THE BV-CAPACITY IN METRIC SPACES
HEIKKI HAKKARAINEN AND JUHA KINNUNEN

ABSTRACT. We study basic properties of the BV-capacity and
Sobolev capacity of order one in a complete metric space equipped
with a doubling measure and supporting a weak Poincaré inequal-
ity. In particular, we show that the BV-capacity is a Choquet
capacity and the Sobolev 1-capacity is not. However, these quan-
tities are equivalent by two sided estimates and they have the same
null sets as the Hausdorff measure of codimension one. The the-
ory of functions of bounded variation plays an essential role in
our arguments. The main tool is a modified version of the boxing
inequality.

1. INTRODUCTION

The notion of capacity plays a crucial role in studying the pointwise
behaviour of a Sobolev function, see [7, 9, 23, 27| for Euclidean and
[18, 19, 4] for more general metric measure spaces. Let 1 < p < oo and
according to [26], denote by N'P(X) the first order Sobolev space on a
metric measure space X. For the general theory of Sobolev functions
on metric measure spaces we refer to a forthcoming monograph [3]| by
Bjorns. The Sobolev p-capacity of £ C X is defined as

cap,(E) = inf ull}, ).

where the infimum is taken over all admissible functions u € N1 (X)
such that 0 <« <1 and u = 1 on a neighbourhood of F. The theory
of Sobolev p-capacity in the setting of metric measure spaces, when
1 < p < o0, has been studied in papers [20, 21]. In particular, the
Sobolev p-capacity is so called Choquet capacity when 1 < p < oc.
This means that the capacity of a Borel set can be obtained by ap-
proximating with compact sets from inside and open sets from outside.
In the Euclidean case with Lebesgue measure the Sobolev p-capacity
is a Choquet capacity also when p = 1, but a slightly unexpected fact
is that the Choquet property fails for p = 1 in the metric setting.
We give an explicit example of this phenomenon inspired by an un-
publised construction by Riikka Korte. During the past fifteen years,
capacities in metric measure spaces have been studied, for example, in
[11, 20, 21, 16]. However, little has been written about the case when

p=1.
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In this paper we propose that the capacity defined in terms of the
functions of bounded variation, see [9, 27], behaves better than the 1-

Sobolev capacity in metric measure spaces. The BV-capacity of a set
ECXis

cappy (F) = inf ([Ju]lz:x) + [|1Dull(X)),

where the infimum is taken over all v € BV(X) such that 0 < u <1
and u = 1 on a neighbourhood of E. Here ||Dul| is the total variation
measure of u. In the metric setting a version of the BV-capacity, defined
without the norm of the function, has been studied in [19]. However,
the results in [19] apply for compact sets only and since we do not have
the Choquet property, the passage to more general sets is not clear.
One of the main advantages of using the BV-capacity in this work is
that the results apply for more general sets as well. We show that the
BV-capacity has many of the desired properties and it is, indeed, a
Choquet capacity. In the Euclidean case with Lebesgue measure the
BV-capacity equals to Sobolev 1-capacity, see [9] and [27], but in a
complete metric space equipped with a doubling measure and support-
ing a weak Poincaré inequality, the BV-capacity is merely equivalent
to the Sobolev 1-capacity by two sided estimates. For compact sets
the BV-capacity and Sobolev 1-capacity coincide. We shall present ex-
amples which demonstrate that in general these two quantities are not
equal.

The theory of BV-functions in metric measure spaces, see [24, 1, 2],
with results like coarea formula and lower semicontinuity of the vari-
ation measure play an essential role in our approach. To prove the
equivalence of capacities we use similar approach as in [9] and [19],
where the boxing inequality, originally studied by Gustin in [12], plays
an important role. However, we present a modified version of this in-
equality, since we are dealing with Sobolev capacities, where the norm
of the function is also included. In [19] it is shown that the variational
1-capacity, which is defined without the norm of the function, is equiv-
alent by two sided estimates to the Hausdorff content of codimension
one. Here we show that the Sobolev 1-capacity and the BV-capacity
have same null sets as the Hausdorff measure of codimesion one.

Acknowledgements. The research was supported by the Emil Aal-
tonen Foundation and the Finnish Academy of Science and Letters, the
Vilho, Yrjo and Kalle Vasala Foundation.

