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Abstract. We establish interior and trace embedding results for Sobolev functions
on a class of bounded non-smooth domains. Also, we define the corresponding
generalized Maz’ya spaces of variable exponent, and obtain embedding results similar
as in the constant case. Some relations between the variable exponent Maz’ya spaces
and the variable exponent Sobolev spaces are also achieved. At the end, we give an
application of the previous results for the well-posedness of a class of quasi-linear
equations with variable exponent.
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1. Introduction. Over the recent years, various mathematical problems with
variable exponent have attracted the attention of many authors. Interest in variational
problems and differential equations with non-standard growth conditions has grown,
highly motivated by various applications, such as electrorheological fluids and image
reconstruction (see[1, 6, 8, 27], among others). For differential equations and boundary
value problems, properties for Sobolev spaces such as embedding and trace results play
an important role on the framework of these equations. The aim of this paper is to
provide the corresponding interior and trace embedding for a class of non-smooth
domains, and to define the ideal variable exponent function spaces needed in order to
obtain the realization of a class of boundary value problems with variable exponent
on general (non-smooth) domains.

The embedding results for Sobolev spaces with constant exponent into the
Lebesgue spaces have been investigated by many authors. In fact, if Q € RY is a
W _extension domain (for some constant p € [1, N); see [21] for this definition), then
it is well known that the interior embedding

Np

Wwhr(Q) — L7 (Q, dx) (1.1)

is bounded (e.g. [20, Theorem 5]). Also, in the variable exponent case, the boundedness
of the embedding (1.1) has been investigated by various authors, where the most general
case known was for  a bounded John domain (see [15]), although the statement for
bounded W!70)-extension domains follows in a straightforward manner (as we well see
later on). On the other hand, concerning traces, we point out the results obtained by
Biegert [4], where it was established that if p € (1, N) is constant and if € is a bounded
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W1P_extension domain whose boundary is an upper d-set with respect to a finite Borel
measure u (see Section 2 for this definition), then the trace embedding

whr(Q) «— LN@”(E)Q, du) (1.2)

is bounded. Moreover, a boundary trace embedding result for variable exponent
Sobolev spaces has been achieved by Fan [17] for Lipschitz domains.

Our first goal in this paper is to obtain similar continuous mappings as in (1.1) and
(1.2) for the variable exponent case, assuming that € is a bounded W'?()-extension
domain (see Definition 2.3). In fact, we will prove that under these conditions, if
p € C%(Q) is such that 1 < p, :=infg p(x) < p* := sups p(x) < N, then the interior
and trace embedding maps

Np() dp(-)

whrOQ) — L™ (Q,dx) and W'PO(Q) < L™ 0Q, dw), (1.3)

are both bounded. The exponent Np(-)(N — p(-))~! in (1.3) is optimal. However, the
value ¢(-) := dp(-)/(N — p.) may not be the optimal exponent (which we conjecture to
be dp(-)/(N — p(-))), but in particular if w is an upper (N — 1)-Ahlfors measure, then
the optimal exponent is achieved in this article.

In addition, we present the corresponding definitions of the variable exponent
classical and extended Maz’ya spaces, and obtain the corresponding embedding results
analogous as in the constant case. In particular, the classical Maz’ya inequality (e.g.
[23, Corollary 2.11.2]) has been optimally generalized to the variable exponent case.
To be more precise, given p € [1, N) and 1 <r < p(N — 1)(N — p)~!, Maz’ya proved
in [23, Corollary 2.11.2] that there exists a continuous embedding

w!(@,09) < L7 (@, d), (1.4)

where WPIJ.(Q, 9%2) stands as the space introduced by Maz’ya in [23]. In this paper, we
will show that the continuity of the embedding (1.4) remains valid if one replaces p, r
by corresponding functions p, r € C*/(Q)with1 <p, <p* <Nand1 <r, <r(x) <
(N — D)p(x)(N — p(x))~". In our knowledge, variable exponent Maz’ya spaces have not
been investigated, up to the present paper. Moreover, we comment that these results
allowed us to investigate quasi-linear differential equations with variable exponent and
with Robin boundary conditions, even on general bounded domains (see Section 6).
For a treatment of these kind of boundary value problems on general domains in the
constant case, we refer to [5, 10].

The organization of the work is the following. In Section 2, we review the basic
definitions of the variable exponent Lebesgue and Sobolev spaces, and in addition we
present other important definitions and well-known results that will be applied in the
subsequent sections. Section 3 is devoted to the interior trace embedding problem for
non-smooth domains. The crucial result is the validity of the continuous embedding
results in (1.3). Other consequences and compactness results are also achieved. In
Section 4, we define the notion of the variable exponent Maz’ya space, and establish
the corresponding embedding theorems related to these function spaces. In particular,
we prove that in the case of bounded W'”()-extension domains whose boundaries are
upper d-set with respect to a measure i, the extended variable exponent Maz’ya space
coincide with the variable exponent Sobolev space, with equivalent norms. Section 5
presents briefly some concrete examples of W!-?")-extension domains. The construction
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of the extension operator is done directly from [21]. Finally, in section 6 we apply the
results of the previous sections to obtain the realization of the p(-)-Laplacian with
Robin boundary conditions on bounded non-smooth domains.

