POINTWISE PROPERTIES OF FUNCTIONS OF
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ABSTRACT. We study pointwise properties of functions of bounded
variation on a metric space equipped with a doubling measure and
a Poincaré inequality. In particular, we obtain a Lebesgue type
result for BV functions. We also study approximations by Lips-
chitz continuous functions and a version of the Leibniz rule. We
give examples which show that our main result is optimal for BV
functions in this generality.

1. INTRODUCTION

This paper studies Lebesgue points for functions of bounded vari-
ation on a metric measure space (X,d, u) equipped with a doubling
measure and supporting a Poincaré inequality. Here the metric d and
the measure p will be fixed, and we denote the triple (X, d, ) simply
by X. We say that x € X is a Lebesgue point of a locally integrable
function wu, if

lim |u —u(z)|dp = 0.
r—0 B(z,r)
Observe that if z € X is a Lebesgue point of u, then

lim udp = u(z).

r—0 B(z,r)
By the Lebesgue differentiation theorem for doubling measures, almost
every point with respect to the underlying measure is a Lebesgue point
of a locally integrable function. In this work, we focus on pointwise
properties of functions outside exceptional sets of codimension one.
The set of non-Lebesgue points of a classical Sobolev function is a set
of measure zero with respect the Hausdorff measure of codimension
one and this holds true also in metric spaces supporting a doubling
measure and a Poincaré inequality, see [11] and [12]. More precisely,
the set of non-Lebesgue points is of zero capacity, but we do not need
this refinement here.
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The situation is more delicate for BV functions. Indeed, easy exam-
ples show that already in the Euclidean case with Lebesgue measure
the characteristic function of a set of finite perimeter may fail to be
continuous on a set of positive Hausdorff measure of codimension one.
However, it is known that in the Euclidean case with Lebesgue measure,
a BV (R™) function has the property

: 1 A Vv

(1.1) lim b udy = 5 (v (2) + u”(z))
for H"!-almost every x € R™, see [2], [6, Corollary 1 of page 216], [7,
Theorem 4.5.9] and [20, Theorem 5.14.4]. Here u”(z) and u"(x) are
the lower and upper approximate limits of u at x, see Definition 2.5.
The proof of this result lies rather deep in the theory of BV functions
and it seems to be very sensitive to the measure. Indeed, we give a
simple example which shows that the corresponding result is not true
even in the Euclidean case with a weighted measure. However, we are
able to show the following metric space analogue of the result. The
Hausdorff measure of codimension one is denoted by H. The precise
definitions will be given in Section 2.

Theorem 1.1. Assume that i is doubling and that X supports a weak
(1,1)-Poincaré inequality. If uw € BV (X), then for H-almost every
x € X, we have

(1 —y)u"(z) +~vyu"(z) < lim inf][ wdp
B(x,r)

r—0

r—0

< nmsupf wdp < 3 (@) + (1 — ) (2),
B(z,r)

where 0 < v < % and vy depends only on the doubling constant and the
constants in the in the weak (1,1)-Poincaré inequality.

We also give examples which show that, unlike in the classical Eu-
clidean setting with the Lebesgue measure, in this generality we cannot
hope to get v = % or the existence of the limit of the integral averages.
In this sense, the above result seems to be the best we can have in the
metric setting.

As an application of Theorem 1.1, we study approximations of BV
functions. By definition, a BV function can be approximated by locally
Lipschitz continuous functions in L'(X) so that the integral of upper
gradients converges to the total variation measure. In some applica-
tions, a better control on pointwise convergence would be desirable.
We construct two approximation procedures and apply one of the ap-
proximations in proving a version of the Leibniz rule for bounded BV
functions. In the Euclidean case, the corresponding result has been
studied in [5], [18] and [19]. An unexpected feature is that a multi-
plicative constant appears, which is not present for Sobolev functions.
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2. PRELIMINARIES

In this paper, (X,d, ) is a complete metric measure space with a
Borel regular outer measure p. The measure is assumed to be doubling.
This means that there exists a constant c¢p > 0 such that

u(B(x,2r)) < cpu(B(z,7))
for all x € X and r > 0. This implies that

By, R) _ (E)Q
p(B(z,r)) = \r

for every r < R and y € B(x,r) for some () > 1 and ¢ > 1 that
only depend on cp. We recall that complete metric space endowed
with a doubling measure is proper, that is, closed and bounded sets
are compact.

A nonnegative Borel function g on X is an upper gradient of an
extended real valued function v on X if for all paths v in X we have

2.1) ulw) ~ uly)] < [ gds,

”
whenever both u(z) and u(y) are finite, and f7 gds = oo otherwise.
Here x and y are the end points of . If ¢ is a nonnegative measurable
function on X and if (2.1) holds for almost every path with respect to
the 1-modulus, then ¢ is a 1-weak upper gradient of u. By saying that
(2.1) holds for 1-almost every path we mean that it fails only for a path
family with zero 1-modulus. A family I' of curves is of zero 1-modulus
if there is a non-negative Borel measurable function p € L'(X) such
that for all curves v € I, the path integral f7 pds is infinite, see [10].

