Chin. Ann. Math. .
32B(3), 2011, 333 342 Chinese Annals of

DOL: 10.1007 /s11401-011-0648-1 Mathematics, Series B
© The Editorial Office of CAM and
Springer-Verlag Berlin Heidelberg 2011

A Poincaré Inequality in a Sobolev Space
with a Variable Exponent

Philippe G. CIARLET! George DINCA?

Abstract Let Q be a domain in RY. Tt is shown that a generalized Poincaré inequality
holds in cones contained in the Sobolev space W' *()(Q), where p(-) : @ — [1,00[ is a
variable exponent. This inequality is itself a corollary to a more general result about
equivalent norms over such cones. The approach in this paper avoids the difficulty arising
from the possible lack of density of the space D(2) in the space {v € W'PO)(Q);trv =
0 on 9Q}. Two applications are also discussed.
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1 Introduction

All notions and definitions not defined in this introduction are defined in the next section.

Let Q be a domain in RY and let I' := 9. The usual Lebesgue and Sobolev spaces, i.e., with
a constant exponent p > 1 are denoted LP(2) and WP(Q), while the Lebesgue and Sobolev
spaces with a variable exponent are denoted LP()(Q) and W'P(-)(Q), the variable exponent
p(-) being now any function in the space L () that satisfies p(x) > 1 for almost all z € Q
(the main properties of these spaces are reviewed in Section 2).

The classical Poincaré inequality in Sobolev spaces with a constant exponent asserts that,

given any real number p > 1, there exists a constant C' = C(€2, p) such that

N
/Q|v(a:)|pda: < cZ/ﬂ ()P dz for all v € WEP(Q),
i=1

where
W, P(Q) := {v € W"P(Q);trv =0 on T'}.

However, as shown in [10], this inequality does not necessarily hold when the constant
exponent p is replaced by a variable exponent p(-) : Q — [1, 00| (even if p € C(Q) and N = 1;
see also the counter-example given in [7]). As shown by Kovécik and Rékosnik [9], this inequality
does hold for all v € D(Q) if p € C(€2) and if the norm || - || 1»(q) is replaced by the Luxemburg

norm (the appropriate norm when the exponent is variable (see Section 2)).
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Still, this does not provide a satisfactory generalization of the classical Poincaré inequality,

because the equality which holds for a constant exponent p:
D(Q)MVVLP(Q> ={v e W"P(Q);trv=0onT}

is replaced, in the case of a variable exponent p( ), by the inclusion

D(Q) W@ fyp e WHPC)(Q);tro =0 on '},

which may be strict, unless additional assumptions are imposed on the function p(-). Conse-
quently, even if such a generalized Poincaré inequality can be established for all functions in the
space D(Q), it cannot be extended in this case by means of a density argument to all functions
in the space W1P(*)(Q) whose traces vanish on T

The purpose of this paper is to provide a way, new to the best of our knowledge, to circum-
vent such shortcomings. Instead of proving the Poincaré inequality for functions in D(€2) and
then extending it by a density argument (as is often done for a constant exponent), we obtain
the Poincaré inequality as an immediate corollary of an equivalence of norms in ad hoc cones
of the space WP(-)(Q) (see Theorems 3.1 and 3.2).

This approach has several advantages. Firstly, it can be carried out in the space {v €
WhrC)(Q);trv = 0 on T'}, thus avoiding the difficulty arising from the possible lack of density
of the space D(Q2) in this space; secondly, it can be extended at no extra cost to the space
{v e WP()(Q);trv = 0 on Ty}, where Ty is a subset of I with d[-measTy > 0 (see Theorem
4.1); thirdly, it allows to establish a Poincaré inequality in ad hoc cones in WP(:)(Q), and thus
in subsets (associated for instance with a Nemytsky operator (see Theorem 4.2)) that need not

be subspaces.

2 Notations and Preliminaries

All vector and function spaces considered in this paper are real.

This section gathers various definitions and basic properties related to Lebesgue and Sobolev
spaces with variable exponents. For proofs and references, see [6, 7).

