A capacity approach to the Poincaré

7 CORE Metadata, citation and similar papers jat core.ac.uk

al de Revistas Cientificas Complutenses

Petteri HARJULEHTO and Peter HASTO

Department of Mathematics
P.O. Box 4 (Yliopistonkatu 5)
FIN-00014 University of Helsinki, Finland
petteri.harjulehto@helsinki.fi,
peter.hasto@helsinki.fi

Recibido: 7 de Mayo de 2003
Aceptado: 10 de Septiembre de 2003

ABSTRACT

We study the Poincaré inequality in Sobolev spaces with variable exponent.
Under a rather mild and sharp condition on the exponent p we show that the
inequality holds. This condition is satisfied e. g. if the exponent p is continuous
in the closure of a convex domain. We also give an essentially sharp condition
for the exponent p as to when there exists an imbedding from the Sobolev space
to the space of bounded functions.
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1. Introduction

There has recently been a surge of interest in Sobolev spaces with variable exponent,
cf. [4-7, 9-11, 17, 22]. These spaces, introduced in [17], are the natural generalization
of Sobolev spaces to the non-homogeneous situation; they have been used e. g. in mod-
eling electrorheological fluids, see the book of M. Ruzicka, [22]. Lebesgue and Sobolev
spaces with variable exponent share many properties with their classical equivalents,
but there is also some crucial differences. For instance the Hardy-Littlewood maximal
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operator is bounded on LP() if the exponent is 0-Hélder continuous (i. e. satisfies (10))
and 1 < essinfp < esssupp < oo, [5]. If the exponent is not 0-Holder continuous,
then the maximal operator need not be bounded on LP(), [21].

The Poincaré inequality, although of great importance in classical non-linear po-
tential theory (especially in metric spaces) has not been previously studied in the case
of variable exponent Sobolev spaces. Our first result, Theorem 2.2, is the following:
If D C R™ is smooth domain, say a John domain, and the essential supremum of p
is less than the Sobolev conjugate of the essential infimum of p then the Poincaré
inequality

v —upllLee)(py < ClIVUll oo (D)

holds for every u € W1P()(D), where up = f u(x)dz. Here the constant C' depends
on n, p, diam(D) and the John constant of D. We give an example which shows that
the condition for p is sharp even in a ball. It follows from this that if p is continuous
in the closure of a convex domain then the Poincaré inequality holds (Corollary 2.7).

In classical theory the constant of the Poincaré inequality is C'diam(D). It is
possible to achieve this also for variable exponent Sobolev spaces, as we prove in
Corollary 2.10. The price we have to pay is that the exponent p has to be 0-Holder
continuous.

Sobolev imbeddings in variable exponent Sobolev spaces have been studied by
many authors in the case when p is less than the dimension, see [6,9-11]. We give
two results in the case when p is greater than the dimension. We prove a result for
continuity of the Sobolev functions, namely that every Sobolev function is continuous
if the exponent is locally bounded away from the dimension. We show that if a
domain satisfies a uniform interior cone condition and p(x) > n + f(d(z,0G)) for
every x and a certain increasing function f then there exists an imbedding from the
variable exponent Sobolev space to L*. Our condition is essentially sharp.

Notation

We denote by R™ the Euclidean space of dimension n > 2. For z € R™ and r» > 0 we
denote an open ball with center « and radius r by B(z, ).

Let A C R™ and p: A — [1,00) be a measurable function (called a variable
exponent on A). We define p’| = esssup, . 4 p(z) and p; = essinfyea p(z). f A=R"
we write pt = pﬁ{n and p~ = pgn-

Let 2 C R™ be an open set. We define the generalized Lebesque space Lp(')(Q) to
consist of all measurable functions u: 2 — R such that

op(y(Au) :/ A u(z) [P dr < oo
Q

for some A > 0. The function g,): LP()(Q) — [0,00) is called the modular of the

space LP()(Q). One can define a norm, the so-called Luzemburg norm, on this space
by the formula [ul|,.) = inf{\ > 0 : g,)(u/A) < 1}. Notice that if p = py then
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Lp(')(Q) is the classical Lebesgue space, so there is no danger of confusion with the
new notation.

