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Abstract

In this article we study basic properties of the mixed BV-Sobolev
capacity with variable exponent p. We give an alternative way to de-
fine mixed type BV-Sobolev-space which was originally introduced by
Harjulehto, Hésto, and Latvala. Our definition is based on relaxing
the p-energy functional with respect to the Lebesgue space topology.
We prove that this procedure produces a Banach space that coincides
with the space defined by Harjulehto et al. for bounded domain §2 and
log-Hélder continuous exponent p. Then we show that this induces
a type of variable exponent BV-capacity and that this is a Choquet
capacity with many usual properties. Finally, we prove that this ca-
pacity has the same null sets as the variable exponent Sobolev capacity

when p is log-Holder continuous.
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1 Introduction

Variable exponent analysis has become a growing field of interest during the

past 10-20 years. Variable exponent problems originated with the study of
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variable exponent function spaces and certain variational problems [22, 26,
28, 29]. Then the study spread out to e.g. harmonic analysis, geometric
analysis, and fuller theory of partial differential equations.

As an introduction to the subject of variable exponent problems, the
reader is advised to the original article [22], the forthcoming monograph |[§],
and the survey articles [9, 18, 25].

In this article, we study a class of "bounded-variation-like” functions and a
capacity in the variable exponent setting. In general, the study of capacity is
closely related to the potential theory, say the Wiener regularity of boundary
points with respect to a variational problem. For such study of capacity in
the variable exponent case, see [2]. As another example of related variable
exponent potential theory, we mention [20]. Capacity is also the correct way
of measuring the fine regularity properties of Sobolev functions. For the
variable exponent case see |15, Section 5| and also [14, 16, 19].

Let p be a finite variable exponent. The p(-)-capacity of set £ C R" is
defined as

Cp(y(E) = inf / [uP™) + | VulP@de,

n

where the infimum is taken over admissible functions u € S,.)(£) where
Spiy(E) ={ue WEHPO(R™) 4 > 1 in an open set containing E}.

It is easy to see that if we restrict these admissible functions S,(.) to the case
0 <u <1, we get the same capacity. In this case it is obviously possible to
also drop the absolute value from |u|P(®).

The p(-)-capacity enjoys the usual desired properties of capacity when
p~ > 1, see [15]. However, just as in the constant exponent setting, some
of these properties require different argument when p~ = 1. In the classical
treatment of 1-capacity, see [11], properties such as limit property of capacity
with respect to increasing sequence of sets are first proved for BV-capacity.
Then the corresponding result is obtained for 1-capacity by proving that
these two capacities are in fact equal. This BV-approach has been used to
study questions related to 1-capacity for example in [11] in the Euclidean

setting and in [13, 21] in the setting of metric measure spaces. We note that
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BV-capacity has also been studied without comparison to the 1-capacity, for
general reference see |31, Chapter 5.11| in the case of BV-capacity and [10,
Chapter 4.7] in the case of 1-capacity.

When studying the 1-capacity, one encounters some difficulties. It has
turned out that the function space W11(€) does not offer the best possi-
ble framework for studying variational problems; instead, several difficulties
arise. On the other hand, the space of BV functions provides a better setting,
bypassing some of these difficulties. Aware of the obstacles in the constant
exponent case, we choose this BV-based approach as our starting point. We
give an alternative definition for the mixed BV-Sobolev space of functions
presented in [17]. The original definition is based on directly separating the
modular into a "Sobolev part” and a "BV part”, defined on separate parts
of the domain, whereas our definition is based on relaxing the p(-)-energy
functional over whole of the domain. The rough idea is that the functions
should behave like Sobolev functions when p(-) > 1 and like BV-functions
when p(-) = 1. For general introduction into the procedure of relaxation of
a functional, see [5, Chapter 1.3 and Example 1.4.2|. See also |7, Examples
3.13, 3.14].

We obtain several properties for our mixed BV-Sobolev space of func-
tions. We show that it has a naturally induced modular, that it is a Banach
space, that the modular has an important semicontinuity property, and that
the space has certain well-behaved closure properties. We also show that our
definition of the class of functions coincides with [17] under certain assump-
tions. The new definition should also work well for unbounded domains.

We conclude by defining a capacity based on the mixed BV-Sobolev space.
We show that this capacity has many properties we would usually expect
from a capacity related to potential theory: it is continuous with respect to
an increasing sequence of sets, it defines an outer measure, and so forth. As
a result, this capacity is a Choquet capacity. We finally show an equivalence
between the mixed capacity and the Sobolev capacity with respect to null
sets.

We note that our approach has some advantages over [15, 17|. Our mixed

modular has a lower semicontinuity property which is mainly due to the def-



inition via relaxation. It is known that lower semicontinuity of the modular
can be used to prove many properties of the capacity, confer 11, 13| and |31,
Chapter 5.12]. The lower semicontinuity is not known in the case of [15] and
thus properties of a similarly induced capacity remain unknown to us.

Also, in the paper [17] the authors study the case of bounded Q and
strongly log-Holder continuous p. We will be able to establish an equivalence
between two definitions even after relaxing the condition of strong log-Hélder
continuity to regular log-Hoélder continuity. However, it seems to us that in
[17], it is required that €2 has finite measure. In contrast, our definition of a
mixed space does not depend on this assumption.

Finally, in [15] the Choquet property of the variable exponent Sobolev
capacity is established in the case p~ > 1. It is not known whether it is true
for p~ = 1. In contrast, the proofs for our mixed capacity do not distinguish
between the cases p~ > 1 and p~ = 1. Our mixed capacity is a Choquet

capacity with the same null sets as the Sobolev capacity.