2. Preliminaries and intermediate results. Let Q € RY (N > 2) be a bounded
domain whose boundary 92 is finite with respect to a Borel regular measure .
Given E C Q a positive measure space with respect to a finite Borel measure v, we
denote by P(E) := {p : E — [1, oo] measurable}, and set E5, := {x € E | p(x) = oo}.
Throughout the rest of this article, we assume that p € P(Q) is such that 1 < p, =
essinfg p(x) < p* := esssupgs p(x) < oo, and we also denote by p'(-) the conjugate of
p(-) in the usual sense. In fact, in most cases, we will suppose that the function p lie
on either the log-Hélder continuous space P'°2(S2), or the Lipschitz continuous space
C%1(Q). Here, we recall that P°¢(Q) denotes the set of functions u € P(Q) such that
the function v := 1/u is globally log-Hdlder continuous, that is, if there exist constants
c1, ¢ > 0 and a constant « € R such that

“ and lv(x) — @

|U(X)—U()/')| = 10g(€+ 1/|x—y|) of = log(e+lx|)

for all x, y € Q. For properties of the space P'°¢(Q2), we refer to [15, Section 4.1].
Next, we define

LP(E, dv) = {u: E — [—00, 00] measurable | p, ,(u) < oo},

where
o p(x)
p, (W) = >/£.€\E’7 )P dv +Null -

Because of our assumptions on the function p, it is easy to see that in our case E5, = @
and E\ E% = E, so I’Y)(E, dv) becomes the Musielak-Orlicz space L#(E, dv) for
@p(x, u) := |[u’™, endowed with the Luxemburg norm

=inf {1 >01p,(u/r) <1}.

el = Nl

(e.g. [24, Theorems 1.6 and 7.7], and [13]). The variable exponent L” spaces of our
interest will be L70)(2, dx) and L3R, du).

We will also consider the first-order Sobolev space with variable exponent, defined
by

wirO(Q) = {u € I’'(Q, dx) | Vu e 'O(Q, dx)N} ,
and endowed with the norm

flaell i=inf{% > 0 p,o(u/3) + p,o(IVul/2) < 1}.

wlrO)(Q)
For the classical properties of the variable exponent Lebesgue and Sobolev spaces,
refer to [9, 15, 18, 22, 24], among others. Finally, for r > 0 and x € R", we will denote
by B,(x) the ball of radius r and center x, and u, , will denote the average of u over
B,(x).
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DEFINITION 2.1. For a function u € L}UC(I]'\PN, dx), the precise representation of u is

defined by
. limu, ., if this limit exists,
(x) =1 r=>0 7 )
0, otherwise.

For properties about the precise representation of a measurable function, refer to
[11].

DEFINITION 2.2. Let d € (0, N) and u a Borel measure supported on a compact
set F € RY. Then, y is said to be an upper d-Ahlfors measure, if there exist constants
M, Ry > 0 such that

W(B.(x)) < Mr, forall 0 <r <Ry and x € F. (2.5)

If the condition (2.5) is fulfilled, then the set F € R is called an upper d-(regular)
set with respect to the measure u (cf. [4]). Moreover, the above condition can be
reformulated as

B,
w(B, () < mB) 0<r<Rpand x€F, (2.6)
r

where my(-) denotes the N-dimensional Lebesgue measure on R".

DEFINITION 2.3. Let p € LOO(RV), 1 <p, <p* <o0.Adomain 2 C R is called a
WPO_extension domain, if Q has the W1?0)-extension property, that is, if there exists
a bounded linear operator P : W'20(Q) — W'»O(RY) such that Pu = u a.e. on .
Thus, there exists a constant C > 0 such that

[l

= || Pull o= Clul

wlpO@Y) wlpO @V wlr() @)’

for every u € WhHro(Q).

We conclude this section by stating some known results that will be applied in the
subsequent sections.

THEOREM 2.4 see [11]. Given a bounded set D C R, there exist constants § >
1, C > 0such that for any xo € D, 0 <r < Ry, andu € W (Bs,(xo)), one has

0(x,y)
)~y | = € [ D vudy @7)
‘ fro) Bs,(x0) mN(BG(,\:y) (x))
(where 6(x, y) := |x — y| and my(-) denotes the usual N-dimensional Lebesgue measure

on RY), whenever x € B.(x) is such that lim,_,o Uy, = u(x). In particular, (2.6) holds
fora.e. x € B(xg).

THEOREM 2.5 see [11]. Under the same notation as in Theorem 2.4, let D € R be a
bounded set, let u be an upper d-Ahlfors measure on D for d € [0, N), andleto > N — d
be a fixed constant. Then for any x € D and0 < r < Ry/2, there exists a constant C > 0
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such that

G(X, J’)a —N+d
YW g < oV 2.8)
\/B,.(x) mN(BQ(\’,y) (X))

If u(-) = my(-), then the above conclusion holds for d = 0.

REMARK 2.6. If the measure 1 in Theorem 2.5 is an upper (N — 1)-Ahlfors measure,
then by virtue of [12, formula (3.9)] it follow that there exists a constant C > 0 such

that
/ ‘ U— B: (x0)
By(x0)

for each xg € D and u € W1 (Ba,(x0)).

REMARK 2.7. Let p € (1, N) be constant, let d € (N — p, N) and set g := dp/(N —
p). If 1 is an upper d-Ahlfors measure on a compact set F € R, then it follows from
the proof of Theorem 1.9 in [12] that there exists a constant C > 0 such that

1
([ wedn) < cua,,,,,, .10
B:(x0) '

for each xg € F and u € Wh!(B,.(xp)).

du < C/ |Vu|dx, 2.9)
Ba(x0)

3. Embedding results for Sobolev spaces on non-smooth domains. The main
purpose of this section will be to establish the following two results.

