X) = .
p(x) +aVp(x)|

|VU|P(X)—1U)’,7FJ(X)—1|V77| < ﬁg(x)l—p(x)u7+P(X)—1|V,7|P(X) + ﬁg(x)wwp(x)np(x)u)’—l'

Using this in (5.3) implies that

f P(X) byl [VUPORPuw = dx
Q

This gives

< [ o0 4w de | 1y (o — DIV
Q Q

Dividing both sides by |y| and moving the second integral on the right hand side to the
left hand side completes the proof. O

Lemma 5.4. Let p: Q — (1,00) be an exponent with 1 < p~ < p* < co such that 1/p
is Lipschitz continuous. Let U be a monnegative supersolution in Q and let R € (0, 1].
Assume further that n: Q — [0,R] is a Lipschitz function with support in a closed ball
B cc Q of radius R and such that nlog%2 < alvny| a.e. in{n >0} for some constant a > 0.
Then

f|V log(u + R)|p(x),7p(X) dx < I(W)pw(u + R)POI-SRSPOI 7| P gl
B B
where S= pPg.
Proof. Since R< 1 and s= pg_, we have
f|Vlog(u + R)|p(x)np(x) dx = fIVulp(X)(u + R)P0,P0) gy
B B
< f VPO (U + R)~SREPH P9 iy
B

=R f IVUlPY(u + R)™(/R)PX dx.
B
Next we use Lemma 5.2 for the functions U+ R and /R with y = 1 —s. This gives

(%)
f|V log(u + R)|p(x),7p(x) dx < Rsf(wy’ “u+ R)P0-51277{P dix
B B

s-1

_ f (D(X)+ale(X)I)p(X)(u + R)POI-SRE=P00] 7 P00 iy -
B

Corollary 5.5. Let p: Q — (1,00) be an exponent with 1 < p~ < p* < oo such that
1/p is L-Lipschitz continuous. Let U be a nonnegative supersolution in Q and let B 1=
B(%o, R) cc Q with R< 1. Then
f |V log(u + R)|P(X)(%R)p(x) dx < f(QW)p(X)(U + R)PO-SRS-PX) gy
18 °

s-1
1 o
Jor 0 <a < g, where S= pg.

Proof. We choose n(X) = (R — |X — Xl)+, so that its support is B. Since the function
to tlog% is increasing on (0, %) and /R < a, we find that

R 1 1
2Iog— < alog— =|Vn|log—
R n a a

in {n >0}. Since n > R in B%R, the claim follows from Lemma 5.4 with a = Rlog (% O
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We are now ready to present the Bloch-type estimate which we will see in the next
section to imply the Harnack inequality.

Theorem 5.6. Let p: Q — (n,00) be an exponent with N < p~ < p* < oo such that 1/p
18 L-Lipschitz continuous, and let U be a bounded non-negative supersolution in . Then
there exists a constant C which depends only on ||Ulle, N and L such that if B := B(Y,R)
fory € Q satisfies

(5.7) R < min ,dist(y, aQ)}

in { 1
slogs’ 4L

where S= pg, then

f [Vlog(u + R)["dx < C.
iB

Proof. In the proof, we denote by Cj,, any constant which depends only on log-Holder
constant and dimension n. Note that (5.7) is surely satisfies whenever

. 1 1
R< mln{ , )
p*logp* 4Lp*

dist(y, asz)},

so for every point there exists some R which satisfies the condition. Set B := %B and
= log(u + R). By Hélder’s inequality and (5.1) we obtain

IVVI™ dX < 3|2 oormy @y [V VIl Lpomeey
B/

pB/—n
~ Bl % [V gy = IR VVHLP()(B’

Since 1/p is log-Holder continuous, we have RYP® < C, ,RYPY for all x,y € B and
therefore R™Pe < Cy,RTPX for all x € B'.
We denote A := max supu+ R 1} and obtain

Lo pO-n
(5.8) IR™ * VV|Loomy < Clog%“zﬁAR PO VV”ch)(Bf)

for any B8 > 0. We will next show that 8 > 0 can be chosen depending on the parameters
indicated in the statement of the theorem such that

(5.9) f RIN( L )p( 9V dx < 1.
B
Then it follows from Lemma 2.1 that the norm is also less than one, so (5.8) implies that
IR"PEe V| Lpo ey < Clog%-