2 Preliminaries

Let © C R™ be an open set. A measurable function p : Q — [1,00) is called a
variable exponent. Note that we may later on impose additional restrictions

on the variable exponent. We denote

pTi=esssupp(z), p = essinfp(x),

and for £ C R",

pLi=ess supp(x), pp = essinfp(z).
zeE zeE

The set of points where p attains value 1 will be important, so we reserve

special notation for it. Following [17], we denote
Yi={zreQ : plx)=1}.

In this paper, we always assume that p™ < co. This assumption is typical,

since it ensures that the notion of convergence in modular is equivalent to the
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typical convergence in norm; we shall use this fact later on. See [22, (2.28)
on p. 598|. Also, we note that the concept of co-capacity is, in general, not
very useful, so it is reasonable to restrict the consideration to the strictly
finite case.

We define a modular by setting

Qp(-)(u):/ﬂ|u($)|p(x) dx.

The variable exponent Lebesgue space Lp(')(Q) consists of all measurable func-
tions u :  — R for which the modular g,)(u/\) is finite for some X > 0.

We define a norm on this space as a Luxemburg norm:
Jull Loty @y = Inf {X > 0 gpey(u/A) <1}

It is known that LP()(Q) is a Banach space. The variable exponent Lebesgue
space is a special case of a Musielak—Orlicz space, but here we only consider
the Lebesgue and Sobolev type spaces. For constant function p the variable
exponent Lebesgue space coincides with the standard Lebesgue space.

The variable exponent Sobolev space W) (Q) consists of functions u €
LP0)(Q) whose distributional gradient Vu has modulus in LP()(§2). The vari-

able exponent Sobolev space W'P()(Q) is a Banach space with the norm
[ullipey = llellpe) + 1V ullp.
We also define
0150 (1) = €p() (1) + 2p() (V).
We recall the definition of log-Hoélder continuity.
Definition 2.1. Function p : 2 — R is locally log-Hoélder continuous on {2

if there exists ¢; > 0 such that

() — p(y)| < =
Y P log<e+ﬁ>

for all x,y € 2. We say that p is globally log-Hélder continuous on €2 if it is
locally log-Holder continuous on €2 and there exists p,, > 1 and a constant

¢y > 0 such that
Co

[P(2) = Poo| < m



for all x € Q. The constant max{cy, o} =: ¢ is called the log-Holder constant

of p.

Remark. We usually replace the constants ¢, co by the maximum c. This
is due to the fact that we may extend a log-Hélder continuous function to
a larger domain, but in such procedure one of the constants may become

larger. However, the maximum c remains in extension.

Remark. In what follows, we usually only speak about log-Hoélder continuity.
The meaning will be clear from the context. In a bounded set, we mean by
this local log-Holder continuity. In an unbounded set, we mean by this global

log-Hélder continuity.

The assumption of log-Hoélder continuity is typical in the variable expo-

nent setting. It ensures the following important estimate:
R-P5—PR) < (.

This for a ball B of radius R > 0 and a uniform constant on the right
hand side. We shall explicitly make use of this estimate. In general, this
estimate has some important consequences, such as the density of smooth
functions and that convolution-based mollifiers are available as smoothing
operators. For a discussion, see the introduction to [23|. Assumption of log-
Holder continuity is also crucial in the regularity theory of partial differential
equations with variable exponent [30].

In [17], the authors introduce a mixed BV-Sobolev-type space of func-
tions. One of their main results is concerned with the problem of energy
minimization. The authors use a slightly stronger condition for the expo-

nent, the strong log-Holder continuity.

Definition 2.2. Exponent p satisfies the strong log-Hélder continuity con-

dition if p is log-Holder continuous in 2 and

1
lim |p(z) — 1|log—— =0
=y |z =y

for every y € Y.



This condition is necessary for some results in the theory of minimizers
and of partial differential equations. Earlier on, it was used by Acerbi and
Mingione in e.g. [1]. In [17], the effect of strong log-Holder continuity is
as follows. The authors use the mollifiers as smoothing operation and show
that their definition of a mixed pseudo-modular is upper semicontinuous with
respect to these mollifiers and with respect to a closed subset. We repeat
this as Theorem 3.3 later on. We will also relax this result in Theorem 3.4

at the cost of a multiplicative constant.

3 The mixed BV-Sobolev space: known results

In order to define the mixed BV-Sobolev space, we first recall the ordinary

BV-space, i.e. functions of bounded variation.

Definition 3.1. Denote
|| Dul[(2) := sup {/ udivepdr : o € C(SLR™), || < 1}.
Q

A function v € L'(Q) has bounded variation in Q, denote u € BV(Q), if
|| Dul[(©2) < co. We denote u € BV).(2), if u € BV(U) for every open set
Uccq.

If w € BV(€), then the distributional gradient Du is a vector valued
signed Radon measure and || Du/|(+) is the total variation measure associated
with Du. A set E C R"™ has finite perimeter in Q, if xp € BV(Q2). The

perimeter of F in () is defined as
P(E,Q) = || Dxell(€).

For the properties of BV-functions, e.g. the lower semicontinuity of total vari-
ation measure, approximation by smooth functions, and the coarea formula,
we refer to [10, Chapter 5], [31, Chapter 5|, and [12, Chapter 1].