2. PRELIMINARIES

Let X = (X, d, 1) denote a metric space equipped with a metric d and
a positive Borel regular outer measure p such that 0 < u(B(z,7)) < 00
for all balls B(x,r) of X. It is also assumed that X contains at least
two points. The measure p is said to be doubling if there exists a
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constant C'p > 1, called the doubling constant of u, such that

u(B(x,2r)) < Cpp(B(z, 7))

for all balls B(x,r) of X. A path in X is defined here as a rectifiable
nonconstant continuous mapping from a compact interval to X. A
path can be parameterized by arc length. In this paper, the definition
of Sobolev spaces on metric measure space X is based on the notion of
p-weak upper gradients, see [26]. We will now recall the definition of
the p-weak upper gradient.

Definition 2.1. A nonnegative Borel function g on X is an upper
gradient of an extended real valued function v on X if for all paths ~
joining points x and y in X we have

22) ule) ~ uly)] < [ gds,

whenever both u(z) and u(y) are finite, and f7 gds = oo otherwise. Let
1 <p < oc0. If g is a nonnegative measurable function on X, and if the
integral in (2.2) is well defined and the inequality holds for p-almost
every path, then g is a p-weak upper gradient of u.

The phrase that inequality (2.2) holds for p-almost every path with
1 < p < oo means that it fails only for a path family with zero p-
modulus, see for example [15]. Many usual rules of calculus hold true
for upper gradients as well, see [3].

Remark. 1t is known that if u has a p-weak upper gradient g € L (X),
then there is a minimal p-weak upper gradient g, such that g, < g u-
almost everywhere for every p-weak upper gradient of u, see [3].

The Sobolev spaces on X are defined as follows.

Definition 2.3. Let 1 <p < oo. If u € LP(X), let

1/p
[ullvirx) = /\UIpdqumf/ pdﬂ ,

where the infimum is taken over all p-weak upper gradients of u. The
Newtonian space on X is the quotient space

NYP(X) = {u: ullviox) < oo}/ ~,
where u ~ v if and only if ||u — v||x1r(x) = 0.

In order to obtain stronger connection between a function and its
upper gradients and to develop first order calculus, one usually assumes
that metric measure space supports some kind of Poincaré inequality.

Definition 2.4. The space X supports a weak (1,p)-Poincaré inequal-
ity if there exists constants Cp > 0 and 7 > 1 such that for all balls
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B(zx,r) of X, all locally integrable functions v on X and for all p-weak
upper gradients g of u

1/p
][ lu— up@n|dp < Cpr <][ g du) :
B(z,r) B(z,rr)

where

1
UB(z,r) :][ wdy = —/ wdjt.
B(x,r) u(B(I,T)) B(x,r)

It is known that Lip(X)NNP(X) is dense in N'P(X) if u is doubling
and (1, p)-Poincaré inequality is satisfied, see [26]. From this it easily
follows that Lipschitz functions with compact support are dense in
NUYP(X), if X is also complete.

Throughout the paper we assume that X is a complete metric mea-
sure space endowed with a doubling measure and supporting a (1, 1)-
Poincaré inequality. The definition of functions of bounded variation
on the metric space setting is based on [24] and [2]. For the classical
case of R, we refer to [10], [7], [23] and [27]. Notice that in [24] the
functions of bounded variation are defined in terms of the lower point-
wise dilation. However, we may use 1-weak upper gradients instead.
For the proofs of the theorems in this section, we refer to [24, 1, 2].

Definition 2.5. Let u € L{ (X). For every open set U C X we define

loc

|Dul(U) = inf { liminf /U Gus it € Lipye(U), 1 — win L (0) ),

where g,, € Li (U) is a 1-weak upper gradient of u;. Function u €

LY(X) is of bounded variation, u € BV(X), if |[Dul|(X) < oo. A
measurable set £ C X is said to have finite perimeter if | Dxg|/(X) <
0.

Remark. In the definition above, we may assume that g,, is, indeed,
the minimal 1-weak upper gradient of u;. However, with the abuse of
notation we denote the 1-weak upper gradient and the minimal 1-weak
upper gradient of u by g,.

For the following result we refer to Theorem 3.4 in [24].
Theorem 2.6. Let uw € BV(X). For every set A C X we define
| Dul|(A) = inf {||Du||(U) : AC U, U C X is open}.
Then || Dul|(-) is a finite Borel outer measure.
The perimeter measure is also denoted by
P(E, A) = [|Dxzl/(A).
For any given u € BV(X) there exists a sequence of functions u; €

Lip,.(X),i=1,2,..., such that u; — w in L{. (X) and

loc

[ g = |Dul ()
X
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as ¢ — 00. The following approximation result will be useful later.