To find a suitable g > 0, we first apply Corollary 5.5 with @ = % and obtain, for 8 < %,
the inequality:
(5DPPITV(IP dx
B/
(5.10)

s-1

p(x)
< 2I’1 f (ﬁ p(x)+Rlog(%)|Vp(X)) (u i R)p(x)_sRs_p(x)A_p(x) dX
B

By the definition of A we have (U+R)P®~SA=PX < A~S. Since 1/p is L-Lipschitz continuous,
we conclude that p(X) < S+ 2LRsp(x). Hence RSP® < R2RPX  Since the function
r - rlog# is increasing in (0,e™) and R< (slogs)™, we conclude that

sRlog i < s(slogs)log(slogs) < 2
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Hence R2Rs < €, and we conclude that
(5.11) (U + R)PW-SRSPOIA-PH)  ghLPIA =S PO,

The estimate p(x) < s+ 2LRsp(x), with the assumption on R, also implies that

Taking into account that |Vp(X)| < Lp(X)? < 4LS? and recalling that % > e we obtain
(5.12) p(x) + Rlog(%)wp(x)l < Iog(%)(25+ 4LRs%) < 3 Iog(%)s < 6Iog(%)(s— 1).
Here we have used the assumptions R< (4LS)™! and s> n> 2.

Using estimates (5.11) and (5.12) in (5.10) gives

f (£3)P0Wv(x)| P dx < 2" JC (6e™3 log (4))™ dx < f (126" log (5))*” dx.
B B B
Finally, choosing B8 such that

12" Blog(4) < L,

we conclude that the right hand side of the previous inequality is at most one, which
concludes the proof of (5.9). O

6. THE LIMIT FUNCTION AND THE HARNACK INEQUALITY

In this section we assume that p: Q — (n,00]. For 2 > 1 we write p, = min{p, 4}.
Assume that f € WPO(Q) N L°(Q) with fg |V f|P¥dx < co. For A > 1 let u, be the unique

minimizer of
f IVul PA®¥) gx
Q

in the set {ue W-PO(Q) 1 u— f e WIPO(Q)), see [20, 24].
We will use the following notation:
tP® for 1 < p(X) < oo;
0 for p(X) =0 and 0 <t < 1;
1 for p(X) = o0 and t = 1,
00 for p(X) = co and t > 1.

P —

For every 4 > A’ > 1 we obtain

f VU, [P* ¥dx < f 1+ [Vu,|P®dx
Q Q

(6.1)
<|Q|+f|Vf|'°f‘(X>dx< 2|Q|+f|Vf|p(X)dX_
Q Q

Thus op, (VW) is uniformly bounded in 4, and it follows that ”VU,{“LpA;(-)(Q) is also uniformly
bounded.
Since |u,| < sup|f|, we obtain that [[Ul1p,() is uniformly bounded. Fix a monotone

sequence A, — oo. Since Wl’p"'l(')(Q) is a reflexive Banach space, we find a sequence
A = o and a function Uy such that Uy — Uy in Wl’p"'l(')(Q). For k > 2, Wl’p”k(')(Q) is also
a reflexive Banach space, so we can find a subsequence, denoted again by (u,) such that
Uy, — U in Wl’p*l?(')(Q). Note that we have the same limit function, since we moved to a
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subsequence. By a diagonal process, we may assume that as 4j = oo we have U), = U, in
Wl’p"k(‘)(Q) for every A; and therefore

Uy — Uy in WEPYO(Q) for all A'.

By the Rellich-Kondrachov compactness theorem, there exists a subsequence, denoted
again by (u,), that converges to U, locally uniformly in Q.

Since the modular is weakly lower semicontinuous [21, Lemma 2.1] we obtain by (6.1)
that

i—o0

f VU [P ¥dx < liminf |VuA|Pw<X>dx < 20| + f |V £1P®dx.
Q

Since |VUx(X)[P*® — |Vu,(X)[P¥ for almost every X as A’ — oo, Fatou’s Lemma implies

that
f|Vuw|p(X) dx<2|Q|+f|Vf|p(X)dx.
Q Q

It follows that |Vu,(X)| < 1 for almost every X € Q.
We collect these results in the following theorem.

Theorem 6.2. Let p: Q — (n, ]. Assume that T € W-PO(Q)NL®(Q) with fQ IV f1PMdx <
oo. Let Uy be the Dirichlet py-energy minimizer for the boundary value function f. Then
there exist a sequence (Aj) converging to infinity and a function U, € WSPO(Q) such
that (uy) converges locally uniformly to Uy in Q. Moreover, fg [VUs|PX dx is finite and
[VUs| < 1 almost everywhere in {p = oo}.