We now present the definition of the mixed BV-Sobolev space introduced
in [17]. Let €2 be open and bounded and E C € Borel.
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Definition 3.2. Define the mixed-type pseudo-modular

OBvr)(E) (u) :== || Dul[(ENY) + QLP(‘)(E\Y)(VU)'

Define the mixed-type norm
lullgysor gy = el ooy + inf {2 >0+ ogyoey (w/A) < 1}

Define the space BVPU(Q) to consist of all measurable functions
u: Q — R with [[ullgyse) gy < 00. Define also u € BVPY(Q), if u € BVPO(U)

loc

for every open U CC ().

By [17, Proposition 4.3], the space BVp<')(Q) is a Banach space.
We denote the standard mollification ps*u =: us. The following result in
[17] links approximation and upper semicontinuity of the BV-Sobolev pseudo-

modular.

Theorem 3.3 (Theorem 4.6 in [17]). Let Q C R™ be bounded and let p be
a bounded, strongly log-Hdélder continuous variable exponent in Q. If u €

BV?Y(Q) and F C Q is closed, then
hI? Scl]lp OBvr()(F) (U6) < OBvr()(F) (U)

We note that if the proof of [17, Theorem 4.6] is examined carefully, we

may also state the following.

Theorem 3.4. Let Q2 C R™ be bounded and let p be a bounded, log-Hélder
continuous variable exponent in Q. If u € BVPO(Q) and F C Q is closed,
then

lir? syp OBvP0) () (us) < CQBVP<‘)(F)(U)

with 1 < C < o0.

Remark. Note that we now relaxed the condition of strong log-Holder conti-
nuity to log-Holder continuity. The price we have to pay is the appearance

of constant C'. This constant will depend only on the log-Holder constant of

p.



Proof. We only shortly comment on the difference in the proof. In the proof
of [17, Theorem 4.6] between estimates (4.4) and (4.5), points are chosen in
such a way that

|z —y| TP <1 4 e

with y € Y. If strong log-H6lder continuity is relaxed to log-Hélder continu-

ity, we may do the same procedures, but instead with
|z —y| "PED < Oy

Here C' depends on the log-Hdélder constant of p. This will carry over to the

remainder of the proof, so eventually we shall have

111? sup Oy () (Us) < €€ 0pyne (1) - u

In [17], the authors continue to study the solutions of certain partial
differential equations. Their main result is presented as [17, Theorem 7.1].
Roughly speaking, let us have a sequence of variable exponent p(-)-Laplace
equations with exponents that are bounded away from 1 and which converge
to a strongly log-Hélder continuous exponent p which attains also the value
1. Then the solutions to these equations tend to a function v € BVPW(Q)
which is also a solution in 2\ Y and minimizes the mixed energy opy»0) ()
in compact subsets of (2.

Next, we are to present a different definition for a mixed BV-Sobolev
space, which we show to be equivalent under certain assumptions. Note that
instead of studying partial differential equations, we then continue to study
capacities. This can be seen as a motivation for the new definition. At least

for us, the new definition made studying the capacity much more natural.

4 The mixed BV-Sobolev space: alternative def-
inition
We will now give an alternative definition for the mixed BV-Sobolev space.

The assumption p™ < co guarantees that Lip,..() is dense in LPO)(Q), see
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[22, Theorem 2.11], and therefore we take the following approach based on

relaxing the functional

uH/\Vu\p(x)dx.
0

The density result is actually true for smooth functions as well, but we restrict
our consideration to relaxation with respect to sequences of locally Lipschitz
functions. As a class, Lipschitz functions have better closedness properties;
especially the cases where we consider pointwise maxima and minima will be

important.

Definition 4.1. Define the pseudo-modular

Ogvecy (u) := inf {lim inf/ ]Vui(x)]p(x)dx} :
Q

where the infimum is taken over all sequences ()32, in Lip,,.(€2) N LPO(Q)

such that u; — w in LPO)(Q). If the basic set is some E other than €, we

may emphasize this by writing o5y, ( E)(u) Define the space
]g\//p(')(Q) = {u e ’O(Q) - Ogvee) (1) < oo}
Remark. For constant function p > 1 this definition gives the ordinary

Sobolev space WP(€). Also, if p = 1 we obtain the functions of bounded

variation. In fact, it can be seen that

Oy (1) = / VuPde forp() =p, 1 <p < oo,
Q
Qﬁm«)(u) = ||DU||(Q) for p() =1L

For these kinds of results, we provide as references |7, Examples 3.13, 3.14|
and |3, Theorem 3.9]. Note that these are not the original results but rather

good overall references.

As a matter of definition, some elementary calculations and standard

techniques from the theory of modular spaces, we have the following.

Lemma 4.2. The pseudo-modular ogy,. s conver. It is continuous and

decreasing as a mapping
U
A = 05vs0) (X)

foru € ]%\\//p(')(Q) and A > 0.
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Remark. Actually, the pseudo-modular has all the properties of a continuous

convex modular, except for the fact that ogy,)(u) = 0 does not imply u = 0.

The basic idea of Definition 4.1 is to allow "BV-like” behaviour of the
functions in Y. It might not seem natural at first, but this gives a better
approach towards tools such as capacity than working with the Sobolev space
Wtr()(Q). Tt is also noteworthy that usually scaling with a constant A does
not behave well in the world of variable exponent modulars. However, it
can be shown that if ogy,()(u) has a minimizing sequence wu;, then Au; is a
minimizing sequence for ogy,) (Au).

We next move to defining a norm in our space. Let us define
ullgwoe == llullpy +inf {2 >0 ogg0 (u/A) <1}
for u € E/B\\//p(')(Q). Let us establish that this definition yields a norm.

Theorem 4.3. Let Q0 C R™ be open. Then BVPO(Q) equipped with || - | 5vr0)

1S a norm space.