THEOREM 3.1. Let Q@ € RY be a W'PO)-extension domain domain, where p € P(Q)

Sulfills 1 < p, < p* < N. Then there is a linear mapping W'PO(Q) < L’ & (2, dx) and
a constant Cy > 0 such that

Il e, = Cillull for all ue W'PO(Q). (3.11)

NpC) wlrC) @
N—p()’

Proof. The proof is done basically by following the approach in [20, proof of
Theorem 2], and in [14, proof of Corollary 5.3]. Indeed, we begin with the important
observation, that by [15, Proposition 4.1.7], p € P'°2(2) can be extended to a function
p € P2(RY). Having said this, under the above conditions, it follows from [14, Theorem

5.2] that the embedding W'?O(RY) < L (RY, dx) is continuous. Thus, it follows
from this facts together with the W!»()-extension property that

/
lall o . < Mtll sy <l < €l
N—p()’ N-p()’

for some constants ¢, ¢ > 0 and for all u e W?0)(Q), where we recall that we are
writing u := Pu (P the extension operator in Definition 2.3) on R for simplicity. This
finishes the proof. O]

THEOREM 3.2. Given p € COY(Q) with 1 < p, < p* < N, let @ € R" be a bounded
WrO_extension domain whose boundary is an upper d-set with respect to ., for d €
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dﬁ(

(N = p., N). Then there exists a linear mapping W'*O(Q) < L (9, du) and a
constant Cy > 0 such that

for all ue WHO(Q). (3.12)

wlrt) @)’

lull oy < Callu
N=ps’

Moreover, if p.>1 and d €[N — 1, N), then there is a bounded linear operator

WN=Dp()

wrO@Q) — L " (0, duw).

If p € (1, N) is a constant, then Theorem 3.2 has been by obtained by Biegert [4]
(for d € (N — p, N)), and for the variable exponent case, and Theorems 3.1 and 3.2
have been investigated in [17, 19] if  is a bounded or unbounded Lipschitz domain.
Because any Lipschitz domain is a W!”-extension domain whose boundary is an upper
(N — 1)-set with respect to the (N — 1)-Hausdorff measure pu(-) := H"~!(.), the above
result is a generalization of the result in [17] for a large class of domains that include
among others, some examples of (¢, §)-domains (see section 5 for the definition of such
domain) and John domains. (refer to [15] for the definition and treatment on these
spaces). In fact, the conclusion of Theorem 3.1 has been achieved for John domains
(e.g. [15]). For N = 2, we stress out that W'”0)-domains are contained class of John
domains (assuming €2 at least simply connected). Also is known that for bounded John
domains, the classical Sobolev—Poincaré inequality holds (e.g. [7]). However, for N > 3,
it remains an open problem to relate both class of domains, that is, it still not known
if the class of W!”-extension domains is contained in the class of John domains.

To prove Theorem 3.2, we will employ some arguments in a similar way as in
[17, 19]. We start with the following estimate.

LEMMA 3.3. Let F € R be a compact upper d-set with respect to u, for d € [N —
1, N). Then there exist a € RY, and constants Cs, p > 0such that

lull,, < Cillull forall ue WH(RY). (3.13)

wll(Bp(a)’

Proof. We first deal with the case d € (N — 1, N). For this part, it suffices to show
(3.13) for the precise representation of u € W' (RY), namely it € W' (RY). Indeed,
let F be as in the theorem, fix xo € F, select a constant § > 1 such that the conclusion
of Theorem 2.4 holds, and choose r € (0, Ro]. Since &t € W1 (B;s,(x0)), we apply the
inequalities (2.6)—(2.8) to deduce that

f B diy < / e+ /
B, (x0) B,(xo) B,(xo)
N 0(x,y) N
< w(B,(x0)) ity | + f ( / —y|Vu(y)|dy> dus
Bi(x) \J By (x) MN (B, (X))

o 0(x, y) i

< M N, . +f (/ (B, o ) VO
180 Bsi(x0) B, (x0) mN(BH(\’ v)(x)) '

= MrN il gy + Cr NV, = Gl

dpx

R: (x0) u(x) Br (x0)

Br(xp)

1.Bgy(xg) — wl1(Bg,(x)

where C, := max{Mr‘=V, Cr'=N+4} Now the compactness of F entails that there is
a finite set {xo, ..., X} € F with F C Uj”’:o B,(x;). This fact together with the above

https://doi.org/10.1017/50017089515000282 Published online by Cambridge University Press


https://doi.org/10.1017/S0017089515000282

EMBEDDING AND TRACE RESULTS FOR VARIABLE EXPONENT SOBOLEV 477

estimate imply the inequality (3.13) for d € (N — 1, N). It remains to prove (3.13) for
d = N — 1. In fact, taking into account (2.6) and (2.9), one has

/ lul dp < / ‘u— Up o) du+/
B:(x0) B.(x0) B.(x0)

<C \Vuldx + Mr~ull, .., < Ciliul
Bai(x0)

u du

Br(xg)

wh1(By,(xp)

for each u € W(By.(x0)), and where C. := max{C, Mr~'}. This gives the estimate
(3.13) for d = N — 1. Finally, since B := U]'-”ZO B,(x;) is an open bounded set, we can
find @ € F and p > 0 large enough, such that B C B,(a), as desired. ]

Now let @ € RY be a bounded W!'PO-extension domain and let i be an
upper d-Ahlfors measure supported on <, for d € [N — 1, N). Clearly, W'?O(R") c
WLLRY), and thus the W!7O)-extension property together with Lemma 3.3 imply that
for every u € W'P0)(Q) there already holds u|,, € L'(dS2, du). Therefore, the trace ul,,,
of each function u € W!70)(Q) has definite meaning.

The next result will be established using similar techniques as in [17], but we spell
out the details here for completeness.

LEMMA 3.4. Given p € CON(Q) with 1 < p, <p* < N, let Q C R be a bounded
W) extension domain and let ju be an upper d-Ahlfors measure supported on 3K, for
d € [N — 1, N). For eachu € WHO(Q), if

(N=Dp()

. N—p(-)
v = |u| )

then v e WVY(B,(a)), where B,(a) denotes the ball appearing in (3.13).

Proof. We begin by noticing from the factd € [N — 1, N), ¢(-) := (N — 1)p(-)/(N —
p(-)) < Np(-)/(N — p(-)), and also we recall that p € C*!(Q) can be extended to
a function p € COY(RY). Hence, it follow from Theorem 3.1 and the W!r0-
extension property that v € L'(RY, dx) (as the extension function); in particular,
v € LY(B,(a), dx). It remains to prove that Vv € L'(B,(a), dx). Letting L, > 0 denote
the Lipschitz constant of ¢(x) and applying Young’s inequality, we have

[V

IA

q* 1l Vul + Lg|u) ™| log(u)|
Cq|u|(11(x)*1)p’(x) + CO|VM|P(X) + Lq|u|q(x)| log |ul|

IA

Np()/(N—p(x)

= cylul + ol VulP™ + Lyul?|log |ul|.