Lemma 2.7. Let u € BV(X). Then there is a sequence of functions
u; € Lip,(X), i = 1,2,..., with upper gradients g,, such that u; — u
in LY(X) and

/X Gy dji — | Dul|(X),

as 1 — o0.

Proof. Let i € N and fix z € X. We choose r > 0 such that

1
/IUIdu</ o dp+ .
X B(z,r) t

Let v; € Lip,..(X) be such that
1
/ lu — vl dp < =
B(z,r+1) t

1
1Dul(0) = [ gud < 5.
X 7

Let n € Lip.(X) be a 1-Lipschitz cutoff function such that 0 < n <1,
n=1in B(z,r) and n = 0 in X \ B(x,r + 1). We define u; = v;n €

Lip.(X) and obtain
2
/ lu — ;| dp < =
X (3

Gu; = |Ui‘XB(x,r+1)\B(x,r) + Gu,; 1
is a 1-weak upper gradient of u; and therefore

/guiduz/ |vi!du+/gvmdu
X B(z,r+1)\B(z,r) X

<[ ualdar [ et [ g
B(z,r+1) X\B(z,r) X

3
< [[Dul|(X) + =

and

We notice that

Hence u; — u in L*(X) as i — oo and

lim sup /X Gur dit < || Dull(X).

1—00

By the definition of || Du||(X) we have that

D) < timint | g, du
71— 00 X
and thus
[ g = |Dul ()
X

as 1 — 0o. O
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We now list some basic properties of the perimeter measure.

Theorem 2.8. Let u,v € LL (X), and U C X be open set. Then

(i) |D(au)[[(U) = |af[[Dul|(U) for every a € R,
(i) [[D(u +v)[|(U) < | Dul|(U) + [ Do||(U) and
(iii) |0 max{w, v}|[(U)+ | Dmin{u, v}[|(U) < |[Dul|(U)+|[Do||(U).

Proof. We only give a proof for (iii). Without loss of generality we
may assume that ||[Dul[(U) + [|[Dv||(U) < oo. Let u;,v; € Lipy.(U),
i=1,2,..., be such that u; — u, v; — v in L{ _(U),

loc
/ Guy dji — | Dul|(T)
U
and
[ godi = Dol )
U

asi — oo. Since max{u;,v;} — max{u, v} and min{u;, v;} — min{u,v}
in L{. _(U) as i — oo, we obtain

1D max{u, v}[|(U) + || D min{u, v}{|(U)

1—00

< lim lnf/ Imax{u;,v;} d,u + hm lnf/ Imin{u;,v;} d,u
U e Ju

< hm 1nf/ (gmax{ui,vi} + gmin{Ui,Ui}) dl’b
21— 00 U
< lim [ (gu, + g9v;) dpe
1— 00 U
= | Dul|(U) + || Do||(U). -

We obtain the metric space version of the relative isoperimetric in-
equality as a direct consequence of the weak (1, 1)-Poincaré inequality.

Theorem 2.9. Let E be a set of finite perimeter, then the following
relative isoperimetric inequality holds

min {,u(B(x, r)NE), u(B(z,r) \ E)} < 2CprP(E, B(x, 1)),
for every ball B(x,r) of X.
We need the following lower semicontinuity result.

Theorem 2.10. Let U C X be an open set and u; € L .(U) be a
sequence such that || Du;||(U) < oo, for all i =1,2... and u; — u in

Li . (U) asi— oo. Then
[ Dul|(U) < lim inf || Dug|(U).

Another useful result about functions of bounded variation is the
coarea formula, see [24].
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Theorem 2.11. Ifu € BV(X) and U C X is an open set, then

| Dul| () = /_Oo P({u> t},U) dt.

[e.9]

3. BV-capracITY

In the classical case the theory of capacity of order one relies strongly
on theory of functions of bounded variation, see [9] and [27]. In the
setting of metric measure spaces, we shall take the theory of functions of
bounded variation presented in the second section as our starting point
and define the capacity in terms of these functions. This approach on
metric spaces has been used in [19].

Definition 3.1. Let £ C X and denote by Agy(E) the set of ad-
missible functions v € BV(X) such that 0 <« < 1 and u =1 on a
neighbourhood of E. The BV-capacity of E is

capy(E) = inf ([ wdp-+ | Dul(X)),
X
where the infimum is taken over all u € Agy(FE).

By the coarea formula we immediately obtain an equivalent defini-
tion.