Proof. We know that |||, is a norm. By [24, Theorem 1.5, the convex

pseudo-modular ogy,(., defines a homogeneous pseudo-norm as

It is clear that the sum of a norm and homogeneous pseudo-norm defines a

norm. O

One of the main motivations to consider the mixed BV-Sobolev space in
this paper is the following lower semicontinuity property. A similar property
is true, and well known, in the classical BV-space, see e.g. [31, Theorem
5.2.1]. On the other hand, such a result is not available in the Sobolev space
Wh1(Q); thus it is reasonable to consider BV-type behaviour in Y.

Theorem 4.4. Let u; € BVPO(Q) be such that u; — u in LPO(Q). Then
Q’g?/pm(u) < hz.fgglf OBVr() ().
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Proof. According to the definition of ogy,, for every i = 1,2,...
choose a function v; € Lip,,.(2) N LPO)(Q) such that

1
|ui — villpey < =
1
and
) 1
oo () = | [V da| < .

Since

||U - Uz‘||p(~) < ||U - Uz‘||p(-) + Hui - Uz‘||p(~) — 0

as ¢ — 00, we obtain that
. (z) .. 1
Ogvee () < liminf [ [V de < lim inf (gﬁ/pm (u;) + —,)
1—00 QO 1—00 7

< lim glf OBvr() (UZ)

i—

we caln

[]

Similarly as the space BV?")(Q2), the mixed BV-Sobolev space ﬁ/p(')(Q)

is a Banach space.

Theorem 4.5. The space BVPO(Q) equipped with the norm || - | gvec) @5 @

Banach space.

Proof. If (u;)$2, is Cauchy sequence in ﬁ/”(')(ﬁ), then it is Cauchy sequence
in LPO)(Q) and there exists u € LP)(Q) such that u; — u in LPO)(Q). Every

Cauchy sequence is bounded. Boundedness in norm implies boundedness in

modular in the case p* < oo. Thus there exists M > 0 such that for every

i=1,2,3...
Q]fg\\?p(')(ui) < M.

Now Theorem 4.4 implies
Opvac) (1) < liirg(i)?f gy (i) < 00
and u € é\\//p(')(Q). Let A > 0 and N, be such that 7,5 > N, implies

U; — Uj
e (“52) <1
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Since u; — u; — u; — u in LPO(Q) as j — oo, it follows from Theorem 4.4

that
QBT”’“( )\ ) < th_{gf Qﬁp(»)( h\ ]) <1.

Letting A — 0 we have that v; — v in é\\//p(')(Q). O

In the next section we shall repeatedly use the following lemma and The-

orem 4.4 to prove the properties of capacity.

Lemma 4.6. Let u,v € E\\J/p(‘)(ﬂ). Then

Ovn() (maX{ua U}) + Opvr() (min{u7 U}) < OBvr() (u) + OBvr() (U)

Proof. Let u;,v; € Lipy,.(2) N LPY(Q), i = 1,2,... be sequences such that

u; — u, v; — v in LPO(Q) and

/Q \Vui|p(x)dl‘ - Q’ﬁ(zw(U)a /Q ’V%"p(z)dl’ - Qﬁ/pm(v)

as i — 00. Clearly max{u;,v;} — max{u,v} and min{u;, v;} — min{u,v} in

LP1)(Q), as i — oo and hence

ogvee) (max{u, v}) + oy (min{u, v})

<lim inf/ |V max{u;, v; }[P@da
Q

1—00

1—00

+ lim inf/ |V min{u;, v; }|P@ dx
Q
<lim inf / |V max{u;, v;} [P + |V min{u;, v;} [P da
1—00 Q

~tmint [ [TuP) + Vol
Q

1—00

=lim [ [Vu,["®de + lim / Vo [P dee
1— 00 Q

1—00 Q

=0gvr() (U’) + OBvr() (U) O

If we assume €2 to be bounded and p to be log-Hélder continuous, our
definition of mixed space is equivalent with the definition of [17]. See our
Definition 3.2.
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Theorem 4.7. Let Q C R™ be a bounded open set and p log-Holder contin-
uous exponent with p* < co. Then ]§\\//p(‘)(§2) = BVPY(Q).

Proof. Let u € BVPY(Q) and ©Q; be subdomains of Q such that Q; C Q44

for every 1 =1,2,... and
Uai=a
i=1

Let Ul = Qi+1 \ﬁi,1 for i = 1,2 where QO = . Let {wl}?il be the
partition of unity subordinate to the open cover {U;}°,, that is functions

; € C°(U;) such that 0 <, <1 foreveryi=1,2,...and > ¢; = 1 in .
i=1

Let ¢ > 0. Obviously, U; is a closed subset of € for every i, so according to

Theorem 3.4 we can choose d; > 0 such that
/Q s, 0 — ulﬂi\p(x) dr < 27
/Q [uVip; — U(siV¢i|p(I) dr < 27
QBVP(')(UZ)(U&-) < CQBVP(')(UZ.)(U) + 27,

The constant C' > 1 is the constant from Theorem 3.4. We denote

Vv, 1= Zu(giwi.
i=1
It is clear that v. € Lip,,.(Q) N LPO(Q) and
[t —ur@ae= 15" usi - Y,
Q L i=1
00 p(x)

< / (Z |us, i — U%M) dx
€ \i=1

< / or" Z |ugs, 1h; — uah; [P da
Q i=1

<] / Jus,; — wis[P da
i=1 YO

< 2r'e

p(z)

dx
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Thus v. — u in LPO(Q) as ¢ — 0. Since Y. V4); = 0 on Q we obtain the
i=1
following identity for the derivative