It is clear that the first two terms in the last inequality are in L'(B,(a), dx), so it
remains to verify the last term. This is done recalling the well-known properties
lim,_, o+ #¢'| log(?)| = 0 and lim,_, o, #~°?| log(#)| = 0, which are valid for every €, €; €
(0, 1]. Thus there exist constants c(e1), c(e2) > 0 such that sup,( 17 7| log(?)| < c(er)
and sup,..; 17| log(7)| < c(e2). These properties entail that

™ log@)| < e, for jul <1, & :=1,
and

1" log(u)] < [ul™@F< ||~ log(u)| < c(ex)|ul® <, for |u| > 1, & € (0, k],
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where k& := min{l, p,(N — p,)~'}. These estimates show that [u|?™|log(u)| €
L'(B,(a), dx), and completes the proof. O

The next results follows immediately form the formula (2.10).

COROLLARY 3.5. Let g € (1, N) be constant, let d € (N —q, N) and set q, =
dq/(N — q). If w is an upper d-Ahlfors measure on a compact set F € RY, then there
exist a € RY, and constants Cs, o > 0, such that

lull,, » = Csllull

qq-F —

forall ue WH(RY). (3.14)

wl4(By (@)’

The following result is proved in a similar way as Lemma 3.4.

LEMMA 3.6. Given p € CON(Q) with 1 < p, <p* < N, let @ € R be a bounded
W) extension domain and let ju be an upper d-Ahlfors measure supported on 3, for
d € (N — p,, N). For each u e WHO(Q), if w = """, then w € WI’P*(BQ(EJ)), for
B, (a) the ball appearing in (3.14).

Proof. By the W'7")-extension property one only needs to show that Vw e
I7+(By(a), dx), given that u € wre)(Q). Using Young’s inequality, we deduce that

)P L e
Vwl < 2" 1Vul + 22 ™" | log(uw)|

* *

)/ e L
<l + e VuT + 2

*

™" | log(w)|.

From here, we proceed as in the proof of Lemma 3.4 to conclude that Vw €
L7+(B,y(a), dx), as required. Il

Proof of Theorem 3.2 Let us firs consider the case when u be an upper d-
Ahlfors measure supported on 32, for d € (N — p,, N). Given u € W»0(Q), let
w be defined as in Lemma 3.6. Then by Corollary 3.5 and Lemma 3.6, one has

dp()

dps:
w € W'P(B,(@)) — L" 7 (882, dn), which means that u € L™ (39, dt), and thus
i)
wlrO(Q) € LV (32, dw) (in the sense of traces). Now define a linear mapping

dp(-)
T: WOQ) — L™ (3, du) by Tu := ul
dp()

closed in WhPO(Q) x L™ (392, du), which implies the boundedness of T by virtue of
the closed graph theorem. This proves (3.12). The case d € [N — 1, N) follows similarly
with the help of the W!?")-extension property, Lemmas 3.3 and 3.4. The proof of
Theorem 3.2 is complete. O

and observe that the graph of T is

Q2

COROLLARY 3.7. Given p € CO\(Q) with 1 < p, <p* < N, let @ € RY be a W' »0)-
extension domain whose boundary is an upper d-set withrespect to u, ford € (N — p,, N).
If g € P(OQ) fulfills 1 < q(x) < dp(x)(N — p,)~" for x € 3R, then there exists a linear
continuous trace operator WPO(Q) — LIODQ, dyu).

REMARK 3.8. If v is an upper d-Ahlfors measure on 092, ford € (N — p,, N), thenit

)
is still an open problem to establish the continuous trace W'?O(Q) — L" 7 (32, dp),
provided that © is a W!?()-extension domain. We conjecture that it is the optimal
exponent, but no proof from this general case has been achieved. However, ifd = N — 1
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the optimal result has been obtained in Theorem 3.2. Moreover, if p € (1, N) then the
conclusion of Theorem 3.2 agrees to the results obtained in [4, 11].

We close this section with a compactness result. Recall that for the remaining of
the article, for each g € C%1(Q), we will put g, := infz g(x) and ¢* := sups g(x).

THEOREM 3.9. Let p € C*Y(Q) be such that 1 < p, < p* < N, and let @ C R be a
WrO_extension domain and a W' P+-extension domain, with i an upper d-set supported
on 3K, for d € (N — py, N). If ¢ € C¥N(Q) is such that (N — p,)/d < q, < q(x) + & <
p(x) for x € 3Q and for some constant € > 0, then the trace mapping W'PO(Q) —

dg(x)

LY (082, du) is compact.

Proof. Let a € (0, min{ps, ¢.}) be chosen such that w := |u|"”" lie in W'(Q).
Define a mapping ¥ : WIPO(Q) — Wr(Q) by W(u):=w. Proceeding as in
the proof of Lemma 3.5 we see that W is continuous and bounded. Take a sequence
{u,) € WPO(Q) such that u, — i weakly on W'»0)(Q). The compactness of the
embedding W'70(Q) — LY(Q, dx) implies that u, — & a.e. on Q. Because the
sequence {W(u,)} is bounded on the reflexive space W!7+(Q), we may assume (after
taking a subsequence if necessary) that {W(u,,)} — vin W+(Q), with {¥(u,)} — ¥ a.e.
on Q. But W(u,) = u,|""" — |u|"”" = ¥(%) a.c on $, which shows that W is weakly-

weakly continuous. Since the trace W'7+(Q) < L

1 (02, du) is compact (see [4,
Corollary 7.4]), we deduce that W(u,) — (@) in L" ™ (382, di). Consequently, we

may assume that ¥(u,)|,, — V(#)|,,, and moreover we have that

tloRd

lim lu,| " du = / )" " du. (3.15)
=00 Jyq a0
dg(x)
But (3.15) and the boundary convergence entail that u, — &in L" " (2, du), proving
dg()
successfully the compactness of the trace W!'O)(Q) — L™ (32, du). O

COROLLARY 3.10. Let p € C*N(Q) be such that 1 < p, < p* < N, andlet 2 € R be
a W'PO_extension domain, with . an upper d-set supported on 3R, ford € [N — 1, N). If
q € COY(Q) is such that 1 < q, < q(x) +& < (N — Dp(x)(N — p(x))~" for x € 9Q and
for some constant & > 0, then the trace mapping W'PO(Q) < LIO(DQ, du) is compact.