The Lebesgue measure in RY is denoted dz. Throughout this paper, € designates a domain
in RV, ie., a bounded and connected open subset of RY whose boundary T' is Lipschitz-
continuous, the set () being locally on the same side of I'. A measure, denoted dI', can then be
defined on I'. For details, see, e.g., [1] or [11].

No distinction will be made between dz-measurable, resp. dI-measurable, functions and
their equivalence classes modulo the relation of dz-almost everywhere, resp. dI™-almost every-
where, equality.

A cone (with vertex at the origin) in a vector space V is a subset U of V with the property
that A > 0 and v € V implies Av € U.

Unless a specific notation is used, || - ||y denotes the norm in a normed vector space V' and

Al designates the closure in V' of a subset A of V' with respect to the norm | - ||y .
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Given two normed vector spaces V and W, the notation V' <— W, resp. V. € W, means that
V' C W and the canonical injection from V into W is continuous, resp. compact.

The notation D(€2) denotes the space of functions that are infinitely differentiable in € and
whose support is a compact subset of Q. Given a real number p > 1, the notations LP({),
WLP(Q), and

Wo(Q) = D(Q) " = {v € WP(Q)itrv =0 on T},

designate the usual Lebesgue and Sobolev spaces; “usual” means here that the exponent p > 1
is a constant.
Given a function p(-) € L*°(Q) that satisfies

<p = i
1< p™ = essinf p(),
the Lebesgue space LP(*)(Q) with a variable exponent p(-) is defined as
P (Q) = {v : Q — R; vis dr-measurable and / lo(z)[P@ dz < oo}.
Q
Likewise, given a function ¢(-) € L°°(T') that satisfies

1 < essinf
< essin q(y),

the Lebesgue space L4(")(T") with a variable exponent ¢(-) is defined as
LN = {v :I' - R; v is dI-measurable and / lu(y)|9®) dy < oo}.
r

Theorem 2.1 Let Q be a domain in RV,
(a) Let p(-) € L*>°(Q) be such that p~ > 1. Equipped with the norm

(@)
UeLp<~>(Q)_>||U|\O,p(.)::inf{Azo;/’@‘p dw <1},
Q

the space LPC)(Q) is a separable Banach space. If p~ > 1, the space LPC)(Q) is uniformly
convez, hence reflexive.
(b) Let pi(-) € L>®(Q) and p2(-) € L*™(2) be such that p; > 1 and p; > 1. Then

L”2(')(Q) ‘_>Lp1(~)(Q)

if and only if
p1(x) < pa(x) for almost all z € Q.

(¢) Given p(-) € L™(Q) such that p~— > 1, let p'(-) € L>®(Q) be defined by
1 1

+ =1 for almost all z € €.
p(x)  p'(x)

Then, given any function u € L”l(')(Q), the linear functional

(:veP(Q) - /Qu(x)v(x)dx eR
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18 continuous; conversely, given any continuous linear functional £ : Lp(')(Q) — R, there exists

one, and only one, function ug € LP C)(Q) such that
l(v) = / ug(z)v(z)dz  for all v e LPL)(Q).
Q

Remark 2.1 The norm || - |[g .y, which is often called the Luxemburg norm, reduces to

the norm || - || 1»(q) if the function p(-) is constant and equal to p.

Given a function p(-) € L>(Q) that satisfies p~ > 1, the Sobolev space W'P(*)(Q) with a

variable exponent p(-) is defined as
WP (Q) := {v e LPC)(Q); 9,0 € LPU)(Q), 1 <i < N},

where, for each 1 <i < N, 9; denotes the distributional derivative operator with respect to the

i-th variable.

Theorem 2.2 Let Q be a domain in RY.
(a) Let p(-) € L>®(Q) be such that p~ > 1. Equipped with the norm

N
v e WHO(Q) = [ollip) = [ollopcy + D 100]lop(-),

i=1

the space WP )(Q) is a separable Banach space. If p~ > 1, the space W'PU)(Q) is reflexive.
(b) Let pi(-) € L®(R) with p; > 1 and p2(-) € L>(Q) with p, > 1 be such that

p1(x) < ps(x) for almost all z € Q.

Then
whr()(Q) e Whrl)(Q).