[e%9) p(z)
/|va|p(x) da::/ Zv(uéﬂ/’i) dx
Q Q5
%) p(z)
= / > iVus, +us, Vibi|  da
Q=1
0o 00 p(z)
= / D hiVus, = (uVY; —us V)| da.
Q=1 i=1
Thus
/]Vvs\p(w) dx
)
00 p(x) o0 p(x)
< or' / S UiVus| 4D (Ve —us V)| da
Q=1 i=1

<cy [ 10w,
=1

<Cy - Vs ["9 de+ C /Q [uNY; — us, V[P da.
i= i =1

PO dy 4 CY / [uN e — us Vb [P da
i=1 Y

For the last sum we have that
Z/ luV); — u(;ivw,;|p<x) de < e.
i=1 7/
The first sum can be estimated as follows
S [ 1908 e = 3 g )
i=1 Y Ui i=1
< Z (CQBVP(')(UZ-)(U) +27%)
i=1
<> (CHDUH@ NY)+C VP da:) te
i—1 U\Y

< CQBVP(‘)(Q) (U) + €.
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o

Here we used the fact that || Dul|(-) is a measure and that ) xz, < 3. Thus
i=1

liminf/ Vo P@dz < oo
e—0 Q
and u € é\\//p(')(Q).

Assume next that u € é\\//p(')(Q). Let u; € Lip, (Q)NLPO(Q), i =1,2,. ..
be such that u; — u in LP*)(Q) and

/Q Vi@ de — oy, (u)

as i — o0o. For j =1,2,... let
1
Vj:{JZEQ:p(Sﬂ)>1—|—3}.

Clearly V; C Vj44 for every j = 1,2,... and the sets V; form an open covering
for 2\ Y. Without loss of generality we may assume that the sets V; are
nonempty. The sequences (u;)%2, and (Vu;)32, are bounded in LPO) (V) for
each 7 = 1,2,..., and the spaces are reflexive due to Py, > 1. In what
follows, we do a diagonalization argument: starting from index 1, we always
choose the subsequences from previous subsequences while passing from V;
to Vj+1. Let now j be arbitrary. By boundedness and reflexivity, there exists
a subsequence, hereafter taken to be the whole sequence, which has weak
limits

u; = v; and Vu, — w;

in LPO)(V;) for each j. Using the definition of weak derivative and uniqueness
of weak limit, it can be seen that actually w; = Vv;. From this collection
of subsequences, we pick a diagonal sequence; for simplicity we again denote
this by u,;. The subsequence for v;;; has been extracted from the previous

one, so we have for the diagonal sequence

u; — v; in LPO(V}),

w; = v in LPO(Vgy),
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and the same for the gradients. By the definition of weak convergence, it is

an easy calculation to see that actually

/ vjw dw :/ Vjwd

f f
for all w € LP'O)(V;). Here we also use the facts that V; C V;; and that the
dual space is just the conjugate Lebesgue space. By a well known variation
lemma we now deduce that v; = v;41 a.e. in V;. The same can be seen for
gradients. We can now define a function v on 2\ Y by setting v(z) = v;(z)
when z € V; \ V;_1. It is clear that now Vv = Vv, a.e. in V; \ V;_;. Since
u; — uw in LPO(V;) for every j = 1,2, ... it follows that u = v a.e. in V; for
every j = 1,2,... Hence u = v a.e. in Q\Y and v € LP(Q\Y). By Lemma
2.1. in [17]
/ IVo[P@dz < lim inf/ IV, PP dr < ogon (u)
Vi Vi

11— 00

for every j = 1,2,... This implies that
/ IVoP®dz = lim / IVo[PPdz < ogoa (1)
QY I Jy;

and hence |Vo| € LPO(Q\ Y). Thus v € WHO(Q\Y) and v = v a.e. in
Q\ Y implies that u € WO (Q\ Y). Since |Q| < oo, we obtain that u; — u
in L'(Q) as i — oo and by the lower semicontinuity of the variation measure

and Holder’s inequality
IDul(@) <tmint [ [Vusfds
<Cgqp() max {Qﬁ(/p«) (), (0gyae (1)) o }
<00.
Thus u € BV(Q) N WHO(Q\ Y) and u € BVPY(0Q). O

Remark. By the above proof, it is clear that when €2 is bounded and p is
bounded and log-Hélder continuous, the two pseudo-modulars will have the
following “equivalence-like” relation:

1 a1
5@@%«)(“) < Opyrt) (1) < C'max {Q’va«)(u)a (Q’BT/M»)(U)) o } :
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We actually show in the next theorem that this can be improved to a true

equivalence.

Theorem 4.8. Let p be log-Hélder continuous, pt < oo, and Q bounded. We

may state the following true equivalence:

1
EQET/M(u) < opyrer (1) < Cogype) ().

Proof. By the proof of Theorem 4.7 it is clear that

OBvr() () (u) < Copyri) (o) (w),
OBvrO)(Q\Y) (u) < QE\QP(~)(Q)(U)7
so it remains to estimate ||[Dul[(2NY). Let u € BVPO(Q). The usual

convention is that the variation measure is extended from open sets to Borel

sets as
| Dul|[(2NY) =inf {||Dul|(U) : U open, QNY C U} .
Let us define the sets

1
U; = {:BGQ ; dist(:l:,QﬂY)<;}

for integers 7 > 1 and denote

P} =y, -

Since the sets U; shrink monotonously to Y at the least at rate % and p is
log-Hélder continuous, it is clear that pj — 1. Similarly as in the proof and

remark of Theorem 4.7, we may deduce that

[Dul[(2NY) <[ Dul|(U;)