Lemma 3.2. If E C X, then
cappy(F) = inf (M(A) + P(A, X))>
where the infimum is taken over all sets A C X such that E C int A.

Proof. f A C X with £ C intA and p(A) + P(A,X) < oo, then
Xa € Apy(FE) and hence

capgy (E) < pu(A) + P(A, X).
By taking the infimum over all such sets A we obtain
capgy (E) < inf (u(A) + P(A, X)).

In order to prove the opposite inequality, we may assume that capgy (E) <
oo. Let € > 0 and u € Apy(E) be such that

/ udp + || Dul|(X) < capgy(E) +«.
X

By the Cavalieri principle and the coarea formula we have
1

[ 1Dl X) = [ (> 1) + Pl > 1. X))t
0
and therefore there exists 0 < ty < 1 such that

p({u > to}) + P({u > to}, X) < capgy(E) + €.
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Since u = 1 in an open neighbourhood of E, we have E C int {u > t}.
The desired inequality now follows by letting ¢ — 0. U

We will now prove basic properties of the BV-capacity.
Theorem 3.3. The BV-capacity is an outer measure on X.
Proof. Function u = 0 is admissible for the empty set, therefore

Cava(Q)) =0.
If £y C E5 then Agy(FE>) C Agy(F1) and consequently

Cava(El) < capgy(E2).

To prove the countable subadditivity we may assume that

anva(Ei) < 0.
i=1
Let £ > 0 and choose functions u; € Agy(FE;) such that

/ wi dpi+ | Dul|(X) < cappy () + €27
X

fori=1,2,... Let u = sup wu; and notice that
1<i<oo

/ udp < Z/ w; dp < Z (capgy(E;) +£27") < oo.
X i=1 /X i=1

Hence u € L'(X). For i =1,2,... we define
v; = max{uy, ..., u;}

and notice that v; — u in L'(X) as i — oo. Therefore, by using
Theorem 2.8 (iii) and Theorem 2.10 we obtain

[ wdns 1Dul() Y [ wsdu-+ timint Do ()
X — /X 1—00

<Y [wdn+ Y IDwx)
i=1 /X i=1

< Z cappy (E;) + €.
i=1

Moreover, u € Agy(J E;). Hence by letting ¢ — 0 we have
i=1

cappy ( U E;) < Z capgy (E;). O
i=1

i=1
The following theorem states that the BV-capacity behaves well with
respect to limits of an increasing sequence of arbitrary sets.
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Theorem 3.4. If 4 C...C E; C E;;; C...CX, then

lim capgy (E;) = capgy ( U E;).

1—00 e
Proof. Clearly

chrjo capgy (E;) < capgy ( U E;)

]
=1

and the equality holds if

)

Let € > 0 and assume that

im capgy (F;) = 00.

ZILI?O capgy (E;) < oo.
For every index i = 1,2,..., we may choose u; € Agy(FE;) such that
/ u; dp + || D || (X) < capgy(Ei) +e27°
Fori=1,2,.. .Xwe define functions

v; = max{uy, ..., u;} = max{v;_1,u;}

and

w; = min{v;_q,u;}.
Here we set v9 = 0 and Ey = (). Notice that v;, w; € BV(X) and
E,y C int{w; = 1} for every ¢ = 1,2,... By Theorem 2.8 (iii) we
obtain

/vi dp + || Dui|(X) + cappy (Ei-1)
X
- / ord + | Dus]|(X) + / widp+ || Dul|(X)
X X
< / vy dp + | Dvsa | (X) + / wi dpi+ || Dugl|(X)
X X

< [ vimrd D)+ cappy (B + 22
X

for every index ¢ = 1,2... It then follows by adding that

/ v; dp + || Dv||(X) < capgy(E;) + ZaQ‘j.
b =

Let v = lim v;. By the monotone convergence theorem we obtain

71— 00

/ vdp = lim [ v;dp < lim capgy(E;) + ¢ < o0,
X 71— 00 X 1— 00

whereas Theorem 2.10 implies that
|Dul|(X) < liminf || Dvi][(X) < o.
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Thus, v € Apv(J £i) and

=1

Cava(UEz) S/de,u—FHDvH(X)

=1

1—00

< liminf/ v; dp + liminf || Du;|| (X))
X 11— 00

1—00

< liminf (/ vidp + || Du| (X))
b's
< lim capgy (E;) + €.
The claim follows by letting ¢ — 0. U

The next two results follow directly from the definition. The first
theorem states that the BV-capacity is an outer capacity.