(c) Letp(-)€C(Q) be such that p~ > 1. Given any x € Q, let
if p(x) <N and p*(x):=o0, if p(x)> N,
and let there be a function q(-) € C(Q) that satisfies
1 <q(z) < p*(x) for each x € Q.
Then the following compact injection holds:
wirt)(Q) e LQ(')(Q).

Thus, in particular,
whrl)(Q) € LPC)(Q).

Finally, we state several properties of traces of functions in the space W1HP(+)(Q).
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Theorem 2.3 Let Q be a domain in RN,

(a) Let p(-) € L>®(Q) be such that p~ > 1. Since WHP()(Q) — WhH(Q) (see Theorem
2.2(b)), the trace on T of any function v € WHPC)(Q) is well-defined as a function, denoted
trv, in the space L'(T).

(b) Let there be a function p(-) € C(Q) that satisfies p~ > 1. Given any x € T, we let

(V = Dp(z)

N i) U P@) <N and p%() =0, if pla) > N,
)

Po(x) =
and let there be a function q(-) € C(T") that satisfies
1< q(x) <p?(z) for each z €T.
Then, given any function v € WPC)(Q), trv € LIC)(T), the trace operator
tr: WhPC)(Q) — £9C)(T)
defined in this fashion is compact. Thus, in particular, the trace operator

tr: WP (Q) — LrC(T)

1s compact.

3 Equivalence of Norms and Poincaré Inequality
in a Cone in Wtr(-) ()

We now establish the main results of this paper, which extend to Sobolev spaces with
variable exponents established by Jebelean and Precup [8] for the usual Sobolev spaces.

Recall that, as a domain in R™, the open set € is in particular connected. So, a function
v € WH(Q) that satisfies 9;v = 0 a.e. in Q, 1 < i < N, is a constant function.

Theorem 3.1 Let Q be a domain in RY. Let p(-) € C(Q) be such that p~ > 1, and let
U # {0} be a cone in the space WP ) (Q) that is sequentially weakly closed and that does not

contain nonzero constant functions. In other words,

v € U, k> 1, and v, — v weakly in Wl’p(')(Q) as k — oo imply v € U,
ve U and O;v =0 a.e. in Q1 <i<N imply v =0.

Then there exists a constant C = C(U) such that
lv][1,p(y < Clofypc.y forallve U,

where the semi-norm | - |y p(.y : WHPC)(Q) — R ds defined by

N
[v]1p(.) = Z 10:v]l0,p(.y for all v € WHPL)(Q).
=1
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Proof Assume that the property is false. Then, for each integer k > 1, there exists a
function wy € U such that
lwell1,pc) > Klwklp)-

k > 1, which belong to the cone U since —— > 0, satisfy

llwg]]

wi
[lwp ]l

Therefore, the functions vy :=
lollipc.y =1 forallk>1 and |vglyp.) — 0 as k — oo.

The sequence (vy )2, is thus bounded in the reflexive Banach space W1(*)(Q) (see Theorem
2.2(a)). Therefore, by the Banach-Eberlein-Shmulyan theorem (see, e.g., [12, Chapter 5]), there
exists a subsequence, still denoted (vi)52 , for convenience, that weakly converges in whr()(Q)
as k — oo to a limit v that belongs to U, since U is sequentially weakly closed by assumption.

But WP)(Q) € LPC)(Q) (see Theorem 2.2(b)). Hence, (vj)3o, strongly converges in
LP()(Q) as k — oco. On the other hand, |vy|; ,(.) — 0 as k — oco. Hence, the sequence (v)3
is a Cauchy sequence in WP(*)(Q), which strongly converges to v € U.

Since the semi-norm | - [1,(.) : WP()(Q) — R is strongly continuous, it further follows
that

[0l1p() = Hm fvplpc) =0
Hence, ;v =0 a.e. in 2, 1 < i < N, and thus v = 0 by assumption. But this contradicts the
relation [[v||; () = khi& lv]l1,p¢.y = 1. This completes the proof.