The generalized Sobolev space W'P()(Q) is the space of measurable functions
u:  — R such that u and the absolute value of the distributional gradient Vu =
(D1, . .., 0yu) are in LP)(Q). The function 01,p(y: WHPL(Q) — [0,00) is defined
as 01,p(-) (1) = op(y(u) + 0py(IVul). The norm |[ully py = [|ullp) + [[Vullp.) makes
W1PC)(R™) a Banach space.

See [17] for basic properties of variable exponent Lebesgue and Sobolev spaces.

2. The Poincaré inequality

In this section we give a relatively mild condition on the exponent for the Poincaré
inequality to hold. We also show that this condition is, in a certain sense, the best
possible. For Sobolev functions with zero boundary values the Poincaré inequality
was given in [10, Lemma 3.1] and considerably generalized in [14].

Recall the following well known Sobolev-Poincaré inequality. By ¢* we denote the
Sobolev conjugate of ¢ < n, ¢* =ng/(n —q).

Lemma 2.1. Let D C R" be a bounded John domain. Let 1 <p <n andp < q <p*
be fized exponents. Then

lu = upllg < C(n,p, A)| DI/ 1P| T,

for all functions u € WP(D), where X is the John constant.
If p 2 n and q < oo then

lu—uplly < Cln, g, \)| D972 T,
for all functions u € WP(D).
Proof. The case p < n and ¢ = p* is by B. Bojarski [3, (6.6)]. The case ¢ < p* follows

from this by standard arguments: we choose s € [1,n) such that s* = ¢ (or s = 1 if
q < 1*). By Hélder’s inequality and Bojarski’s result we obtain

1

<7[|u—up|qdar>q <|D:*</ |u—uD|S*dx>5 <0D;*(/ |Vu|sdx)s
D D
D

— O|D|}~+ (7[ Vu|8dx> < cD| <][ |Vu|pdx> "
D D

which is clearly equivalent to the inequalities in the theorem. O
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Theorem 2.2. Let D C R™ be a bounded John domain, with constant \. If pj{) <
(pp)* or pp = n and p}, < 0o then there exists a constant C = C(n,pp,ph, A) such

that
11 1

npE T
= upllpcy < CCL+ [DDADI™ 7575 [ Tuly, 1)
for every u € WhP()(D).

Proof. Assume first that pf, < (pp)*. Since p(z) < pj, < (pp)* we obtain by [17,
Theorem 2.8] and Lemma 2.1 that

lw = upllpey < (1 +[D]) [l = upll,s
1,1 L
< C(n,pp,A) (L+ D) [D[" Po Po|[Vul,-
1.1 1
_ 2 n+p+7p*

The case p, > n is similar, the only difference is that the constant in the second
inequality in the above chain of inequalities is C(n,p},, \). O

Remark 2.3. John domains are almost the right class of irregular domains for the
classical Sobolev-Poincaré inequality, see [3], [1] and [2, Theorem 4.1].

Previous results on Sobolev imbeddings in the variable exponent setting have
been derived in domains whose boundary is locally a graph of a Lipschitz continuous
function, see [9-11]. It is therefore of interest to note that every domain, whose
boundary is locally the graph of a Lipschitz continuous function, is a John domain,
see [19]. In particular every ball is a John domain.

If D is a ball in Theorem 2.2, then the constant in inequality (1) is the classical
Sobolev-Poincaré inequality in a ball, see for example [18, Corollary 1.64, p. 38].

The next example shows that if p;, < n and pg > (pp)* then there need not exist
a constant C' > 0 such that inequality (1) holds for every v € W*()(D).