The collection of all upper gradients, together, play the role of the
modulus of the weak gradient of a Sobolev function in the metric set-
ting. We consider the following norm

[Jull v = llullzx +inf lgllzcx)
with the infimum taken over all upper gradients g of u. The Newton-
Sobolev space considered in this note is the space
NYH(X) = {u: [Juf jragxy < oo}/~,
where the equivalence relation ~ is given by u ~ v if and only if
lu = vl|viax) = 0.

Next we recall the definition and basic properties of functions of
bounded variation on metric spaces, see [14].

Definition 2.1. For u € L] _(X), we define
[ Dull(X)

= inf { liminf/ Gu,, dpt = uy € Lipy (X)), up — w in L%OC(X)},
b

k—o00
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where g,, is a 1-weak upper gradient of u;. We say that a function v €
L'(X) is of bounded variation, and denote u € BV (X), if || Dul[(X) <
0o. Moreover, a measurable set £ C X is said to have finite perimeter
if |Dxg|/(X) < co. By replacing X with an open set U C X, we may
define || Dul|(U) and we denote the perimeter of F in U as

P(E,U) = |Dxzl|(U).
By [14, Theorem 3.4], we have the following result.

Theorem 2.2. Let uw € BV(X). For an arbitrary set A C X, we
define

| Dul|(A) = inf{||Du||(U) : U D A, U C X is open}.
Then || Dul|(-) is a finite Borel outer measure.

Assume that E be a set of finite perimeter in X and let A C X be
an arbitrary set. As above, we denote

P(E, A) = [|Dxzl/(A).
We say that X supports a weak (1,1)-Poincaré inequality if there
exist constants cp > 0 and 7 > 1 such that for all balls B = B(z,r),

all locally integrable functions u and for all 1-weak upper gradients g
of u, we have

(2.2) / lu —ugldu < CpT’][ gdpu,
B TB

where .
up =1 udp = —/ wdjt.
b ]{9 w(B) Jp

If the space supports a weak (1, 1)-Poincaré inequality, then for every
u € BV(X), we have

| Du||(7B)
(2.3) / lu —up|dp < epr——s—>-,
B 1(B)
where the constant cp and the dilation factor 7 are the same constants

as in (2.2).

The (1, 1)-Poincaré inequality implies the Sobolev-Poincaré inequal-
ity
(2.4) <][ lu — up|?/ @D d,u> (@ < crw’

B u(B)

see [9, Theorem 9.7]. Here the constant ¢ > 0 depends only on the
doubling constant and the constants in the Poincaré inequality. We
assume, without further notice, that the measure p is doubling and
that the space supports a weak (1, 1)-Poincaré inequality. For brevity,
the weak (1,1)-Poincaré inequality is called the Poincaré inequality
later on.
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The following coarea formula holds for BV functions. For a proof,
see [14, Proposition 4.2]. If u € L} (X) and A C X is open, then

(2.5) |1Du||(A) = / P({u>t}, A)dt.

In particular, if u € BV(X), then the set {u > t} has finite perimeter

for almost every ¢ € R and formula (2.5) holds for all Borel sets A C X.
The restricted spherical Hausdorff content of codimension one of a

set A C X is

Hr(A) = inf{iw A C GB(xi,ri), r; < R},

where 0 < R < co. When R = 0o, the infimum is taken over coverings
with finite radii. The number H,,(A) is the Hausdorff content of A.
The Hausdorff measure of codimension one is

H(A) = lim Hp(A).

A combination of [3, Theorems 4.4 and 4.6] gives the equivalence of the
perimeter measure, and the Hausdorff measure of codimension one, of
measure theoretic boundaries of sets of finite perimeter. The measure
theoretic boundary of a set A C X, denoted by 0* A, is the set of points
x € X, where both A and its complement have positive density, that
is,

> 0.

pANBar) (Bl A)
s = By 0 s )

The following result is extremely useful for us. For the proof, we
refer to [1] and [3].

Theorem 2.3. Assume that E is a set of finite perimeter and A is an
arbitrary subset of X. Then

(2.6) %P(E, A) < H(O'EN A) < ¢P(E, A),

where ¢ > 1 depends only on the doubling constant and the constants
i the Poincaré inequality.

Moreover, the following theorem shows that we can consider even a
smaller part of the measure theoretic boundary. For a proof, see [1,
Theorem 5.3].