Theorem 3.5. For every E C X we have

cappy (E) = inf{cappy(U) : U D E, Uis open}.
Proof. By monotonicity

capgy (F) < inf{capgy(U) : U D E, Uis open}.

To prove the opposite inequality, we may assume that capgy (E) < 00.
Let € > 0 and take u € Agy(F) such that

/ udp + || Du||(X) < capgy(F) + .
X

Since u € Agy(F) there is an open set U D E such that u = 1 on U,
from which it follows that

capp(U) < [ wdp+ [ Dull(X) < cappy (E) + =
X
Hence
inf{cappy(U) : U D E, Uis open} < capgy(E). O

The next result states that the BV-capacity behaves well with respect
to limits of a decreasing sequence of compact sets.

Theorem 3.6. If K1 D ... D K; D K;11 D ... are compact subsets of
X, then

cappy ( ﬂ K;) = lim capgy (Ki).
i=1

Proof. By monotonicity

lim Cava(Ki) > CapBV(K)a
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where K = (12, K;. Let U be an open set containing K. Now by the
compactness of K, K; C U for all sufficiently large i, and therefore

lim capgy (K;) < capgy(U)

and since the BV-capacity is an outer capacity, we obtain the claim by
taking infimum over all open sets U containing K. U

It turns out that the BV-capacity satisfies the following strong sub-
additivity property.

Theorem 3.7. If F, Fy C X, then

capgy (E1 U Ep) + capgy (E1 N Ez) < capgy (£1) + capgy (E2).
Proof. We may assume that capgy(E1) + capgy(F2) < 0o. Let € > 0
and u; € Agy(E;) and uy € Agy(F2) be such that

19
[ i+ 1D (X) < capy (B2 +
X
and

g
/ s dp + || Dus|(X) < cappy(E2) + .
X

Clearly max{uy,us} € Agy(E1 U FEs) and min{uy, us} € Agy(E1 N Ey).
By Theorem 2.8 (iii) we obtain

capgy (E1 U Ez) + capgy (E1 N Es)

§/max{u1,uz}du—l—/ min{wuy, us} du
X X
+ || D max{u, us }{[(X) + [| D min{uy, ua }|(X)

< /X (ur + uz) djt + || Dua | (X) + [ Dusgl|(X)

_/uldmupulumw/ ws dpi + || Dusl|(X)
X X

Letting ¢ — 0, we obtain the claim. Il

Theorems 3.3, 3.4, 3.5 and 3.6, together with the general theory of
capacities in [6], imply that BV-capacity is a Choquet capacity, and
therefore we have the following result.

Corollary 3.8. All Suslin sets E C X are capacitable, this is,
cappy (F) = inf{capgy(U) : E C U, Ulis open}
= sup{capgy(K) : K C FE, Kis compact}.
In particular, all Borel sets are capacitable.
The next theorem states that for compact sets, we only need to

consider compactly supported Lipschitz functions in the definition of
the BV-capacity.
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Theorem 3.9. Let K be a compact subset of X. Then

cappy (K) = inf /X wdp + || Dul(X)).

where infimum is taken over all functions u € Lip.(X) such that 0 <
u <1 andu =1 on a neighbourhood of K.

Proof. Clearly

capyy () < inf ([ wd+ Dl 0)).
X

where infimum is taken over all functions u € Lip,(X), 0 < u < 1 such

that u = 1 on a neighbourhood of K. In order to prove the inequality

in the opposite direction, let u € Agy(K) be such that
[ i+ 1Dul(X) < capyy (1) +
be

and v = 1 in open set U D K with u(U) < oco. Since K is compact
and X \ U is a closed set, we can find an open set U’ C U such that
K Cc U cC U and dist(U’, X \ U) > 0. By Lemma 2.7 there is a
sequence of functions u; € Lip.(X), i =1,2,..., with 0 < wu; < 1, such
that u; — v in L'(X) and

/ Gu dpt — || Dull(X),
X

as i — 00. Let n € Lip.(X) be a cutoff function such that 0 < n <1,
n=1inU and n=01in X \ U. For every i = 1,2,... we define
functions

and notice that v; € Lip,(X). Also v; = 1 in U’ for every index i and
(1 —u;)gy + (1 —n)gu, is a 1-weak upper gradient of v;. To see this,
we use the fact that v; is absolutely continuous on paths as in Lemma
3.1 of [22]. See also [3]. Clearly we can assume that g, is bounded and
gy =01in X \ U. Since u = (1 — n)u + 7, we obtain

lim sup (/XUZ dp + ||sz||(X)>

1—00

glimsup/ v; dp + lim sup || Dv; || (X)
. :

i—00 i—00

§/udu—l—limsup/(1—u,~)gnd,u+limsup/ Gu; A
X X X

1—00 1—00

< [ wdt gyl timsup [ Ju— wildu-+ | D ()
X U

71— 00

= / udp + || Du||(X) < capgy(K) + €.
X
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Therefore, for every € > 0 we can find a compactly supported admissi-
ble Lipschitz function v such that