Recall that the variational capacity for fixed p, cap,(E, F'; D), is defined for sets
E, F and open D by

cap,(E, F; D) = uEL(ing_D)/JD |VulPde,

where L(E, F; D) is the set of continuous functions u that satisfy u|gnp = 1, u|pnp =
0 and |Vu| € LPO) (D). We use the short-hand notation cap(E, F) for cap(E, F;R™),
similarly for L(E, F'). For more information on capacities see [15, Chapter 2] or [20].
The following lemma will be used several times to estimate the gradient of variable
exponent functions.
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Lemma 2.4 ([15, Example 2.12, p. 35]). For fivred p # 1,n, arbitrary x € R™ and
R >r >0 we have

p—n|"

capp(Rn \ B(z,R),B(x,r)) = wp_1 p_1

|RP=)/ (=1 _ p(r=m)/ (1) |1*p_

Example 2.5. Our aim is construct a sequence of functions in B = B(0,1) C R?
for which the constant in the Poincaré inequality (1) goes to infinity. Let B; =
B(27%y,127%) C R? and B = B(2 ey, %Z’iz) C R? for every i = 1,2,... and let
1 < p1 < 2. Choose a function u; € C§°(B;) with ui|B£ =1 be such that

(2 cap,, (B!, R? \Bi)> > Vil o - 2)

Let p2 > 2 and define p(x) = pi1xs,\5:(2) + p2x5;(z) for z € B with positive first
coordinate. Since Vu; = 0 in B] we obtain

IVuill o) g,y = VUil Lor (B,)- (3)

Let B; = B(—2 "y, 127%). We extend u; to B as an odd function of the first
coordinate in B; and by zero elsewhere. We also extend p to B as an even function of
the first coordinate. We denote the extensions by @; and p. By (2) and (3) we obtain

1

2!t (Cappl(BﬁaRQ \ Bi)) "2V Lo s)-

By Lemma 2.4 this yields

1-py
_2P1=2 | Ty

- ;P12
||vu7;||L15(‘)(B) < C(pl) ’i? Ypi—1 é2 V1

22—
_22-m

For large ¢ the right hand side is approximately equal to C'(p1)2 T
Since (u;)p = 0, we obtain

- ~ ~ 1 _i22
@ — (@)l Loy (p) = ll@ll Loy (p) = |Bil 72 = 27" #2. (5)

By inequalities (4) and (5) we find that

u — (U B(- i (= =
[ (@)L ()(B) > C(p1)212 1o 5y) — 00

Vil oe) gy

2p1

. . 2 2 . .
aszaooﬁp—lflfpj>0,thatls,1fp2>2_

ok
o P1
We next show that the condition pf, < (pp)*
a set of local conditions.

in Theorem 2.2 can be replaced by
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Theorem 2.6. Let D C R" be a bounded John domain. Assume that there ewist
John domains Gy, i = 1,...,j, so that G; C D for every i, D = U!_,G; and either
pa_ < (pal)* or pg, = n for every i. Then there exists a constant C'> 0 such that

Ju—up|lpy < ClVullp.) (6)

for every u € WHPC)(D). The constant C depends on n, diam(D), |G4|, p and the
John constants of D and G;, i1 =1,...,]

Proof. Using the triangle inequality of the norm we obtain
J
lu = upllzecr(py < Y llu—uplleer ()
i=1
J
<
i=1

We estimate the first part of the sum using Theorem 2.2. This yields

(G-
i=1

||u_uGi||LP(> Gy) g C(nvam|Gi|aAi)||Vu||LP(')(Gi) (8)
< C(napGia Gl'a )‘i)HVU’HLi"(')(D)
for every i = 1,...,j. Here \; is the John constant of G;. We next estimate the

second part of the sum in (7) using the classical Poincaré inequality for the third
inequality. We obtain

lup — ue o < o, )][ fu(z) — uplda

< | / |u(z) — up|dx (9

< C(n,diam(D), N)|Gi| " 1]l zoe> (o I VUl L1 ()
< C(n,diam(D), \) (1 + [DN|Gi| " 1 poor (e Vel 1ot (py