Theorem 2.4. Let E be a set of finite perimeter. For~y > 0, we define
Y, (E) to be the set consisting of all points x € X for which

WENB(e,r) wB(,r)\E)
BT mBE) S 2T

lim inf min {
r—0
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Then there exists v > 0, depending only on the doubling constant and
the constants in the Poincaré inequality, such that

HO*E\ S,(E)) =0,

Let A C X be a Borel set. The upper density of A at a point x € X
1s
— B A
D(A, x) = limsup u(B(z,r)n A)
r—0 M(B(I, T))

and the lower density

= limin p(B(x,r) N A)
D(A, ) = liminf w(B(z,r))

If D(A,x) = D(A, x) then the limit exists and we denote it by D(A4, z).
By the differentiation theory of doubling measures, we have

D(A,z) =1 for p-almost every x € A

and
D(A,z) =0 for p-almost every z € X \ A.

Following the notation of [3], we define upper and lower approximate
limits.

Definition 2.5. Let u: X — [—00, 00| be a measurable function. The
upper and lower approximate limit of v at z € X are

u’(z) =inf{t: D({u>t},z) =0}

and
u"(z) = sup{t : D({u < t},z) = 0}.

If u¥(x) = u"(x), then the common value is denoted by u(x) and called
the approximate limit of u at x. The function u is approximately
continuous at x if u(x) exists and u(x) = u(x). The approximate jump
set of u is

S, = {u" <u’}.

By the Lebesgue differentiation theorem, a locally integrable function
u is approximately continuous p-almost everywhere and hence p(S,,) =
0. Therefore we can define u as we like on the approximate jump set
Su- A similar argument as in the classical case of [20, Remark 5.9.2]
shows that a function u is approximately continuous at z if and only if
there exists a measurable set F such that z € E, D(E,z) = 1 and the
restriction of u to E is continuous.

We need the following standard measure theoretic lemma. We recall
the proof here to emphasize the fact that it also applies in the metric
context.
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Lemma 2.6. Assume that u € BV(X) and A > 0. Let A C X be a
Borel set such that

> A

Dul|(B
ey 120 (B 1))
r—0 /,L(B(ZL’, T))
for all x € A. Then there is a constant ¢ > 0, depending only on the
doubling constant, such that

[ Dul|(A) = cAH(A).

Proof. Let ¢ > 0. Let U be an open set such that A C U. For each
x € A there exists r, with

1
0<r, < gmin{s,dist(x,X \U)}

such that

wB(,12)) _ |Dull(B(z,7s))

T A '
By a covering argument, there is a subfamily of disjoint balls B; =
B(z;,r;) € U, i = 1,2,..., such that (2.7) holds for each B; and
A C U®,5B;. Using the doubling condition, (2.7) and the pairwise
disjointedness of the balls B;, we obtain

— 1(5B; — 1(B;
H(A) < (57«)302 (r.)
i=1 ¢ i=1 v

(2.7)

C > C
<S> IDul(B) < SIDul(w).
=1

Since

| Dul|(A) = inf{||Du||(U) : U is open, A C U},
the claim follows by letting ¢ — 0 and then taking the infimum over
open sets U. O

3. LEBESGUE POINTS

In this section, we use the approximately continuous representative
u of u, and denote it by u. Our first lemma shows that the Sobolev-
Poincaré inequality holds infinitesimally without the integral average
on the left-hand side if the approximate limit of the function is zero in
the center of the ball.

Lemma 3.1. Letu € BV (X) and let xg € X. If the approximate limit
u(zo) exists and u(xg) = 0, then

(Q-1)/Q Dull(B
limsup (/ |u|Q/(Q—1) d,u) S Climsupr” UH( (1‘0770))'
r=0 " N B(zo,r) r—0 p(B(xo, 1))

Here the constant ¢ > 0 depends only on the doubling constant and the
constants in the Poincaré inequality.
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Proof. Let 0 < € < 1. Since 0 is the approximate limit of u at xg, we
have

D({|u| > t},x29) =0
for all t > 0. For a fixed ¢ > 0, there exists r. > 0 such that
p({lul >t} N B(xo, 7)) < ep(B(xo, 7))

whenever 0 < r < r.. This implies that for the sets B = B(x,r) and
E = {|u] <t} N B, we have

p(E) = (1 —¢e)u(B).

From this, together with the Sobolev-Poincaré inequality (2.4), we con-

clude that
(Q-1)/Q
(]/ u — uE|Q/(Q—1) dﬂ>
][ - B|Q/(Q71) du)(Q_l)/Q
207“ ||Du|| (TB)
T 1l-e (B
Hence
(Q-1)/Q @-1/Q
e e ) A T
B B
2cr ||Dul|(TB)
< +1
l—¢  u(B)
for 0 < r < r.. The claim follows by taking the limes superior on both
sides as » — 0 and then letting t — 0. U

Lemma 3.2. Let uw € BV(X). Then
—oo < uM(z) < u¥(x) < 00
for H-almost every z € X.

Proof. Since the question is of local nature, without loss of generality,
we may assume that u has compact support. First we will show that

H{u" = }) = 0.
For t € R, let
={u" >t} and E;={u>t}.