/ vdpi + || Do|(X) < capgy(K) + <.
X

The desired inequality follows by taking infimum over such functions.
O

4. EQUIVALENCE OF THE CAPACITIES

In this section we prove that the Sobolev 1-capacity is equivalent to
the BV-capacity by two sided estimates. The equivalence of capacities
follows from a modification of a metric space version of Gustin’s boxing
inequality. We will also give examples, which demonstrate that the
Sobolev 1-capacity is not necessarily a Choquet capacity.

Definition 4.1. Let £ C X. Denote by A;(E) the set of admissible
functions u € NY'(X) such that 0 < u < 1 and u = 1 on a neighbour-
hood of E. The Sobolev 1-capacity of E is

cap, (E) = inf ||u||y11(x),
where the infimum is taken over all functions u € A;(FE).
Remark. The functions in NP(X) with 1 < p < oo are necessarily
p-quasicontinuous (see [5] and [3]) and thus the above definition of the

capacity agrees with the definition of the Sobolev 1-capacity where the
functions are required to satisfy v = 1 only in E.

It is well known that many of the results presented in the third
section are also true for the Sobolev 1-capacity. Indeed,

(i) cap,(-) is an outer measure,
(ii) cap,(-) is an outer capacity,
(i) f K1 D ...D K; D K11 D ... are compact subsets of X, then

cap; ( m K;) = Zlirglo cap, (K;),

i=1
(iv) cap,(-) satisfies the strong subadditivity property.

However, as we will see, the Sobolev 1-capacity fails to be a Choquet
capacity. Our next goal is to prove that the BV-capacity and the
Sobolev 1-capacity are equivalent. To this end, we need the following
modified version of the bozing inequality, see [12], [8] and [19].

Lemma 4.2. Let E C X be a p-measurable set such that

fim n(E N B(z,r)) _
=0 p(B(z,1))
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for every x € E. Then for every 0 < R < 1 there exists a collection of
disjoint balls B(z;,7r;), i =1,2,..., such that 0 < r; < R and

E C U B(x;, 51r;)

=1

and disjoint sets of indices Iy, I, I U Iy = N, such that r; > R/2 for
every 1 € I; and

Zu( (@i, 5T7;) —1—2 Bl 5711)) < c(u(E) + P(E, X)).

5TT;
i€ly i€lp v

Here 1 1s the dilation constant in the weak Poincaré inequality and the
constant ¢ depends only on the doubling constant and the constants in
the weak (1, 1)-Poincaré inequality.

Proof. We may assume that u(E) + P(E,X) < co. Let ¢ € E and
denote

(Be.n\E) ) 5y

- u
. = < R: <
(4.3) T = sup {0 <r<R (B iCo

We choose r,, which satisfies r, < r, < 2r,, such that the inequality
in (4.3) holds for r,. We apply a covering argument to obtain pairwise
disjoint balls B(x;,7r;), i = 1,2, ..., such that

U B(x,7r,) C UB(wi,57r,~).

zel =1

It follows that

u(B(zi,r) NE) > %M(B(Sﬁi,’ri)),

Denote by Iy the indices for which

p(Blae ) \ E) > (Bl 1)

By the relative isoperimetric inequality (Theorem 2.9), we obtain

p(B(w,73)) < (4 n 4CD> min{p(B(zi, 1) N E), p(B(wi, 1) \ E)}
T; - 3
< cP(E,B(x;,Tr;))

i

for every index ¢ € I5.
Let [1 =N \ 12. Then

w(B(zi,ri) N E) > —pu(B(zi, 1))

e~ w
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for every ¢ € I;. We claim that r; > R/2 for every ¢ € I;. Indeed, we
have

w(B(w;, 2r;) \ E) = p(B(w;, 2r;)) — (B, 2r;) N E)

< w(B(;, 2ry)) — p(B(wi, 1) N E)
< p(Blwi,2r)) — (Bl 1)
< pu(B(;, 2r3)) — i, (B(xi,2r3)).
Hence
p(B(zi,2ri) \E) . 3
w(B(x;,2r;))  — 4Cp’

and if 2r; < R, then this contradicts with the choice of r;. Therefore
r; > R/2 for every i € I;.
By the doubling property of the measure p we obtain

Z,u( (2, 577;) +Z p(B(wi, 57 )

i€ly i€l 5TT1
< o Sty + )
zeh i€l
c( B(z;, ) NE) —i—ZP (E, B(ZI?“TH)))
1611 i€l
( UB[E“mmE )+ P(E UBI'“T?"@ >
i€l 1€l

< e(u(E) + P(E, X)).