The next result can be deduced following the same procedure given in [19, proof
of Theorem 1.3] (see also the proof of Theorem 4.3 in the next section), so we omit its
proof.

THEOREM 3.11. Let p € PIOg(ﬁ) be such that 1 < p, <p* < N, and let Q C RY
be a W'PO-extension domain. If q € P(Q) is such that q(x) > p(x) for a.e. x € Q,
and essinf g (Np(x)(N — p(x))~" — g(x)) > 0, then the interior mapping W'r0O(Q) <
LIYN(Q, dx) is compact.

REMARK 3.12. The results in this section can be obtained under weaker
assumptions over the function p(x). In fact, following the approach as in [17], one

may be able to establish the majority of the result stated in this section under the
assumption p € WH7(Q), for y > N. We do not go for details here.

4. The variable exponent Maz’ya space. In this section, we will give a precise
definition of the generalized variable exponent Maz’ya spaces on a bounded domain
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Q c RY.If p, r > 1 are constants, then the Maz’ya space Wpl,r(Q, 9Q2) was introduced
by Maz’ya [23]. For the definition and properties of this function space, refer to [23].
We start right away with the definition of the Maz’ya space in the extended variable
exponent case.

DEFINITION 4.1. Let © € RY be a bounded set, and let x be a finite Borel measure
supported on dR2. Given p, r € C*(Q) with 1 <p, <p* <occand 1 <r, <r* < 00,
we define the extended variable exponent Maz'ya space W1 (2,09, dun) to be the
completion of the space

P().r()

(Q,09,dp) == {ue WO(Q)N C(Q) | ul,, € L'OKR, du)}

1)()1<)

with respect to the norm

||U||W1() ()(vam = inf {A > 0] p,o(IVul/A) + p,o(u/X) + p,,o (/1) < 1} (4.16)
pC).r(-

In addition, recalling that H#"~!(-) denotes the (N — 1)-dimensional Hausdorff measure
over 992, we define the classical variable exponent Maz’ya space W}(W(Q, Q) as the
completion of the space

(Q,09Q) :={ue WPIQ)NCAQ) | ul,, € L'VOKQ, dHN "))

()()

with respect to the norm

llyy ey =000 (> 01 0o (Vl/D) /) <1} (@17)

We point out that if p, r € [1, c0) are constants, then the space Wpl,,,(Q, Q)
coincides with the classical Maz’ya space defined by Maz’ya in [23], and the constant
case of the extended Maz’ya space has been briefly investigated in [S]. Moreover, we

will quote the following fundamental embedding result for the constant case.

THEOREM 4.2 see [23]. Let Q@ C RY be a bounded domain with finite measure, and
letp € [1, N). Then for 1 <r<p(N—1)N —p)~\, there exists a continuous embedding

(Q Q) — L ’(Q dx). Moreover, if 1 < q <rN(N — 1)7', then the embedding
N(Q, Q) — L(2, dx) is compact.

From Theorem 4.2, we can derive the following important result.

T_HEOREM 4.3. Let Q C RY be a bounded donﬁzin with finite measure, and let p €
C*N(Q) be such that 1 < p, < p* < N. Ifr € C*N(Q) is such that 1 <r, <r(x) <(N —
Dp(x)(N — p(x))~! for all x € Q, then there exists a linear mapping VV;M)(Q, Q) —

Nr()
LY (Q, dx) and a constant Cy > 0 such that

forall ue W'

P).r()

(2, 99). (4.18)

<
el gy, < Cilllyy

Moreover, if ¥ € P(Q) is such that

r(x) <¥(x) forae xeQ and  essinf {(N r(x) R )}

xXeQ

then the embedding W'

p().r()

(Q,9Q) — L')N(Q, dx) is compact.
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Proof. Let p, r € C%1(Q) be as in the theorem. We proceed in two steps, as follows:
 First, assume that u € W! (Q, Q) N L>(K, dx). Then, we put

pC)r()

A= ull and  w = [u/A,|"0. (4.19)

Nr() o7
19

N
Clearly, wl,, € L'(0Q, dH"~") and w € L™ (Q, dx), with |w]| , _ = 1. Then, since
N-1

("(;(f)# < %’—fl) if 7(x) < (N — Dp(-)(N — p(-)))"!, using Young’s inequality, we have
that

e o ®
JoIVwl@dx < e [, ]Y ] dx + Cefﬂ‘v% dx+ L, [q |5 ‘log(%ﬂdx

J i
V—
A

r

1 p(x) u [u|
< 8C0+Cp/Q dx+Lr/Q » 10g<k,.)‘dx’
for € > 0 (already selected suitably), for some constants C, = C, > 0, where L, > 0
denotes the Lipschitz constant of r(-), and Cj is the constant for the fulfillment of
(4.18) for p(-) = ¢g(-) = 1 (valid by Theorem 4.2). Now, from the well-known properties
lim, ¢+ ' log(¢)| = 0 and lim,_, o, | log(¢)| = 0, which are valid for every €;, €; €
(0, 1]. we see that there exist constants c(e1), c(e2) > 0 such that sup, ;7| log(?)| <
c(er)and sup,. | t~<|log(#)| < c(e2). These properties, together with Young’s inequality,

entail that
|u] 1 /
1 — dx < —
og()w)’ x_8co+cl A,

L[
Q

for some constants ¢;, ¢; > 0. Thus, combining the previous two calculations, one sees

that
p(x) u r(x)
dx + f dx + /
Q Q

/|Vw|"(x>dx < G, /
Q Q )"r

N
which implies that Vw € L'(, dx). As the embedding W] (2, 0Q) — L™ (Q, dx)
is continuous, this together with the above calculations and Young’s inequality yield

r(x)2N-1)
2AN-T)

u r(x)

o

u r(x)
dx + c; /
)"r Q

dx,
Ar

rX)QN-1)
2N—T)