The definitions of u” and F; imply that D(F;,z) =1 for every z € F;.
Since p-almost every point is a Lebesgue point of u, we have u”(x) =
u(z) for p-almost every = and therefore

D(F;,x) = D(Ey,x) =1
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when z is a Lebesgue point of u. The boxing inequality ([12, Remark
3.3.(1)] and [16]) gives disjoint balls B; = B(x;,7r;), i = 1,2,..., such
that Ft C U,?i15Bz and

o0

Z BBy cP(F,, X).

5rr;

Since v has compact support, we have r;, < R, i =1,2,..., for R > 0
large enough.
This implies that

Hr(F}) < cP(F;, X)

and

=) =0 (1) < I
< ligninch(Ft;X)'

As u” = u p-almost everywhere, we also have
P(E, X) = P(F;, X)
and, by the coarea formula,
/ P(F, X)dt = / P(E,, X) dt = | Dul|(X) < oo.

From this we conclude that

liminf P(F}, X) = 0.

t—o00

By (3.1) we have Hr({u" = c0}) = 0 and consequently also
H({u" = o0}) =0,

see for example the proof of [12, Lemma 7.6]. A similar argument shows
that

H{u" = —o0}) =0.

The first part of the proof shows that u" —u" is well defined H-almost
everywhere. Next we show that

H{u" —u" =o0}) =0.

It follows from the definitions of the approximate limits and the mea-
sure theoretic boundary that

Gy={u"<t<u'} COFE
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for every t € R. Then, by the Fubini theorem,

/ZH(Gt)dt:/(:/XXGt(:E)dH(x) dt
:/X/O;XGt(x) dt dH(z)

_ /X /u j::)ldtd”;‘-[(x)
_ /u(uv(x) —u\(z)) dH(z).

By (3.2), Theorem 2.3, and the coarea formula, we have

/S (u —u)dH = /Z’H({UA <t<u'})dt

< / H(O*E,) dt

SC/ P(Et,X)dt

o0

= c||Dul|(X) < oc.
Since v = u" outside S, the claim follows from this. O

The next example shows that (1.1) does not even hold for BV func-
tions in weighted Euclidean spaces.

Example 3.3. Let X = R? with the Euclidean distance and the mea-
sure with the derivative

Deapp=w, where w =1+ xp@,)-
Let v = XxB(o,1).- Then for every € 0B(0,1), we have

1, v 2
S u@) =g A=t

The above example also shows that we cannot always take v = % in
Theorem 1.1, for in this example we have v = %

We will start the proof of our main result by showing that the claim
of Theorem 1.1 holds outside the approximate jump set if u is bounded.
Later we remove the extra assumption on boundedness by a limiting
argument.

Lemma 3.4. Let uw € BV(X)NL>*(X). Then

lim lu — u(z)|?/ @V dp = 0.

"0/ B(zo,r)

for all zp € X \ S,.
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Proof. Let g € X \ S,. Since u is approximately continuous at xo,
there is a measurable set E such that xy € E, D(E,xy) = 1 and

lim Eu(az) = u(xy).

T—T0,TE
Let > 0 and denote B = B(xg, 7). Then we have
_ 1 _
Flu—aa) @@ = [ () 99D dy
(3.3) B 1(B) Jpng
| 1 / Q/@Q-1)
+ —= u— u(z dp.
W(B) S )

The second term on the right hand side of (3.3) has an upper bound

b ()| @(@D) pBA\E) /@)
2B o I e < 2T Y

which tends to zero as r — 0 because D(X \ E,z) = 0.
Then we estimate the first term on the right hand side of (3.3).

Let 0 < ¢ < 1. There is r. > 0 such that |u(z) — u(zo)| < £ when
d(x,z9) < r. and x € E. Hence, we obtain

1 / = ()| V@ gy < /@ IBOE) g
1(B) Jpne wB)
for 0 < r < r.. The claim follows by letting ¢ — 0. U

Now we generalize the previous lemma for unbounded BV functions.
The proof is similar to the Euclidean argument of [20, Theorem 4.14.3].

Theorem 3.5. Let uw € BV (X). Then

lim lu — u(xo)| 9@~V dp = 0.

"0 B(wo,r)
for H-almost all zg € X \ S,.
Proof. Let 0 < ¢ < 1 and denote
Wip={-k<u <u' <k}, k=12 ...

By Lemma 3.2, we have
H(x\Jmi) =0,
k=1
and hence it is enough to prove the claim for zo € (U;—; W) \ Su.

For k =1,2,..., let u, be a truncation of u defined as

k, if u(z) > k,
we) = {ule), it fule)] < k.
—k, ifu(z) < —k.
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By the Minkowski inequality, we have

(f  l= )@ d

B(zo,r)

(3.4) < <]/ lu — ug| 997D dyy
B(zo,r)

+ <][ g — u(x0)|Q/(Qfl) dp
B(zo,r)

Let k be large enough so that zy € Wj. Then the approximate limit of
u — uy at xg is zero. Therefore Lemma 3.1 implies that

)(Q—l)/Q
)(Q—l)/Q

)(Q—l)/Q

@-1/Q

lim Sélp <][ |u — 1y, |9/ (@7D d,u>
r B(zo,r)
(3.5) -
. 1 D(u — ug)|| (B(zo, 1))
< climsupr .
r—0 p(B(zo, 1))
Let

T |1D(u — u) [|(B(z, 77))
Zk—{:cEX.hnTnj(l)lpr (B ) §5}.