~—

for every i = 1,...,j. Here A is the John constant of D. Now inequality (6) follows
by inequalities (7), (8) and (9). O

Corollary 2.7. Let D C R™ be a bounded convex domain and let p: D — [1,00) be
a continuous exponent. Then there exists a constant C > 0 such that

lu—upllpey < ClVullp

for every u € WHPC)(R™),
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Proof. Since p is continuous we find for every x € D a constant r(z) > 0 such that
either

U PB(zrnnD =

—+ — *
PB(z,r(z)nD S (pB(x,r(m))ﬂD) o
Since D is compact it is possible to find finite covering of D with balls B(x,7(x)).
It is easy to see that each B(z,r(x)) N D is a John domain and hence the corollary

follows by Theorem 2.6. O

Sometimes it is useful to have better control over the constant in the Poincaré
inequality as the domain D changes than we have in (1). In the fixed exponent case the
constant of the Poincaré inequality is C diam(D). We show that this kind of constant
is also possible for variable exponent Sobolev spaces. The price we have to pay for
this is that the exponent p has to satisfy a much stronger condition in Theorem 2.8
than in Theorem 2.2; in Theorem 2.2 the exponent p could be discontinuous even in
every point, but in Theorem 2.8 the exponent is 0-Holder continuous.

Theorem 2.8. Let D C R" be a bounded uniform domain. Let p: D — R be such
that 1 < pp, < pE < 0. Assume that there exists a constant C > 0 such that

Ip(@) — p(y)] < ——2

<——mX—— 10
—log |z — y| (10)

for every x,y € D with |x —y| < % Then the inequality
|u —up||p) < Cdiam(D) (1 + max{\D‘l/pE—l/pB7 \D‘l/pB—l/pB}) [Vul[py, (11)
holds for every u € Wl’p(')(D). Here the constant C' depends on the dimension n, the

uniform constant of D and p.

Proof. Since Wol’p(')(D) — WH(D) we obtain as in the proof of [12, Theorem 11]
for every u € WHP() (D) that

lu(z) —u(y)| < Clz — y[(MVu(z) + MVu(y)) (12)

for almost every x,y € D. Here M is the Hardy-Littlewood maximal operator:
MVu(e) =sup { - [Vuly)ldy,
r>0
B(z,r)

with the understanding that Vu = 0 outside D. The constant C' depends on the
dimension n and the uniform constants of D.
Integrating inequality (12) over y we obtain

jute) ~ f utwids] < f u(w) - utwlay

D

< O diam(D) (MVU(:E) + ][ MVU(y)dy).
D
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By Holder’s inequality [17, Theorem 2.1] this yields

COI ooy

lu(z) — up| < C diam(D) (MVu(sc) + D

MV ul)-

Since the previous inequality holds point-wise, it is clear that we have an inequality
also for the Lebesgue norms of both sides:

. C
flu — UDHp(-) < Cdiam(D) <||MVup(.) + |D|1||p’(')||1p(')”Mvu|p(~)>

< C'diam(D) (1 + D! maX{|D|1+1/17+D—1/p57 |D|1+1/p5—1/pE }) MVl

By [5, Theorem 3.5] (see also [7, Remark 2.2]) the Hardy-Littlewood maximal
operator is bounded, and so we obtain

lu = upllpe) < € diam(D) (1+ max {|D|Y7b=2/ | D|/ro=1/wb ) V|,

where the constant C depends on the dimension n, the uniform constant of D
and p. O

Remark 2.9. We refer to [19] for basic properties of uniform domains: Every uniform
domain is a John domain. Every domain, whose boundary is locally a graph of a
Lipschitz continuous function, is a uniform domain. In particular if D is a ball then
the constant in (11) depends on the dimension n and p.

Corollary 2.10. Let p be as in the previous theorem. If B is a ball with |B| < 1 then
lu = uslly() < C diam(B)[[Vully(),

where the constant C' does not depend on B.