Gl
A

r

o o dx +_7

o

that
Nr(x)
N-T
) ® o) Rion
(X rx r(x V= 1
<C /VM dx/ £ dHN—1+/3 dx+/1 dx | + =,
Q r Q2 )\r Q )Lr Q )Lr 4
(4.20)

for some constant C. > 0. Now, since |[w| , _=p , (w)= 1, we may assume that
Nr()

0,o(w) < 1forall p € (1,:25]. Then, if A, < 1, thenitiseasy to conclude thatu € L"" (Q)
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by means of (4.20). Otherwise, when A, > 1, then by (4.20), Holder’s inequality, Young’s
inequality, and [15, Lemma 3.2.4], we have

p(X) u
A < CAy f dx+f —
Q aQ | Ar

+

Q
< Cx, f
Q

+

7(x)

7] dHN!

V—

r

r(x)
dx + /
Q

u p(x) u
Vu dx+/ —
Q2 )‘r

r

HX)QN-1)
2N=T)

u

Ar
dx —
Ar +

4

Ar

r(x)
dH!

u

A
+ —

+ 4

u
A -
"lo.e "Wepen-n o

2(N-1)

<c (A—(p*—l)/ |Vu|”(x)dx+k_(’*_l)/ " g1
Q IR

.
+ lull, o + llul ,.;&Nl,)ﬂ) +7

)
o Ar
<C (/ | V) dx—i—/ lul ™ dHN ! + C, + —> +
Q Elo}

A
=C (/ |V dx+/ |ul ™ dHN ! + cﬂ> + =,
Q P9 2

for some constant C, > 0. But the above calculation implies that

A < 2C (/ IVuIP(x)dx—i—/ |u|"™ dHN !+ Cﬂ), (4.21)
Q b1

which shows that u € L' (Q, dx) for the case A, > 1. Moreover, combining the
estimates for the separate cases A, < 1, and A, > 1, we deduce that

I

lull g, < 2C. ( / |Vul?™ dx + / || dHN! +C;), (4.22)
V-1 Q aQ

for all u € I/VPI()J_(_)(Q, 9Q) N L*®(2, dx), and for some C| > 0. It remains to show
Nr()

that u e L"' (Q, dx), whenever u e W!

1 o(2,89) is arbitrary. In fact, let u e
Wpl(,,‘,.(_)(Q, 0L2). For each n € N, define

. u if lul <n,
" {nsgn(u) if |u| > n. (4.23)
Then, {u,} € Wp{‘).’_(')(Q, Q) N L®(RQ, dx), and moreover,
/ |, dHV T < / |u|™ dHN ! (4.24)
29 99
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and

/ [V, [P dx < / |VulP™ dx, (4.25)
Q Q

for each n € N. Combining (4.22), (4.24), (4.25), and [15, Lemma 3.2.5], yield that

,ley,j)ﬂ(un) = ”un”):\,,.(‘)

.Q

2|

< c;( IVunI”(x)dx—i—/ |t dHN! +c;>
Q

aIQ

<G (/ IVuI”("")dx—i—f |u|"<X>dHN—1+C;) ,
Q 02

for some constant C; > 1, where

Nr*(N = 1! if el e, = 1,
Nro(N = 1)7! if’ [l

n— 00 . —
Hence, as u, — u a.e. in €, and H"V~'-a.e. on 9%, from Fatou’s lemma we get that
Nr()

the inequality (4.22) remains valid for all u € W! (R, 8%). Thus, u € L" ' (Q, dx),

ONIQ)

which implies that W = (Q,8%) € L™ (2, dx). Hence, letting 7': W

p().r()
Nr()
L' (Q, dx) be defined by Tu :=u, we observe that the graph of T is closed in
Nir()
w! (£2,09) x L7 (Q, dx), which implies the boundedness of T by virtue of the

().r(:
closed graph theorem. This gives (4.18). It remains to show the last statement. Indeed,

let # € P(2) be such that

(Q,09Q) —

— Nr
r(x) < F(x) forae xeQ and  essinf ) —Hx)p > 0.
ye@ | N — 1
Choose € > 0 small enough, such that
N —
B(x) = F)(1 + €) < ) forall x € Q.

N-1
Clearly, the embedding I/V/jjf(_)(Q,BQ)f—) L?O(R, dx) is bounded. Now let F C
W' (Q,89) be bounded. Then F C LYO(Q, dx) is bounded, and thus there is a

pC).r()
constant M > 0 such that

Poa®) < M, for every x € F.
Put
s = {w = O |u e F}
and

(1) = ¢, for all ¢ € [0, c0).
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Clearly, @ : [0, co) — [0, 00) is increasing, with lim,_, ., ®(¢) = 400, and moreover,

/Q i@ () dx = oy, (W) < M,

foreach w € X. Thus, it follows from [25, Theorem 7] (see also [19, Lemma 2.2]) that X
possesses absolute equicontinuous integrals on 2. As the embedding I/Vpim(Q, Q) —
w! (R, 09) is continuous, and the embedding W (R, 9Q) < L'(Q, dx) is compact,
it follows that F € L!(2, dx) is relatively compact. Thus, given a sequence {u,} C F, it
contains a subsequence (which we also denote by {u,}), such that u,, 2 uinL! (2, dx).