N~—
——

<C max {Q/B\vp(.)(Uj)(u), <<Q]§\7p(»)(Uj)(u)

SC max {QE\'\/”’(‘)(Q) (U,), <Q§\7P(~)(Q) (u)> P }

for all j. Here we have used the fact that since u € ﬁ/”(‘)(Q), also u €
BV?() (U;), and we have used the estimates from the proof of Theorem 4.7 for
ﬁ/”(')(Uj) instead of ﬁ/p(')(Q). Letting j — oo and thus p;” — 1 concludes
the proof. n
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5 Mixed BV-Sobolev capacity

In this section, we will define a mixed capacity. It is the capacity naturally
induced by the mixed space BV?() (Q2). Let us define the admissible functions.
If £ C Q, we denote by Agy,) (£) functions u € BVPO(Q), 0 < u < 1 such
that v = 1 in an open neighbourhood of set E.

Definition 5.1. Let £ C (). The mixed capacity is defined as

Cgvee (E) = inf {Qp ) + 0gvee (u) s u € Aﬁ?/pm(E)} .

We will study the properties of the mixed capacity and conclude that
it is in fact a Choquet capacity. In this section, we will heavily utilize the
semicontinuity property of Theorem 4.4 and the lattice property of Lemma
4.6. Similar principles are used also when dealing with the classical BV
capacity, see [11] and [31, Chapter 5.12].

Theorem 5.2. The mized capacity Cgy,((+) is an outer measure.

Proof. Clearly Cgy,, (@) = 0 and Ey C E, implies that Agy,. (E2) C
Agvee (E1), hence Cgyy(E1) < Cgypy(£2). To prove the subadditivity

we may assume that .
> Covuer (E
i=1
We let € > 0 and for every index i = 1,2, ... choose functions u; € Agy,. (E;)
such that
0p() (1) + O (i) < Cgyney (Ei) +€27"
Let

u = Ssup u;
1<i<oo

0p() (1) < 0y (wi) < 00
=1

Hence u € LP1)(Q). We define

and notice that

vj 1= Mmax u;
1<i<j
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and notice that v; — u in LPU(Q) as j — oo by dominated convergence.

Therefore, by using Theorem 4.4 and Lemma 4.6 we obtain that

WE

Op(-) (U) + Ogvr() (u) < Op(") (uz> + 1IJH_1>£f OBvr() (Uj)

1

.
I

M8

Op( () + hmmfz Ogvec) (Ui)

J—0
1 =1

Op() (uz) + Z OBvr() (ul)

=1

1
S Z Cﬁ‘\//p(A) (EZ) + E.
1

1=

-
Il

WE

(2

8

o0

Clearly u € Agv,) (U E;) and hence

i=1

Crve) ( U Ez> < Z Chvee) (Ei)- u
i=1 =1

The capacity behaves well for increasing sequence of sets. Note that this
property is not known for the variable exponent Sobolev capacity defined in
[15] in the case p~ = 1.

Theorem 5.3. Let £y C Es C ... C E; C Ejyq C ... C ) be an increasing

sequence of sets. Then

Cﬁ,pm(u Ez) = 11m Ova<>( ).
i=1

Proof. By monotonicity

oo
}E& CET/P ( l) < Cﬁvp(') < U EZ)
i=1
In order to prove the opposite inequality we may assume that
hm CBVP()( ) < 0.

For every index i = 1,2,... choose function u; € Azt (E;) such that

BVP()
0p() (U5) + 0700y (1) < Cpy (B7) + €277
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Let

V; ‘= max {Uh e ,U,i} = Imax {vi_l,ui}

w; = min {Ui_l,ui},
and notice that v;, w; € é\{/p(')(ﬂ) for every index i = 1,2, ... and
E,_1C int{wi > 1}.
We define Fy = @ and vy = 0 and by using Lemma 4.6 we obtain
0p() (Vi) +05vc: (Vi) + Cucy (Eia)
< 0p() (Vi) + Ogvee (Vi) + 0p)(Wi) + oy (Wi)
= 0op()(max{vi—1,ui}) + ogyre (max{vi_i, u:})
+ op(y(minfvi, wi}) + oggee (min{vi-1, ui})
< 0p()(Vim1) + 0o (Vic1) + 0p() (i) + Ogvac ()
< o) (Vic1) + O5vee (Vi) + COgyeo (Bi) + €27

Thus, by adding these inequalities consecutively up to index 7, we see a

telescope sum and obtain
0p() (V1) + O5vs0) (Vi) < Oy (Ei) + Z 27,
j=1

We define a function

v = lim v;

1— 00

and by monotone convergence we obtain that
2p()(v) = lim gy (vi) < lim Gy (B3) + €

We note that v; — v in LP()(Q) by dominated convergence, and by using
Theorem 4.4 we have that

Opve0 (v) < liminf ogg,) (v;) < lim Cgy,) (B) + &
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o0
Thus v € Agy,e) (U EZ-), and we have the estimate
i=1

CEvro) (U Ez) < 0p() (V) + Oy (V)

=1

< liminf g,y (v;) + iminf ogy,) (vi)

< lim inf (0p( (V) + O (Vi)
< hm C+ Vp()(Ei) +e.