We begin by estimating the first term on the right hand side of (3.4)
in the case that xy € Z, where Z = U2, Z,. Observe that Z, C Zj41,
which follows from the coarea formula using a similar argument as in
the end of this proof. Then the definition of Zj together with (3.5)
shows that for k large enough, we have

lim sup(/ lu — ug |9 QD dy
B(zo,r)

(QR-1)/Q
> < ce.

r—0

For the second term on the right hand side of (3.4), we have

(Q-1)/Q
(f o= (w00 )
B(zo,r)

< <][ g — uk(%)’Q/(Q—l) dp
B(zo,r)

Since k > |u(xzg)|, we have |ug(zo) — u(zo)| = 0. On the other hand,

>(Q_1)/Q + |uk(zo) — u(zo)]-

lim up — ug(20) |9 QY dp = 0

r—0 B(IO,T‘)

by Lemma 3.4 because uy, is bounded and u(xg) = ug(xo).
Finally, we will show that H(X \ Z) = 0. By Lemma 2.6,

(3.6) H(X\ Z) < =) D(u = ) | ().

For t < 0 we have u — ug > t if and only if u > t — k, and for t > 0
we have u — ug > t if and only if u > ¢ 4+ k. Using the coarea formula
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(2.5) and the fact that a complement of a set has the same perimeter
as the set itself, we obtain

wm—mwmzjmmm—w>ﬂXMt

:/0 P({u—uy <t} X) dt+/ooP{u—Uk>t} X)dt
RN 0

:/ P({u < k:+t}th+/ooP{u>k+t},X)dt

:/ P({u>t},X)dt
{It[>k}

Since u € BV (X), the previous estimate implies that
ID(u — u) [ (X) = 0
as k — oo. Consequently, estimate (3.6) shows that
HX\Z) <H(X\Zg) =0
as k — oo, and the result follows. O

Now we are ready to complete the proof of our main result.

Proof of Theorem 1.1. As before, denote E; = {u > t}. Let
N =@ BE\Z(E)),

teT

where ¥, and vy are as in Theorem 2.4 and 7" is a countable dense subset
of R so that the set Ej is of finite perimeter when ¢ € T'. Theorem 2.4
then implies that H(N) = 0.
Fix 2o € S, \ N so that —oco < u"(xy) < u¥(z9) < 00, see Lemma
3.2. We set
u — u(xo)
 uY (o) — u (o)

and
v=(u"—1); —u".
Then 2o € X \ S, and v(xy) = 0.
Now take ¢t € (0,1) such that t* = (u"(xg) — u(x0))t + u"(x0) € T.
By the definition of N, we have z, € 3, (E}~) for each such t. This
implies that

lim inf][ XE,. djt > 7.
B(zo,r)

r—0

As u* > v+ txg,., we have

lim inf/ u* dp > lim inf/ vdp+tlim inf][ XE,. dit > ty.
B(zo,r) B(zo,r) r—0

r—0 r—0 B(xo ,7”)
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Here we used Theorem 3.5 for v. By letting ¢ — 1 we arrive at

~v < lim inf][ u dp
B(zo,r)

r—0

1
< lim inf dy — u
= Uv(ﬂfo)—u/\(ffo)< Lo ]{gm,m“ )

and consequently

(1 —y)u" (o) + yu'(z0) < lim inf]/ wdp.
B(zo,r)

r—0

The upper bound follows from a similar argument. Outside of the
approximate jump set, the result follows from Theorem 3.5. O

The next example shows that, unlike in the classical Euclidean set-
ting, we cannot hope to get the existence of the limit of the integral
averages H-almost everywhere in X in Theorem 1.1.

Example 3.6. Let X = R? be equipped with the Euclidean metric
and the measure with the derivative D,2p = w with the weight w
constructed as follows. For k =1,2,... let

Ak = {(;Cl,.CCQ) € Rz . 471’C < |SL’2’ S 4171{},
and define
W =14 X{zz<0} Z XAy, T X{z2>0} Z XA
k even k odd

Then X is a metric measure space with a doubling measure, which
is even Ahlfors 2-regular, and supports a (1,1)-Poincaré inequality.
However, the characteristic function u of the set

{(z1,29) €R®: |11 <1, -1 < w2 < 0}

is in BV (X), and for every = = (x1,0) with |z1] < 1, we have

1
limsup][ udp = - + «
B(z,r) 2

r—0

and

1
liminf]/ udpy = - — a,
r—0 B(JE,T) 2
for some constant 0 < a < %

Taking into account the pointwise behavior of BV functions, it is
natural to ask what type of behavior a BV function has on the set
where its total variation measure is absolutely continuous with respect
to the underlying measure p. In particular, the following lemma tells
us that the total variation measure behaves like a weak derivative on
the subset where the function vanishes. In the Euclidean setting the
lemma follows from [6, page 232, Theorem 3 and page 233, Theorem 4
remark (i)]. The proof we give here is more direct.
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Lemma 3.7. Let u € BV (X) and E C X a Borel set such that || Dul|
s absolutely continuous with respect to jp on E andu =0 on E. Then
| Dul|(E) = 0.