Here we also used the facts that the balls are disjoint and that P(E, -)
is a Borel measure by Theorem 2.6. U

Now we are ready to prove the main result of this section.
Theorem 4.4. For any set E C X, we have
capgy (E) < cap,(E) < ccapgy(E),

where the constant ¢ depends only on the doubling constant and the
constants in the weak (1,1)-Poincaré inequality.

Proof. Clearly capgy(E) < cap,;(F). To prove the second inequality,

we may assume that capgy(E) < co. Let € > 0 and choose a function
u € Agy(F) such that

/ udp + || Du||(X) < capgy(F) + «.
X
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By the coarea formula and the Cavalieri principle

1
[ 1Dul(0) = [ (> )+ Pl > 1), 30)ds
x 0
and thus
p({u>to}) + P({u>ty}, X) < cappy(E) + ¢

for some 0 <ty < 1. We denote Ey, = {u > ty} and

* : M(Eto ﬂB(I,T))

Ey={ze B, —1}.

n T (B )

From the Lebesgue’s differentiation theorem, see [15], it follows that

w(Ey) = u(ky,) < oo and hence P(E},X) = P(E;,,X) < co. Fur-
thermore,

EcCcint{u=1} CE
We apply Lemma 4.2 with R = 1 to obtain a covering
By, C G B(x;, 51r;)
i=1
such that
;#( (i, 577;)) + ; (B g;,sﬂy c(,u(EtO) + P(Eto,X)).

It follows that
cap,(F) < cap,(E}) < anpl (x5, 577;))

< Z Capl l‘i, 57'7“1‘ + Z Ca’pl(B<xi7 57'7’2'))-

i€l 1€l

By applying the admissible function
() = <1 B diSt(l‘,B(ZIZ‘i,5TT¢)))+

57'75
for every index i = 1,2, ..., we observe that

cap, (B(x;, 5773)) < C(M(B(33i, 51r;)) + %W)

Since r; > 1/2 for every i € I; we have

> cap(Blas 5r) < e 3 (4Bl 57r) + W)

i€l i€ly

< cz,u (x;,5771;))

el
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On the other hand, since 0 < r; < 1 for every index ¢ we obtain

D capi(Bei5rri)) Se ) (“(3(5617577%)) + n(B, 57%)))

5Tr;
i€l i€ly v

Consequently

cap, (E) < CZM(B(ZL‘,‘,5TH)) + CZ B

i€l i€l

< c(u(Eyy) + P(Ey, X))
< c(cappy(E) +¢).

i, 577"i))
57'7”1'

The claim follows letting € — 0. Il

By Theorem 4.4 the Sobolev 1-capacity is equivalent to the BV-
capacity and we have the following immediate consequence.

Corollary 4.5. The Sobolev 1-capacity satisfies the following proper-
ties:
(i) There is a constant ¢ such that for any incresing sequence of
sets by C By C...C E; C ... C X we have

lim cap, (F;) < capl(U E;) < c lim cap,(E;),
71— 00 i1 1—00

(i)
cap,(E) < csup{cap,(K) : K C E, Kis compact}

From Theorem 3.9 it follows that the BV-capacity and the Sobolev
1-capacity are equal for compact sets. However, the following example
demonstrates that the BV-capacity and the Sobolev 1-capacity are not
ncessarily equal for noncompact sets. Therefore, the equivalence results
like Theorem 4.4 and Corollary 4.5 cannot be improved and the Sobolev
1-capacity is not a Choquet capacity. Originally, this kind of example
has been constructed by Riikka Korte, see also [3].