It is easy to see that u, —> u a.e. on §. Moreover, because {10} € = possesses
absolutely equicontinuous integrals on €2, it follows that

lim |u " dx = / "™ dx.
(cf. [25]). But this together with the obvious inequality [u, — u[™ < 27 (|u,["® + |u"©)
entail that the set {|u, — u|"”)} contains absolutely equicontinuous integrals on €.
Henceforth, lim,_,  p;, o (4, — 1) = 0, which implies that F is a relative compact subset
of L')(Q), and thus the embedding W' (Q,9Q) < L™(RQ)is compact, completing

p().r()

the proof. O

Next, we turn our attention on the extended Maz’ya space Wl) ()(Q, 02, du).
Then, using the definition of Wll() o (2, 992, dp) together with the results of the previous

sections, namely Theorems 3.1 and 3.2, we can establish directly the next results, and
thus we will omit their proofs.

COROLLARY 4.4. Let Q@ € RY be a bounded W' i")-extension domain, let | be a finite
Borel measure supported on 32, and let p, r € C*(Q) be such that1 < p, < p* < N, and

1 <r, <r* <oo. Then, there is a linear continuous embedding W‘U ()(Q, 02, du) —
Np()

L"(Q, dx).

COROLLARY 4.5. Let Q@ C RY be a bounded WO -extension domain, let u be an
upper d-Ahlfors measure supported on dQ for d € (N — p,, N), and let p, r € C*1(Q)

be such that 1 < p, < p* < N, and 1 < r, <r* < oo. Then, there is a linear continuous
dp(-)

trace operator W' (2,08, du) — L™ (02, du).

pC).r()

COROLLARY 4.6. Let Q@ € R be a bounded WO -extension domain, let u be an
upper d-Ahlfors measure supported on dQ for d € (N — p, N), and let p € C*'(Q) be
suchthat1 < p, < p* < N. Ifr € CON(Q) fulfils 1 < r, < r(x) < dp(x)(N — p,)~" forall
x € Q, then the spaces W) (2, 9K, d) and W'?(Q) coincide with equivalent norms.

REMARK 4.7. If @ € R" is a Lipschitz domain, then by virtue of Theorem 3.1, 3.2,
and Theorem 4.3, if p(x) r(x) are as in Corollary 4.4, it follows that the linear mappings

WN=Dp()
Wl (Q,09) = L” ””(sz dx) and W! (Q,0Q) < L Y992, dHNT) are both

bounded. Moreover, if in addition 1 < r(x) < (N — Dp(x)(N — p(-))~! for all x € Q,
then the spaces VVFI(‘M_(_)(Q, 3Q) and W'r0(Q) coincide with equivalent norms.
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To conclude this section, we define the space W, (2, 9€2) as the completion of the
space

V,(R2,09) = {ue WO(Q)N C(Q) | ul,, € L'OR, dw))
with respect to the norm
el @00, = I0f {2 > O] p, ,(1Vul/2) + p,,0(u/2) < 1} . (4.26)

Then, we can deduce the following important result

THEOREM 4.8. Let @ C RY be a bounded WPV -extension domain, let 1 be an upper
d-Ahlfors measure supported on 3Q for d € (N — py, N), andlet p € C%'(Q) be such that
1 <p, <p*<N.Ifre CON(Q) fulfils 1 <r, <r(x)<dp(x)(N—p,)~" forall x € Q,
then the spaces W, (2, d) and W'P0(Q) coincide with equivalent norms.

Proof. By virtue of Theorem 3.2, it suffices to show that [lu|,,, < C|lull W00 for
allu e Wr)(Q), and for some constant C > 0. To show this assertion, one just follow

the same argument as in [3, Theorem 4.24], with the help of Theorem 3.11. ]

5. Some examples of non-smooth domains. In this section, we present a class
of domains where the previous results may be applied. We begin with the following
definition, due to Jones [21].

DEFINITION 5.1. A domain Q C R" is called an (e, 8)-domain, if there exist
8 € (0, +00] and € € (0, 1], such that for each x, y € Q with |x —y| <4, there
exists a continuous rectifiable curve y : [0, f] - @ such that y(0) =x, y() =y,
Iy} < £|x —yl, and dist(z, 92) > € min{|x — z|, |y — z|} for all z € {y}.

Next, by virtue of [15, section 8.5], we have the following two results.

THEOREM 5.2 see [15]. Letp € P'%(Q) be such that 1 < p, < p* < co. IfQ € RY
is a bounded (e, 8§)-domain, then Q is a WrO_extension domain

THEOREM 5.3 see [15]. Let p € P'°8(Q) be such that 1 < p, < p* < oo, and let
Q < R be a bounded domain. Then,  is an (e, 8)-domain if and only if Q is a WrO-
extension domain

EXAMPLE 5.4. Let Q C R? be the classical snowflake domain (see figure below).

By [21], it is an (e, §)-domain, and by [30] H¢ is an upper d-Ahlfors measure
supported on 92, where d := log(4)/log(3). Then, it follows that all the results of
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the previous sections are valid on this domain. Another example of a bounded (e, §)-
domain whose boundary is an upper d-set with respect to the so called self-similar
measure can be found in a beautiful paper by Achdou and Tchou [2].

6. An application to boundary value problems. The purpose of this section is to
provide an application of the previous results to the solvability of a class of quasi-linear
equations with variable exponent on non-smooth domains. To begin, we introduce the
notion of p(-)-generalized normal derivative, whose definition for the constant case is
given in [5] (see also [29]).