We immediately infer from Theorem 3.1 that, if its assumptions are satisfied, there exists a
constant C'= C'(U) such that

lvllop(.y < Clofypc.y forallwve U

This relation constitutes the Poincaré inequality in a Sobolev space with a variable exponent
announced in the title of this paper.
Actually, with a little further ado, we can even characterize the “best” (i.e., the smallest)

constant C' appearing in this relation.

Theorem 3.2 Let the assumptions about the set Q, the function p(-), and the cone U be
those of Theorem 3.1, and let

w(U) == inf{|v|1 pc.y; v €U, [|[vllopcy = 1}

Then
w(U) >0,

and there exists v € U such that
HUHO,p(-) =1 and pU)= |U|1,p(~)'

Hence

1
v NS ——|vlip.y forallve U,
[vllo,p(-) ,U(U)| e

and ﬁ s the best possible constant in this Poincaré inequality.
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Proof Some arguments are the same as in the previous proof and for this reason, will not

be repeated. By definition, there exists a sequence (vy)7, of elements vy, € U such that
lvkllop.y =1 forall k>1 and |vg|y .y — p(U) as k — oo.

Since (vx)%2; is then a bounded sequence in W1P() (), there exists a subsequence, still denoted
(vr)72, for convenience, and an element v € U such that vy, converges weakly to v in W12(*)(Q)
as k — oo.

Besides, vy — v in LP()(Q) as k — oo, so that
[vllo.pe) = JHim foxllopc) =1
The definition of u(U) then implies

w(U) < |vlip()

on the one hand. Since a semi-norm is sequentially weakly lower semi-continuous,
v A < liminf |v = p(U),
[01p() < lminf oy, = p(U)

on the other hand. Hence u(U) = |v|y p(.) and thus p(U) > 0, for otherwise v would vanish.
But this is impossible since ||v|[g .y = 1. This completes the proof.

4 Applications

Our first application is to the case where the cone U in W'P(*)(Q) is a subspace, associated

with a homogeneous Dirichlet condition.

Theorem 4.1 Let Q be a domain in RY, let Ty be a dT'-measurable subset of I' = 0 that
satisfies dT'-measTg > 0, let p(-) € C(Q) be such that p~ > 1, and let

U:={ve W' )(Q); trv =0 on T},

where the trace operator tr is defined as in Theorem 2.3. Then there exists a constant C' = C(U)
such that
lvll1,p(.) < Clolypc.y  forallv e U.

Proof It suffices to verify that the above set U satisfies the assumptions of Theorem 3.1.
To show that U is sequentially weakly closed in WP()(Q), it suffices to show that U is strongly
closed since U is a subspace.

So, let v, € U, k > 1, and v € WHP()(Q) be such that vy, — v in WP()(Q) as k — oo,
Then vy, — v in WH(Q) since WHP()(Q) — WH1(Q) (see Theorem 2.2(b)). Consequently,
trug — trv in LY(T') as k — oo, which in turn implies that trvg|r, — trov|p, in L*(I'g). But
trog|r, = 0 for all £ > 1 and the limit of a sequence in a normed vector space is unique, which
shows that trv|p, = 0. Hence v € U, which shows that U is closed.

It remains to show that |- |; .y is a norm over the space U. So, let v € U be such

that |v|; .y = 0. Then v is a constant function by virtue of the connectedness of the set Q.
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Therefore its trace on I' is a constant function that takes the same value, and this value is zero
since the trace vanishes on I'y and dI'-measT'y > 0. This completes the proof.
When I'y =T, Theorem 4.1 thus shows that the following Poincaré inequality holds: There

exists a constant C' such that
[vllop(-y < Clvlip.y forall v e WHE)(Q),
where
WP (Q) = {v e WHP()(Q); trv =0on T}.

But, as indicated in the introduction, the space
WOLP( -) (Q) — WH'HLP( 9

may be only strictly contained in the space Wl’p(')(Q). Hence in this case, establishing the
Poincaré inequality for all functions in D(£2) would yield the same inequality for all functions
in Wol’p(')(Q), but not for all functions in W12(-)(Q).

Remark 4.1 For a constant exponent p, Theorem 4.1 is well-known; see, e.g., [3, Theorem

1.2.1) or [2, Theorem 2.15] (in both cases, p = 2, but the proof is similar for any p > 1).