Letting ¢ — 0 completes the proof. O

The following theorem states that Cgy,.)(-) is an outer capacity. This
theorem actually does not depend on the properties in Section 4. This is a
general property of almost all capacities that are defined in a similar way;

the important point in the definition is u = 1 in an open neighbourhood.
Theorem 5.4. For any E C Q we have

Civrr (E) = inf {Cgrpy (U) « ECUCQ, U an open set } .
Proof. By monotonicity

Chvrey (B) < inf {Cxrpy (U) + EC U CQ, U an open set } .

We can assume that Cgy,)(E) < 0o. Let € > 0 and take u € Agy,. (E)
such that

0p() (1) + 0ve() (1) < Cgype) (B) + €.

Since u € Agy, (£) there is an open set U, E C U C € such that u = 1 on
U, which implies

Cavre) (U) < 0py (1) + 0gvec) (1) < Cgue (B) + €.
Hence

inf {Cgpy(U) : EC U CQ, U an open set } < Cgy,i) (E). O
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The capacity behaves well for decreasing sequence of compact sets. This

is also a general property not depending on tools from Section 4.

Theorem 5.5. If K1 D ... D K; D K;y1 D ... are compact subsets of ) and
K = K, then

=1

Cvney () = lim Cg ) (K5).

1—00

Proof. By monotonicity

Zlir& CBVP ( ) > C/B\VP(-)(K)'

Let U C ) be an open set containing K. Now by the compactness of K,
K; C U for all sufficiently large i. Therefore

hm CBVp( )( ) < CB\/P( ) (U)

and since Cgy,(- (+) is an outer capacity, see Theorem 5.4, we obtain the claim

by taking infimum over all open sets U containing K. ]

The mixed capacity satisfies the following strong subadditivity property.
Theorem 5.6. If £y, E> C (), then

Cgvre) (B1 U E2) + Cgyp) (B1 N E2) < Cgyp) (B1) + Oy (B2).

Proof. We can assume that Cgy,) (£1) + Cgype) (E2) < 00. Let € > 0 and
uy € Agyp) (B1) and up € Agy, (E2) be such that

£

0p() (1) + Ovee) (1) < Oy (B1) + b%

€
0p() (12) + g7 (12) < Oy (B2) + 5.

We see that

maX{ul, ’LLQ} € AE‘\?pC) (El U Eg),
min{uy, us} € Agyue (£1 N E).
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Therefore, by Theorem 4.6, we obtain
Cgvpe) (E1 U Ey) 4+ Cgypey (B N Ey)
< op(y(max{uy, ug}) + op)(min{uy, us})
+ Ogvee) (max{ur, us}) + oggpe (minfur, us})
< op) (1) + 0gvee (1) + 0p()(U2) + Oggec) (u2)
< Cgywer (B1) + Cgypey (H2) + €.
Letting ¢ — 0, we obtain the claim. O]

By Theorems 5.3, 5.4, and 5.5, the mixed capacity is a Choquet capac-
ity. An important feature is that now the capacity of a Borel set E can be
estimated "from the inside” by a compact set, and "from the outside” by an

open set:

Cgvpt) (B) = sup {CfBT,,,(.)(K) : KCE, K compact}
= inf {Cgv,) (U) : ECU, U open}.

For the original paper on abstract capacity by Choquet, see [6].

6 Mixed capacity and Sobolev capacity

In this section we study the relations between lé\\//p(')—capacity defined in the
previous section and the p(-)-Sobolev capacity, see [15]. Let £ C R" and

denote
Spy(E) == {u € WHPO(R™) : w > 1 in an open set containing E}.
The p(-)-capacity of £ C R" is defined as
Cy(E) = inf / P 1 [V da,
Rn

in other words
Cp(y (E) = inf g1 p()(u).
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The infimum is taken over functions v € Sy, (E). It is easy to see that
restricting the admissible functions to the case 0 < u < 1 yields the same
infimum. In this case, it is obviously possible to drop the absolute value from
The capacity Cp.y(-) has many favourable properties: it is monotone, it
is an outer capacity, it is finitely strongly subadditive, it has the compact
set intersection property, it is subadditive for null sets. See [15, Theorem
3.1, Lemma 3.5]. The Sobolev capacity has some open issues as well. In
the case p~ = 1, it is not known whether the Sobolev capacity is in general
subadditive or whether it has the increasing set union property. Note that
we have been able to solve these for the mixed capacity in Theorems 5.2, 5.3.
The next theorem shows that Cp)(-) and Cgy,()(-) have the same null
sets, if the variable exponent p(-) is bounded and log-Holder continuous.

Theorem 6.1. Let p be a log-Hélder continuous variable exponent with p™ <
oo and let E C R™. Then Cyy(E) = 0 if and only if Cgyu) (£) = 0.

Proof. Since Cgy,()(-) is an outer measure and Cp.)(+) is monotone and sub-
additive for null sets, we may assume that E is bounded. Assume first that
Cgvpy (£) = 0. Let 0 < e < 1 and take v € Agy,, (£) such that

/ u? @ dg + OBvr) () (1) < e’

Denote B, = B(0, p) and let p > 0 be such that £ C B,. Let n be a Lipschitz
function such that 0 <7n <1, |[Vn| <1,np=1in B, and n =0 in R"\ B,44.
Denote v := nu. Now v € E/B\\//p(')(BpH) and

T +
/ PO dz 4 Q’B‘\;p(,)(Bp+2)(U> < CeP .
Bo+t2

We may now assume that Ce?” < 1 by choosing a new, smaller ¢ if necessary.
Theorem 4.7 together with its proof and and Hélder’s inequality implies that
v € BVPY(B,,,) and

/ vdz + | Do|[(Byis) < Ce + Ce < Ce,
Bpt2
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where the constant C' depends only on p and p*. From the Cavalieri principle
[31, Lemma 1.5.1] and coarea formula for BV-functions [31, Theorem 5.4.4]
we deduce that

0>t} N Byral + P(o > t0} Bpua) < [ v+ |Del(Byea).