Proof. Without loss of generality we may assume that v > 0 on X.
Since u = 0 on F, we see that || Dul|(int(£)) = 0. Consequently, if 0F
has pu-measure zero, the conclusion follows. Hence we may assume that
w(OFE) > 0. Let Ey be the collection of points z € E for which

lim inf pB(,r) O B)
r=0 pu(B(x,r))

Note that by the Lebesgue differentiation theorem we have u(E\ Ey) =
0 and hence ||[Dul|(E \ Ep) = 0. Therefore it suffices to prove that
|| Dul|(Ep) = 0. In order to see this, we apply the coarea formula.

Denote Ey = {u > t}. Let t > 0 be such that E; has finite perimeter
in X. This is possible by the coarea formula. If H(Ey N d*E;) > 0,
then because EyN0*E; C S, the measure ||Dul| cannot be absolutely
continuous with respect to u on Ey and hence on E, see for example |3,
Theorem 5.3 and Theorem 4.4]. Therefore for all such ¢ > 0 we have
H(Ey N 0*Ey) = 0. Finally, by the coarea formula again,

> 0.

0§||Du||(E0):/ P(Et,Eo)dtgc/ (BN 0" E)dt —0. O
0 0

It would be interesting to know the answer to the following question:
If E is a Borel set on which ||Dul| is absolutely continuous with respect
to u, is it then true that u|p € N (F) with the weak upper gradient

[ Dul[(B(z, 7))

g = lim ?

4. APPROXIMATIONS FOR BV FUNCTIONS AND THE LEIBNIZ RULE

As an application of Theorem 1.1, we study approximations of BV
functions. By definition, for every u € BV (X) there is a sequence of
locally Lipschitz continuous functions uy, k = 1,2, ..., which converges
to u in L'(X) and the sequence || Dug||, ¥ = 1,2, ..., converges weakly
to ||Dul|| as k — oo. The problem with this sequence is that we do not
have control over how well it converges to u pointwise. In this section
we give two different constructions of approximating sequences that
converge to u € BV (X); unfortunately, we lose the precise control over
the weak convergence of the measures. However, in the event that the
goal is to study capacities of sets, the needed control is over pointwise
convergence, and in this case either of these two propositions would be
useful. We continue using the approximately continuous representative
u of u, and we denote it by u.
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Proposition 4.1. Let u € BV(X). Then there is a sequence of lo-
cally Lipschitz functions ug, k = 1,2,..., such that up — u H-almost
everywhere in X \ S,, ux — u in L' (X) as k — oo, and

lim sup || Dug || (X) < ¢||Dul[(X).

k—o00
Moreover, we have
(1= F)u (@) + T (2) < lim inf uy 2]
< limsup uy(z) < Fu"(z) + (1 = F)u" ()

k—o00

for H-almost every x € X. Here 5y = v/c, where 0 < v < % 1S as in
Theorem 2.4, and ¢ > 1 depends only on the doubling constant and the
constants in the Poincaré inequality.

Proof. Let € > 0. Because u is doubling, we can cover X by a countable
collection By, i = 1,2,..., of balls B; = B(x;,¢) such that

S
§ X207 B; S C,
i=1

where ¢ depends solely on the doubling constant and 7 is the constant in
the Poincaré inequality. Subordinate to this cover, there is a partition
of unity ¢; with 0 < ¢; < 1,37 @, = 1, ¢; is ¢/e-Lipschitz ¢; > a > 0
in B;, and supp(y;) C 2B; for every i = 1,2,.... We set

o0
Ue = E UsB; Ps.-
i=1

The function u. is sometimes called the discrete convolution of u. For
x € Bj, we note that

Jue (@) !<Z|U5B—u Npie) < Y Ju(@) —usp,)-

{iZQBiIAIBj 752)}

Hence

/ lue — u| dp <
B, {i: 2B NB;#0}

<c Z / [u — uiop;| dp
{i:2B;NB; #0} 10B;

< c/ o, | dyt < c]| Dul| (107 B, ),
0B;
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where we used the bounded overlap property of the collection 207 B;,
1 =1,2,... and the Poincaré inequality. This implies that

o= uldp <3 [ e = uldu
/X ;Bj

<ce Y ||Du|(107B;) < ce|| Dul|(X).