Remark 4.2 The spaces Wol’p( ' )(Q) and Wol’p( )(Q) coincide if the function p(-) € L>(£2)
with p~ > 1 satisfies the following Diening-Fan-Zhao-Zhikov condition (so named after Diening
[4], Fan and Zhao [7], and Zhikov [13]): There exists a constant C' such that

C — 1
— <———— forall Q h that ||z — =
Ip(x) —p(y)| < Tl gy O Ml®y e suchtha lz =yl <3,
where || - || denotes the Euclidean norm in RY.

Our second application is to “genuine” cones U (i.e., which are not subspaces) of a specific

form.

Theorem 4.2 Let Q be a domain in RN, let p(-) € C(Q) with p~ > 1, let q(-) € C(Q) with
q~ > 1 be such that
q(z) < p*(z) for allw € Q,

where the function p* : Q — R is defined in Theorem 2.2(c), and let the function ¢'(-) € C(Q)

be defined by
1 1

4@ 7@
Let f: QxR — R be a Carathéodory function (i.e., such that f(x,-) € C(R) for almost all
x € Qand f(-,s): Q — R is measurable for all s € R) such that, for each A\ > 0, there exist
two constants C  and C;\r with the property that

=1 foralaxzeQ.

Cy f(z,s) < f(x,As) < Cj\rf(x,s) for almost all x € Q and all s € R,
and such that there exist a non-negative function a € LY )(Q) and a constant b > 0 such that

|f(xz,8)] < a(z) +b|s|"D~ for almost all x € Q and all 5 € R.
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Finally, assume that the set
U:= {v e WhPl)(Q); /Qf(x,v(a:)) dz = 0}
does not contain nonzero constant functions. Then there ezists a constant C = C(U) such that
lv][1,p(y < Clofypc.y  forallv e U.

Proof Again it suffices to verify that the above set U satisfies the assumption of Theorem
3.1. First, the existence of the constants C and C’j\' for each A > 0 and the definition of the
set U together imply that U is a cone. It thus remains to verify that U is sequentially weakly

closed. Because
|f(z,8)| <a(x)+ b|s|Q(”)/q/(”) for almost all z € Q and all s € R,
the associated Nemytsky operator Ny, defined for any function v € L) (Q) by
Nyv(z) = f(z,v(z)) for almost all z € Q,

maps L) (Q) into L7 ()(), and is continuous between these two spaces (see [7, Theorem
1.16]).
The mapping

UGLQ(')(Q)—>/Qf(x,v(x))dx6R

is thus continuous, as composed of the continuous mappings Ny : Li)(Q) — Lq/(')(Q) and
g € Lq'(')(Q) — fQ g(z)dz € R (while the latter mapping is continuous following Theorem
2.1(c) and the observation that the constant function equalling to one belongs to L) (Q)).

Let then vy € U, k > 1, and v € WHP()(Q) be such that v, converges weakly to v in
WLrC)(Q) as k — oo. Consequently, vy, — v in L)(Q) since WP()(Q) € L1 (Q) (see
Theorem 2.2(c)), which in turn implies that

/ flz,v(z))de = lim | f(z,vp(x))dz =0.
Q k Q

Therefore v € U, which shows that U is sequentially weakly closed. This completes the proof.

Remark 4.3 An example of a function f :  x R — R that satisfies the assumptions of
Theorem 4.2 is given by (z,5) € Q x R — f(x,s) := |s]9®) =25, since in this case the existence
of the constants C'y and C;r for each A > 0 follows the inequalities P < N@) <\ for all

zeQIf0<A<land A7 <A@ <\ forallz € Qif 1< A, where ¢ := sup |q(z)], and
z€Q
|f(z,5)] = |s]9®)~1 for almost all € Q and all s € R. For a constant exponent p, functions of

this type naturally appear in the analysis of the p-Laplace operator (see, e.g., [5, 8]).

Remark 4.4 Theorem 2.1(c) shows that the same conclusion holds if the set U is of the
more general form U = {v € W) (Q); Jo h(@) f(z,v(x))dz = 0}, where h is a given non-

negative function in the space LI()(Q).
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