Bpt2

for some 0 <ty < 1. Denote Ey, := {v > to} N B,y2. Since Ey, CC B, o we
have that P(Ey,, B,12) = P(Ey,,R"); see [12, Remark 1.7]. Denote the set
of Lebesgue density points

* L L1 |B(l’,7‘)ﬂEt0| o
Eto = {:EEEtO : lli}r%) ’B(x77’)‘ =15.

It is known that almost every point of a measurable set is a Lebesgue density
point. We apply the modified Boxing inequality [13, Lemma 4.2] for the

radius R = 1 to obtain a covering for E} . We shall have

Et*o C U B(.’L’Z, 57’1)

=1

and
B .IZ',E)'I“i n
> B 5| + > |(5—T)| < C(|Ey| + P(E,,R™)).

ieh i€ly !
Denote by I3 indices 7 € I; U I such that pj,p > 1 where B; = B(xi, ;).
If we have some ball B, we futher denote by xB the cocentric ball with the
radius of the original ball B scaled by some constant x > 0. For indices
i € (I;Uly)\ I3 define

o(z) = (1 B dist(:z:,ffixi, 5ri))>+.

For indices i € I3 we choose function u; € Agy, (E) such that

| i |
— WP 4 |V PO dr < 27,
2" JB(wi,10m)

here the assumption Prop, > 1 ensures that u; € Wl’p(‘)(loBi). For i € I3 let
Pi = Ty,
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where 7; is 1/5r;-Lipschitz function such that 0 <n; <1, n; = 1 in B(z;, 5ry)
and 7; = 0 in R™\ B(xz;, 10r;).
We have now defined ; for all indices 7. Let

w= Sup @

1<i<oo
and
g = sup |Vl
1<i<o0
We now have

[ oar<y [ v
R" i=1 .

- Y / Vordr+ Y [ ve
10B;

1e(1Ul2)\ i€l3

Since pyyp, = 1 for every i € (I; U Iy) \ I3, we write

3 /OByw\H)dx< Z / (57;) da

ZE(IlLJIQ)\I IlUI

1
_ Z / (5r) @D L gy
10B, or;

i€([1UI2)\I3

1
<C —dx.
- Z /1031» or; !

i€(I1Ul2)\I3

Here we used the property of log-Holder continuous exponent p:
@)= < ¢
Note that always p(x) < pfOB and now p;op = 1. We then see that

55
c Z /OB_ndKC > ‘

r
Ilulg \13 (IlL_JIQ \13 ¢

1611\13 1612\13

<C Y, BBI+C )Y = |5B|

1611\13 ZEI2\I3
< C (|Et0| + P<Etoan>)

< Ce.
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Here we used the fact that r; > 1/2 for i € I \ I3. The constant C' depends
only on p, p™, n and the constant in the log-Holder continuity condition. On

the other hand, for I35 we have

u; \ P(@)
Vi [P@dx < 2v" / YV, |P® + (—Z> dx
Z /10131- | ’ Z 10B; ‘ l or;

i€l3 i€l3

1 p(a) p(a)

icly i
<C Z 27 < Ce.
i€l;
Thus
/ gf;(””)da: < Ce.

Now ¢ is compactly supported bounded function, so ¢ € L'(R") N L= (R").
By Hoélder’s inequality, also g, € L'(R™). By [10, Chapter 4.7.1, Lemma 2,
iii.| ¢ now has a weak gradient in L*(R") and |V¢| < g, almost everywhere.
Thus ¢ € WHPO(R") with

IV|P@dr < Ce.
Rn

Furthermore
/ (pp(x)deZ/ @f(x)dff
n =1 10B;
< Y [ dPusy [
ie(I U\ I3 Y 10Bi iels Y 10Bi
<c ¥ BHLs e
ie(Ob)\s 11 e Y 10Bi

Arguing similarly as earlier, we have that
5B;
s BBl e
. or;
7,6(11U[2)\[3

This combined with the fact that

Z / WPz < e
10B;

i€l
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implies

/ PO dr < Ce.

Clearly £ C int{u = 1} N B, C E} C |J B(x;,5r;). For indices i € (I; U
i=1

1)) \ I3 we have that ¢ =1 in 5B;. On the other hand, for indices i € I3 we

have that

= int{y; = 1} N 5B,
Cint{y =1} N5B;.

Thus F C int{e = 1} and

Cpy(E) < / O"@) 4 |VP@de < Ce.

n

The claim now follows by letting e — 0.

Assume then that C,)(£) = 0. This converse proof is much simpler.
Since the smooth functions are dense in W) (R") we have that S,.)(E) C
Agvee (E). By [15, Lemma 2.6],

Ovr() (u) < Op(-) (Vu)

for Sobolev functions. Thus Cgy,) (E) < Cpry(E) and Cgypy (£) = 0. O

In the above proof, we made use of [10, Chapter 4.7.1, Lemma 2, iii.]
when showing that the function ¢ is a Sobolev function. We would like to
mention that the same result can be shown using 1-weak upper gradients,
which are familiar to people working on analysis on metric measure spaces.
One might argue that this route is more direct and shorter. However, in that
case some additional care needs to be taken when distinguishing between
functions and their precise representatives, between the Sobolev space and

the Newtonian space. See [4, 27].
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