Proof. Since |B| < 1 we have

max{‘BP/p?;—l/p;’ |B|1/p§—1/p§} — |B|1/p§—1/pg.

Since p is 0-Holder continuous, (10), we obtain by [5, Lemma 3.2] that there exists a
constant C' > 0, depending only on the dimension n and the constant in (10), such
that |B|1/p£*1/”1—3 < C for every ball B. Hence |B| < 1 implies that the constant in
(11) is less than C diam(B). O
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3. Continuity

The functions in the classical Sobolev space WP are continuous if p > n. In this
section we consider when functions in variable exponent Sobolev space are continuous.

Theorem 3.1. Suppose that p > n is locally bounded away from n in D. Then
wtrt)(D) c C(D).
Proof. Let © € D and consider the ball B = B(x,d(z)/2). Define ¢ = essinf e g p(y).
Then, by [17, Theorem 2.8],

WhPO)(B) — Wh4(B) c C(B).

Therefore every function in W1P()(D) is continuous at 2, and since = was arbitrary,
the claim follows. O

The following corollary is immediate.

Corollary 3.2. Suppose that p is continuous in D. Then W'P()(D) c C(D) if
p(x) > n for every x € D.

We next use a classical example to show that the assumption that p is locally
bounded away from n in D is not superfluous when p is not continuous.

Example 3.3. Let B = B(0,1/16), € > 0 and suppose that

log, logy (1/]x)
logs (1/]x)

for 2 € B\ {0} and p(0) > n. We show that then W'*()(B) ¢ C(B).

Define u(x) = cos(log, | log,|z||) for z € B\ {0} and «(0) = 0. Clearly u is not
continuous at the origin. So we have to show that u € WHP()(B). Tt is clear that u
has partial derivatives, except at the origin.

Since u is bounded it follows that u € LP()(B). We next estimate the gradient:

plx) <p(jz)) =n+(n—1-¢)

1 1 ‘

Vu(x :‘sinlog logy|z|]) - ‘g}
|Vu(z)| (logs [logs |]) |z log, || |z| log, ||

We therefore find that

dx
Vu(z)P@de < /—
/B' @) » (ellogle 7™
1/16 =Ly
“’/ (r[logy, )P0

o0 2i —1
r"dr
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Since 1/(r|logy r|) > 1 we may increase the exponent p for an upper bound. In the
annulus B(0,27%) \ B(0,27%"1) we have i < logy(1/|z|) <4+ 1. Since y — log,(y)/y
is decreasing we find that

logy @

pz)<n+(n—-1-—¢) ;

in the same annulus. We can therefore continue our previous estimate by

() o 27 rnLdr
Vu(z)P'¥de < / i) /i
/B| )| ; g—i—1 (r[logy r|)nt(n—1=¢)loga(i)/i

oo o7 —i(n—1)
2 dr
< C;/_i_l (i2—i)n+(n717€)log2(i)/i

—C Z 2(717175) logz(i)ifnf(nflfs) log, (%) /1
=5

— CZi_l_si_(n_l_E) log, (i) /i < Czi—l—s < 0.
=5 =5

4. Sobolev imbedding theorems

We start by introducing a relative variational p(-)-pseudocapacity, and proving some
basic properties for it. This capacity is quite similar to the Sobolev p(-)-capacity
studied by P. Harjulehto, P. Hésto, M. Koskenoja and S. Varonen in [13].

Let F, E C R™ be closed disjoint sets and D be a domain in R". The variational
p(+)-pseudocapacity is defined as

Vp() (F, E; D) = uengfE;D) IVull o) Dy,

where L(F,E;D) is as before (see Section 2). For L(F,E;D) = () we define
Uy (F, E; D) = oo. We write L(E, z; D) for L(F,{z}; D) etc.

Remark 4.1. Including C(D) in the definition of the capacity is somewhat strange
in this context, since we do not, in general, know whether continuous functions are
dense in WP() (D), but see [8]. However, since we are interested in the case when
p > n, the assumption makes sense, by Theorem 3.1.