Example 4.6. Let m denote the ordinary Lebesgue measure in R?
and v = cap,(B(0, 1)) the usual Sobolev 1-capacity of the unit ball in
(RQ, |- 1, m). Clearly v > w. We define du = w dm, where

w(z) = {(7 —m)/4r, e B(0,1),
1, r € R?\ B(0,1)

and obtain a weighted measure p. The space X = (R?, ||, 1) is a metric
measure space equipped with a doubling measure and supporting the
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weak (1, 1)-Poincaré inequality. For every index i = 2,3,4,... let B; =
B(0,1—1¢1) and

u;(z) = min {1, max{0, —2i|z| + 2i — 1}}

and notice that u; € A;(B;). Hence, for every index i we can estimate
the 1-capacity of the set B; in X by

cap, (B;) §/ 1d,u—|—/ | Du;| dp
B(0,1) R?

:7_7+7_7T/ 2 dm
4 471' Bgi\B,‘

- 7—7r< 3) 3(y—m)
= 1—— _
4 + 2 43 < 4

It is clear that in (R?,] -], p)

5(y =)
—

capl([OJBi) = cap,(B(0,1)) =~ — (1 _1- 7T>7r =

. 4m
1=2
Thus 5
lim cap,(B;) < sy =m)

< capy(B(0,1)).

A modification of the previous example shows that the Sobolev 1-
capacity is not necessarily a Choquet capacity.

Example 4.7. Let v, u, B; and u; be as in the Example 4.6. Then for
any compact set K C B(0,1) = B, we have that dist(K, X \ B) > 0
and therefore K C B; for some index ¢. Thus, by the previous example

3(7—7T).

cap; (K) < cap,(B;) < 1

Hence
sup{cap,(K) : K C B, K is compact} < cap,(B),
and the Sobolev 1-capacity is not a Choquet capacity.

5. CONNECTIONS TO HAUSDORFF MEASURE

The restricted spherical Hausdorff content of codimension one of E
is defined as

Hr(E) = inf{i M - E C GB(mi,n),m < R},

where 0 < R < oo. The Hausdorfl measure of codimension one is
obtained as a limit
H(E) = ]l%in% Hr(E).

Next theorem shows that the BV-capacity and the Hausdorff measure
of codimension one have the same null sets.
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Theorem 5.1. Let E C X. Then capgy(E) = 0 if and only if H(E) =
0.

Proof. Let us first assume that H(E) = 0. Let ¢ > 0 and B(z;, 1),
1=1,2,..., be a covering of E such that r; < 1 for every i = 1,2...
and

i M(B(:i,ri)) .

Let

dist(z, B(a:i,ri))>+

Ty

ui(z) = (1 -
and observe that

(B (@i, Ti)))

cappy (B(r,12)) < Cp ((Blai,r) + 5=

< 2CDM(B(%T¢)).
T

Hence
capgy (E) < anva(B(xiﬂ”i))
i=1

<20)p Z M < 20)pe.
i=1

T

By taking € — 0 it follows that capgy (F) = 0.
Then assume that capgy(E) = 0. Then for every index i = 1,2, ...
we can choose function u; € Agy(F) such that

1
/ wpdp+ [ Dugf|(X) < =
X (3

By the Cavalieri principle and the coarea formula, as in the proof of
Theorem 4.4, for every ¢ = 1,2,... we obtain 0 < ¢; < 1 such that

u({us > 1) + P({us > ), X) < %2

We denote E;, = {u; > t;} and

x C1: M(Etz ﬂB(:L’,T)) _
Eti—{J}EEti.llL% B _1}.

From the Lebesgue’s differentiation theorem it follows that u(E;) =
p(Er,) < oo, and consequently, we have P(E}, X) = P(E;, X) < co.
As in the proof of Theorem 4.4, we have

E Cint{u =1} C E}.
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For every i = 1,2,... we apply Lemma 4.2 for £} with R = 1/(1071)
to obtain a covering

E; c | B(a,5mr)
j=1
such that

Z,LL(B(.T;-, 5717)) + Z Bl 577’ ) < c(u(Ey,) + P(Ey,, X)).

jGI{ jEIl

For every ¢+ = 1,2, ... we have following estimate
. d m 577“ ))
(B Z
1 : ; M(B(mé-, 577%))
< 5TT§,u(B(xj, ESY v
JeI} JeI}
; ; ,u(B(a:é», 57‘7‘;))
< 4i Yo p(B(a,573) + Y )
JEI} JeI}
dei ¢
2
Hence
H(E) = lim Hyy(E) < limsup Hy/(Ep) < hrnsupE =0.
i—00 i—00 i—oo 1

g

Remark. By Theorem 4.4 we obtain that the Sobolev 1-capacity and
te Hausdorfl measure of codimension one have the same null sets.
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