j=1

Thus u. — u in L'(X) as ¢ — 0. The fact that u. — u H-almost
everywhere in X \ S, as € — oo follows from Theorem 3.5.
For z,y € B; we have

|uc(2) — ue(y)| < Z lusp, — usp, | |0i(2) — @i(y)|

c
< gd(%?/) Z lusp;, — usn,|
{i:2B;NB; 0}

C
< —d(x,y)]/ lu — wioB; | dp
€ 10B;

Dul|(107B;
1(B;)
and so u, is locally Lipschitz continuous with the upper gradient
- || Dul|(1075;)
(4.1) g: = ¢ — " XB;-
]Zl 1(B;)

Hence by the bounded overlap property of the covering and by the fact
that if B; intersects B; then u(B;) ~ u(B;), we have

D0 < [ g.dn<d [ godn
X i=1 v Bi
<Y IDul(orB)

1=1 {j:B;NB;#0}

<> | Dul|(207B;) < ¢ Dul| (X).
i=1
Finally, we show estimates for the pointwise limes superior and limes

inferior. The idea in the proof is similar to the proof of Theorem 1.1.
As in the proof of Theorem 1.1, denote E; = {u >t} and let

N=J(@E\2(E)),

where Y, and 7 are as in Theorem 2.4 and 7' is a countable dense
subset of R so that the set F; is of finite perimeter when ¢t € T. Fix
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xo € Sy \ N so that —oo < u”(x) < u”(zg) < 00, see Lemma 3.2. We

set
u — u"(xo)

—wY (o) — wN(wo)
and
v=(u"—1);y —u".
Then zy € X \ S, and v(xy) = 0.
Now take ¢t € (0,1) such that t* = (u"(x¢) — u"(x0))t + u"(z0) € T.
We notice that we can write the function v, as

ve(x) = Z V5B, Pi()

- X55:9i(%) /
= [ v ————dp= [ wvadu,
/. 2By T

where the function aj is defined as

. i\
Gl = 3 e
=1 ’u ¢
and satisfies N ox
B(xz,e) < g < B(x,T¢) .
cu(B(z,e)) = 7 p(B(x,¢))

Indeed, the left-hand side inequality holds because there exists ig such
that = € B,, and by the construction ¢;, we have ¢,, > «a for some
a > 0.
By the definition of N, we have zy € 3, (E~) for each such ¢. This
implies
lim inf/ XE,.dp >y
B(z0,¢)

e—0
and consequently

. Y
lim inf XE, aiodu > .

£20 J B(xo,7e) ¢

As v > txg,., we have

v

e—0 C )

liminf v, (x0) > ¢lim inf/ XEp« Qg dpt >t
e—0 X

The claim follows by letting ¢ — 1. By symmetry, we also have the
upper bound. From this we conclude that

— A
7 < liminf ve(7o) < liminf Ue () — u (o)
c e—0 e—0 uV(xo) _ u/\(xo)

and consequently

o) — ' (w0)) < i ) — ' (z0).



POINTWISE PROPERTIES OF BV FUNCTIONS IN METRIC SPACES 19

This implies that

Y Y o
(1 — E)UA(Q?()) + EUV(.TZ?O) < hr6n_>131f ue(xg).
The upper bound follows from a similar argument. O

As a consequence of the previous approximation result we obtain a
version of Leibniz rule for nonnegative BV functions. Observe, that for
the upper gradients of bounded u and v belonging to N (X)NL>(X),
we have

Juo < UGy + VGu,
and consequently,

d||D(uv)|| < wdDv[| 4 v d|| Dul,
but for BV functions a multiplicative constant appears.

Proposition 4.2. Let u,v € BV (X) N L*(X) be nonnegative func-
tions. Then uv € BV(X) N L>®(X) and there is a constant ¢ > 1 such
that

d||D(wv)|| < cu’d||Dv|| + cv¥d||Dul|.

The constant ¢ depends only on the doubling constant and the constants
in the Poincaré inequality.

Proof. For ¢ > 0 let v. be the approximation of v as in Proposition 4.1
and let g. be an upper gradient of v. as in (4.1). Moreover, let ug, k =
1,2,..., be an approximation of u in the sense that u; are nonnegative
Lipschitz functions uniformly bounded by ||u| e (x), ux = w in L'(X)
and || Dug|| converges weakly to ||Dul|| as k — oco. Now, it is obvious
that upv. forms an approximation of wv in L'(X) and, consequently,
we have

| D(uv)|| < liminfliminf || D(ugve)]|.
e=0  k—oo

By the Leibniz rule for functions in N> (X), we have

d[|D(uve)l| < ved|| Dugl| + urge dp.

Let us first consider the term v, d|| Duy||. Since v, is continuous on X
and ||Duy|| converge weakly to || Du||, we conclude that the measures
with v.d||Duygl|| converge weakly to the measure with the derivative
ved||Dul| as k — oo. Passing ¢ — 0, by Proposition 4.1 we have

limsup v, < cv”
e—0
H-almost everywhere in X and hence ||Du/|-almost everywhere in X.
If ¢ is a compactly supported Lipschitz function on X, then by the
dominated convergence theorem we have

liminf/ o, d|| Dul| Sc/ v d|| Dul|,
e—0 X X
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that is, a weak limit of the sequence of measures with the derivatives
ved||Dul| is dominated by the measure with cv¥d||Dul.