The reason for calling the function 1, (F, E; D) a pseudocapacity is that it is
defined as a capacity but using the norm instead of the modular. This corresponds
to introducing an exponent 1/p to the capacity in the fixed exponent case. Because
of this we cannot expect the pseudocapacity to have all the usual properties of a
capacity. It nevertheless has many of them:
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Theorem 4.2. Let F, EE C R" be closed sets and D be a domain in R™. Then the set
Junction (F, E) — v, (F, E; D) has the following properties:

V() (Fy B D) = if 4y (F, U3 D).

U open

(v) If K1 D Ko D ... are compact, then

i=1

(vi) Suppose that p > n is locally bounded away from n. If E; C R™ for every
1=1,2,..., then

=1 =1

Proof. Assertion (i) is clear since we may use a constant function. Assertion (ii) is
clear since if w € L(F,E; D) then 1 —u € L(E, F;D). Assertion (iii) follows since
L(F, EQ; D) C L(F, El; D)

Next we prove (iv). It is clear that

Up() (B, B D) < fnf - 4y (FLU3 D).

U open
Let € > 0. Assume that u € L(F, E; D) is such that
IVullpy < tpey (F, E; D) + &
Since w is continuous, {u > 1 — ¢} is an open set containing E. Hence we obtain
Ant p() (FLU3 D) Sy (B {u > 1 = e} D)

U open
u

1—¢’

<(1—e) ") (F, E; D) + T

< HVmin{ 1}Hp(.) < (=) M Vully

3

_E.

Revista Matemdtica Complutense

139 2004, 17; Ntim. 1, 129-146



P. Harjulehto/P. Hésto Poincaré inequality and Sobolev imbeddings

Letting ¢ — 0 yields assertion (iv).
We then prove (v). It is clear that

Yp(y (F, M52 K5 D) < lim 4, (F, Ky D)

1—00

Let € > 0. Assume that u € L(F, N2, K;; D) is such that
IVullpy < thpy (F,NZ, K D) + €
When ¢ is large the set K; lies in the closed set {u > 1 — ¢}; therefore

hrn @/}p( )(F Kz,D) 1/}1)( )(F {u 1-— 5} D)

Hlen{ 1}” (1 =) MVl

3

<(1- 5)_ Up( (F, ﬂi:1Ki§D) + 1—z

Letting € — 0 yields assertion (v).
To prove (vi) let £ > 0 and choose functions u; € L(F, E;; D) such that

[V uillpy < ¥pey(F, E; D) + /2",

fori=1,.... Let v; = u1+...+u;. Then (v;) is a Cauchy sequence, and so it converges
to a function v € W'P() (D). Define 9(z) = min{v(z), 1}, so that |3| € LPO)(D) by
[13, Theorem 2.2]. Tt is clear that 0|pnp = 0 and 0|gnp = 1, where E = UE;. Since
p > n is locally bounded away from n, it follows from Theorem 3.1 that every function
in WP()(D) is continuous, and so we have o € L(F,|J E;; D), from which the claim
easily follows, since

o0

V3 llpe) < D IVallpe Z%( (F, Ei; D) + O
i=1
Using the pseudocapacity we can start our study of Sobolev-type imbeddings. The
following result is the direct generalization of [20, 5.1.1, Theorem 1].
Theorem 4.3. If p™ < oo, then the following two conditions are equivalent:
(i) Wtr)(D)n C(D) — L=(D).
(ii) There exist r,k > 0 such that 1/1p(‘)(ﬁ \ B(x,r),x; D) >k for every x € D.