DEFINITION 6.1. Let p € C%!(Q) be such that 1 < p, < p* < N, let n be a Borel
measure supported on 9%, and let u € W,;'(Q) be such that |VulP™2Vu . Vv ¢
LY, dx) for all v € C(Q). If there exists a function f € L! (R", dx) such that

loc

/|Vu|1’(x)*2Vqudx=/fvdx+/ vdn,
Q Q Bl

for all v € C'(Q), then we say that 7 is the p(-)-generalized normal derivative of u, and
we denote

|Vu|”(x)_zﬂ =1.
vy,

Having said that, given a bounded domain Q C RY (N > 2) and a finite Borel
measure u with support contained in 92, we consider the generalized quasi-linear
elliptic boundary value problem formally given by

—div(|VulP©=)Vu + a(x) [ufY2u = f  in Q,

9 (6.27)
|vu|p(x)—28_u + B(x) Y 2udu = gdu  on 9.
v

i

Here, p € C%(Q) satisfies 1 < p, < p* < o0, a € L®°(Q,dx) and B € L0, du)
fulfill infiee a(x) > @ and infiee B(x) > By for some constants «gy, By > 0, and
f e L1(Q,dx), ge LV, du), for some measurable functions ¢;(x), g»(x) with
1 < q1(x), ¢2(y) <ocoforeach x € 2, y € 9Q.

DEFINITION 6.2. Given u, v € W) (Q,8Q,du) := W, (2,98, du), set

P().p()

Ay(u, v) :=/ |VulPO=2VuV dx—i—/ o|ulP 2w dx + BlulP2uv du. (6.28)
Q Q FYe!

A function u € Wpl(_)(Q, 92, du) is called a weak solution of (6.27), if

Ap(u,v) = /Q fvdx+ fa . gvdpu, forall v e W, (Q,99,du) (6.29)

Under the previous assumptions, we claim that the nonlinear form A,(u, v)
is bounded, hemicontinuous, strictly monotone and coercive (sece [28] for these
definitions). Indeed, the strict monotonicity of A, follows because it is known
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that (Jal?™~2a — |b|PO=2b)(a — b) > ¢y(|al + || ~2|a — b|? for some ¢, > 0, and for
all a, b e R¥ (e.g. [5, Lemma 2.22]). Moreover, applying the generahzed Holder’s
inequality (see [22, Theorem 2.1]) we see that |A,(u, v)| < C ||u||

)(Q aQ.dp) ” ”W‘ (2.092.dp)

for every u, v € Wp‘(»(Q, 0Q2, du), where p denotes either p* or p,, from where the
boundedness follows. Furthermore, the hemicontinuity of A, follows easily, once we
recall the continuity of the norm function. To complete the proof of the claim, for each
ue Wplw(Q’ 9Q, du), we put

o) :=p,o(IVul) + p, o (W) + p, o (1)

If flull,, > 1, then p, (1) > 1(e.g. [18, Theorem 1.3]). Since the map ¢ — p,(1/ 1)

NCELRA

is contlnuous and decreasing on [1, co) (whenever u # 0 a.e. on Q and llull,, @ >

1), for each u € Wp?)(Q, 92, du) there exists A > 1 such that p,(u/A) = 1. Letting
n := A'7P+ one gets that
nApu,u) > Apu(u/r) = 2 = |lul

W/}(_)(n.aﬂ,du)‘
The above estimate shows that

Ap(u, u)

— 00 as ||u|| — 00,
fluell

(@.092.d0)
/1
Wl (@:02.d10)

that is, A, is coercive. This completes the proof of the claim.

By the properties of the non-linear form A, established above, for each u
Wpl(')(Q, 92, du), there exists an operator T, : W;(_)(SZ, A, dp) — Wp{‘)(Q, AR, du)*
such that A,(u, v) = (T, (), v), for every v € W/}(_)(Q, 0Q, du), where (-, -) denotes
the duality between Wl}(_)(Q, 99, du) and WFIH(Q, 99, du)*. By the above estimates
and properties fulfilled by A,, we see that the operator 7}, is hemicontinuous,
strictly monotone, coercive, and bounded, and by [28, Corollary 2.2] it follows
that 7, is surjective. Now let f € L7O(Q, dx) and g € L©V(9Q, du), where q1, ¢»
are measurable functions fulfilling ¢;(x) > Np(x)(N(p(x) — 1) + p(x))~! for all x € Q,
and g>(x) > p(x)(p(x) — 1)~! for each x € Q. By Corollary 4.5, it follows that the
functional S : W;)(Q, 0Q, du) — R defined by

S(w) :=Afwdx+/;9gwdu

is continuous. Combining this with the all the above conclusions, taking into
account Theorem 4.3, and applying Browder’s theorem (e.g. [16, Theorem 5.3.22]),
we immediately deduce the following result.

THEOREM 6.3. Let @ € RY be a bounded domain, and let f € L1 )(2, dx) and g €
LeODRQ, dw), where qy, g are measurable function s fulfilling q1(x) > p(x)(p(x) — 1)~}
for all x € Q, and q2(x) > p(x)(p(x) — 1)~! for each x € dQ. Then, the boundary value
problem (6.27) admits an unique weak solution u € W1 (Q 92, du). Moreover, in the
case when i = o, if f € LPO(Q, dx), where q3(x) > Np(x)(Np(x) N+DforxeQ,
then the equation (6.27) has an unique weak solution u € Wp{)(Q a2).
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Now set p,(-):= Np()(N —p(-))~" and p,(-):=dp()(N —p.)"". The next
improved result follows as above, but with the help of Corollary 4.6 and Corollary
4.7.

COROLLARY 6.4. Let Q C RY be a bounded W' -extension domain, let i be an
upper d-Ahlfors measure supported on 32 for d € (N — py, N), and let f € L1"O(, dx)
and g € L3R, dp), where q, qy are measurable functions fulfilling q,(x) > P, (x) for
all x € Q, and q2(x) > p/(x) for each x € 3S2. Then, the boundary value problem (6.27)
admits a unique weak solution u € W'P0(Q).

REMARK 6.5. By following the arguments given in the beautiful result by Biegert
[3, Theorem 5.10], it may be possible to show that if we assume the conditions of
Corollary 6.4, the (unique) weak solution of (6.27) is bounded on . Since this is not
the main purpose of this article, we do not go into further details here.
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