We call any function U, from the previous theorem a p(-)-harmonic function with
boundary value function f.

We finish this paper with the Harnack inequality for the limit function u, of a finite
but potentially unbounded exponent. First we show how the Bloch estimate implies the
Harnack inequality.

For the proof we need the concept of a weakly monotone function. Following [28] we
say that u e V\/llc;f(')(Q) is a p(-)-weakly monotone function if for every pair (m, M) of real
numbers, m< M, and every D cc Q the conditions

(u=M),,(m-u), € W;"(D)

imply that m< u < M. As in [26, Lemma 2.7] one easily shows that every p(-)-solution is
p(-)-weakly monotone. When p~ > nevery p(-)-solution is continuous and hence monotone
in the sense of Lebesgue, i.e. it attains its extrema on the boundary of any compact set
in its domain of definition.

Lemma 6.3. Assume that u: Q — [0, ) is a continuous function that is monotone in
the sense of Lebesgue. If B(y,2R) c Q and

J[ [VIiog(u+ R)["dx < A
B(y,2R)

then U satisfies the Harnack inequality

supu+R) < C inf (u+R
B(yfg( ) B(yR)( )

with constant depending only on A and n.
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Proof. Denote v =log(u+ R) and observe that v is monotone, since U is monotone. Since
v e WE(B(y, 2R)) it is also n-weakly monotone and thus by the proof of [28], Theorem 1,
we have the oscillation estimate

(0sGyr V)" <C |Vv|"dx < CA.
B(y,2R)

By exponentiating this we conclude the Harnack inequality

sup(u + R) < exp(CA)7) inf (u+ R). 0
B(Y.R) BO-R)

We next combine the previous lemma with the estimates from the previous section.

Theorem 6.4. Let p: Q — (n,0) be such that p~ > n and 1/p is L-Lipschitz continuous.
Assume that f € WEPO(Q) is a bounded non-negative function with LIVflp(X)dX < 0.
Then any p(-)-harmonic function U, with boundary value function f satisfies the Harnack
imequality

sup(U. + R) < C inf (u, + R)

B(y,R) B(Y.R)
in balls centered at'y € Q with radius

1 1 1
R<— min{ L dist(y, ag))}.
16 p(y) log p(y)  Lp(y)
The constant C in the Harnack inequality depends only on ||f]l., N and L.

Proof. Each u, satisfies the Bloch-type estimate, Theorem 5.6, with the constant inde-
pendent of Aj. Thus by Lemma 6.3 we have

sup(uy, + R) < C inf (u, + R),

B(Y,R) B(y.R)
where the constant is independent of 4;. Since U; — U, locally uniformly, the claim
follows. O

Note that the previous results apply only in the case when p < oo a.e. in Q. However,
we also get partial results for the general case by applying these results in the domain
Q\ Q.

Remark 6.5. Moser’s iteration and De Giorgi’s method give the Harnack inequality
sup(u+R) <C inf (U+R)
B(Y.R) BO:R)
for solutions and minimizers if p is log-Holder continuous with 1 < p~ < p* < co. Here
the constant depends on ||Ullg(y.4r) for some small t > 0. For the proofs see [4, 22, 23].

The method presented in this paper gives an alternative proof for the Harnack inequal-
ity for solutions if p is log-Holder continuous with n < p~ < p* < oo. The constant
depends on [|Ull~(g(y.4r), the log-Holder constant of p and p*. We avoid the assumption
that 1/p be Lipschitz by replacing the test function upP? by upP in the Caccioppoli
inequality, Lemma 5.2.

Remark 6.6. We conclude the paper by briefly commenting on some estimates that do
not hold for solutions.

(a) Suppose that p is log-Holder continuous, h < p~ < p* < oo, and every solution u
satisfies an improved version of the Caccioppoli estimate:

(6.7) fIVUIp(X)IUI_p(X)np(X)dX<Cf|Vn|p(X) dx,
Q Q
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where the constant C does not depend on U. Then using the method given in Sections 5
and 6, we obtain

(6.8) supu < Cinfu,
B B

where C is independent of u. By [22, Example 3.10], this is not possible and thus (6.7)
does NOT hold.

(b) Suppose next that 1/p is log-Holder continuous, p~ > n and each u, satisfies
inequality (6.8), where the constant C is independent of p} (but may depend on [|ulls).
Then the limit function U, satisfies the inequality (6.8) as well. This is impossible by
Example 4.9 and thus if inequality (6.8) holds, then the constant cannot be independent
of p*.
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