Proof. Suppose that (2) holds, with constants r, k > 0. Let u € WP()(D)NC(D) and
let y € D be a point with u(y) # 0. Fix a function n € C§°(B(0,1)) with 0 < n < 1
and 7(0) = 1. Define v(z) = n((z — y)/r)u(z)/u(y). It is clear that v € WPO)(D)
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and since v(y) = 1 and v(z) = 0 for @ & B(y,r) we see that v € L(D \ B(y,7),y; D).
It follows that

k < 4py(D\ Bly,r),y; D) < [[Vollpe).
Then we calculate that
klu(@)| < IV (u(@)n((z = 9)/7)llp@)

1
< sup (@) || Vullpy + = sup V() |lullpey
zeD T xeD

N

1
max{ sup n(x), — sup Vn(m)}||u||1,p(~)v
z€D T zeD

so that |u(y)| is bounded by a constant independent of y.
Suppose conversely that (1) holds and let C' be a constant such that [julle <
Cllully p(.y for all w € WHPL)(D). For functions in v € L(D \ B(z,r),z; D) this gives

1= ||U||oo < CHU||1,p(~) < C(”XB(LE,T)HP() =+ ”quP())

Since p < oo we can choose r small enough that || X gz, ||y < 1/(2C). For such r
we have ||Vul|,) = 1/(2C). It follows that

wp(.)(ﬁ\ B(x,r),z; D) = _inf Vullpy = 1/(20)
weL(D\B(z,r),z;D)

for the same r. O

Remark 4.4. Since we do not know whether C*°(D) is dense in W'?()(D) we have
only proved the theorem for continuous functions in W'P()(D). If p is such that
C(D) is dense in W'P()(D), for instance if p is locally bounded above n, then we
may replace condition (1) by W1P()(D) — L*°(D).

Define D = B(1/16) \ {0} and let p be as in Example 3.3. Then the standard
example u(z) = log|log(z)| shows that W' ?()(D) ¢ L, the calculations being as
in the theorem. We next show that the exponent p from the theorem is almost as
good as possible. We need the following lemma.

Lemma 4.5. Let {a;} be a partition of unity and k > m — 1. Then
o) 00 1-m
Sarit = (ko)
i=0 i=0

Proof. Fix an integer ¢ and consider the function

a (a; +a)™i* + (a1 — a)™ (i + 1)",
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for —a; < a < a;41. We find that this function has a minimum at a = 0 if and only if

) () @

Let {a;} be a minimal sequence, so that (13) holds for every ¢ > 0. This partition
is given by a; = i 7%/ (m=Ngq for i > 0 and ag = (3. i~ */(m=1)~1 and so we easily
calculate the lower bound as given in the lemma. O

We next give a simple sufficient condition for the imbedding W *()(D) < L>(D)
to hold in a regular domain:

Theorem 4.6. Suppose that D satisfies a uniform interior cone condition. If p™ < oo
and

log, log (¢/6(x))
logy (¢/6(x))

for some fived 0 < & < n — 1 and constant ¢ > 0 then W'P()(D) < L>(D). Here
0(x) denotes the distance of x from the boundary of D

p(x) Zn+(n—1+e¢)

Proof. Note first that the claim trivially holds in compact subsets of D which satisfy
the cone condition, since p is bounded away from n in such sets. Therefore it suffices
to prove the claim for d(x) less than some constant.

By the uniform interior cone condition there exist real values 0 < a < 7/2 and
r > 0 and a unit vector field v, such that for every x € D the cone

C,={y € B(z,r): (x —y,vy) > |z — y|cosa}

lies completely in D, where (-, -) denotes the usual inner product.
Fix z € D. Consider the cone

C={y e B(z,1/2): (z —y,v,) > |z — y|cos(a/3)}
and, for ¢ = 2,3,..., the annuli
A; = (B(z,27""'r)\ B(z,27'r)) N C.

To simplify notation let us assume that z = 0, » = 1 and v, = e;; the proof in
the general case is essentially identical. Since A; C C' C D we have d(A;,0D) >
d(A;,0C). We can estimate the latter distance as shown in Figure 1. This gives
d(A;,0D) > 2 %sin(«/3) so that

logy (i + ¢)

> -1 -
pla) > n+ (n—14¢) 222
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2 sin(ou3)

Figure 1: The cone C' and the distance to the boundary

log, (i+c) and

for z € A; and some ¢ depending on «. Let us define ¢; =n+ (n—1+4¢) =22

a new variable exponent by

qi if x € A; for some 7
q(z) = ,
p(x) otherwise

By Theorem 4.3 we know that it suffices to find a lower bound for ||Vul[; .y with
u € L(D\ B(0,r),0; D) since, by Theorem 3.1, W'?()(D)  C(D). Since [|uly p(.) =
cllull1,4(.), we see that it suffices to estimate 1.y (D\ B(0, R),0; B(0, R)N D) for small
R in order to prove the theorem. Moreover, by monotony, we need only consider
Yy (D \ B(0,R),0; B(0, R) N C). For every function u € W40)(C) we have

[[u

1,q() = min{1, 01 4 (u)},

by [17, Theorem 2.8]. Therefore we see that it suffices to show that gq 4¢.)(u) > ¢ for
every u € L(D\ B(0, R),0; B(0, R) N C) in order to get 1y (D\ B(0, R),0; B(0, R) N
C) > min{1, ¢} > 0, which will complete the proof.

It is clear that |Vu| > |0u/dr|, the radial component of the gradient, so that

/\qu"'de/ %
A; A; 67"

It is then easy to see that the function minimizing the sum over the integrals should
depend only on the distance from the origin, not on the direction. For such a function
let us denote the value at any point of distance 27* from the origin by v;.

qi

dx.
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Consider then a function v which equals v;—; on S(0,27*1) and v; on S(0,27%).
Using Lemma 2.4 we find that

/A Voltide > (vm1 — )" cap, (R™\ B(0,271), B(0,277))

q;i—1

= (vi—l - ’l}i)qiwn_l <Qz - 7;) (Q(Qi*n)/(qi—l) o 1)17(11‘27;((11_7”)
q; —

> C(Ui_l — ’L}i)q’i Qi(Qi*n)’

where the constant ¢ does not depend on ¢;. It follows that

Qlyq(.)(v) = Z/A |Vu|%dr > CZ(vi,l — Ui)qui(Qi—’ﬂ).
=2 i =2

Since the lower bound depends only on the v;, we see that

oo

inf A(u) = cin vi_q — ;)% 20@=n)
ueLQl,q()( )/ {0} 4 ( i—1 z)
=2
where the second infimum is over sequences {v;} with v; < v;—1, vo = 1 and
lim; oo v; = 0. Let us set a; = v;—1 — v; so that a¢; > 0 and Y a; = 1. Then
we need to estimate -
inf q%i2iai—n)
{ai} &= " '
1=2

with the infimum over partitions of unity {a;}. Let N be such that

€ logy (i + ¢) log, (i)
-2q¢—-—n=Mn-1 — 2> (n-1 2 :
32 ¢~ (n +e) Ep (n +¢e/2)
for i > N. Note that such an N can be chosen independent of z. Since a; < 1 we

;H’E/ % for such terms. Then we find that

have a’ > a
0 N—-1 o)

inf agiQZ(ql‘*n) > inf a/g?‘r2l(q’i7n) + Z a?+€/3in71+5/2.

{ai} P {a:} p =

The first sum on the left-hand-side is finite, hence
N-1 N-1 N—1 q
ORELED ST O S N
i=2 =2 i=2
where ¢ = maxogi<n—1¢;. It follows from Lemma 4.5 that

00 o n+e/3
+e/3 m—1te/2
g a? e/3n—1+¢/ > c( g az) .

i=N =N
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Combining these estimates we see that

o N—-1 q o n+e/3
inf ali9iai—n) > qu( ai> + c( ai)
{U«i} T Z Z

=2 =2 i=N

is uniformly bounded from below by a positive constant, since the sum of the a;’s
is 1. We have thus shown that the condition of Theorem 4.3 holds, which concludes

the proof. O
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