Next we consider the term ugg. by first letting & — oo and then
e — 0. Since u, — u p-almost everywhere in X and in L'(X), we see
that

lim / bung. dpi — / bug. dy
X X

k—o0

whenever ¢ is a compactly supported Lipschitz function in X. By the
definition of ¢. (see (4.1)) and using the covering B;, i = 1,2,..., as in
the proof of Proposition 4.1, we see that

/Xmgsd/LScZ/Bmgedu
<CZ > /(buduHDuH(l(lTB)

i=1 {j:B;NB; 0}

< czjé dudp | D (207 B,)

07 B;

for nonnegative ¢. Let 1. be a function defined by

[e.9]

@ =Yf  Guduxions(a).
: B(z,407¢)
By the bounded overlap of the collection 107B;, ¢« = 1,2, ..., we have

/¢ugsdu§0/ 4. d|[Dv].
X X

As ¢ is continuous, Proposition 4.1 shows that

limsup vy, < cou’

e—0

H-almost everywhere in X and hence || Dvl|-almost everywhere. Con-
sequently, we arrive at

lim sup lim gbugE < c/ ¢u” d|| Dvl|
e—0 k—oo X

whenever ¢ is a nonnegative compactly supported Lipschitz continuous
function in X. If v is a Radon measure that is obtained as a weak limit
of a subsequence of the measures with ugg. du, then

X) :sup/ngﬁdl/

= sup lim sup lim gbuga du

e—0 k—oo

< csup/ ¢uvd\|DUH,
X
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where the supremums are taken over all functions ¢ € Lip, (X) with
0 < ¢ < 1. The above computation can be performed by restricting to
functions ¢ with support in a given open set, and so we can conclude
that

W(U) < c/ w" d| Do
for all open subsets U of X, and ithollows that
dv < cu”d||Dv||.
0

Next we show that Lipschitz functions are dense in BV (X) in the
Lusin sense. For the Euclidean case, see [6, page 252, Theorem 2] and
for Sobolev functions in metric spaces, we refer to [8] and [12].

Proposition 4.3. Let u € BV(X). The for every ¢ > 0, there exists
a Lipschitz function v in X such that

p({z e X tu(z) £Av(x)}) <e and |lu—v|px) <e.
In addition, we have
[1Du][(X) < e[| Dul[(X)

for some constant ¢ > 0 depending only on the doubling constant and
the constants in the Poincaré inequality.

Proof. Let A > 0 and define
[Dul|(B)
p(B)

Note that X \ F) is an open set and so E) is a Borel set. We begin by
showing that there is a constant ¢ > 0 such that

(42) u(X\ By) < S Dull(X\ Ey).

EA:{xGX: S/\forallballsBax}.

Let B; = B(x;,r;) C X \ Ey, i =1,2,..., be disjoint balls such that

X\ Eyc|J5B; and |[|Dul|(B:) > \u(B;)
i=1
for all # = 1,2,.... Since p is doubling and || Du|| is a measure, we
obtain

HIX\E) <Y u(B) < §Z |Dull(B) < SIDull(X \ Ey).

Hence (4.2) follows.

Next we show that there is a constant ¢ > 0 that depends only on the
doubling constant and the constants of the Poincaré inequality, such
that

(4.3) u(z) = u(y)] < cAd(z,y)
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for almost every x,y € E\. Let x,y € E) be Lebesgue points of u. Let
r=d(z,y), B, = B(x,r) and B, = B(y,r). Then

u(z) —u(y)| < lu(z) = up,| + |up, = up,| + |uly) —us,|,

where, by a standard telescoping argument, using the doubling prop-
erty and the Poincaré inequality, we conclude that

o
u(z) — up,| < Z [ug-ip, (T) — Up-c1 g, |

oo
ch ][ |u — ug-ip, | du
. —ZBz

<e 22 1||DU|| 72 ;9)

< cr)\z 270 = cr.

1=0

Similar estimate holds for |u(y) — up,|. By the doubling property and
the Poincaré inequality, we obtain

|uBm—uBy|s/ o — up, | dp

Y

D 2B,
< c][ lu — usp, | du < CTM < cr\.
Bap, H(QBQC)

Since p-almost every point of u is a Lebesgue point, previous estimates
imply that inequality (4.3) holds. Now the first claim of this propo-
sition follows using (4.2), (4.3) and McShane’s extension theorem for
Lipschitz functions. The extension of u is denoted by vy. Observe that
vy = u in E) and vy is cA\-Lipschitz continuous in X.

We next provide a control for ||u — v)|[z1(x). First we assume that
u is bounded on X. We may also assume that |vy| < |luf|r=(x) by
truncating the function, if necessary. By (4.2), we may conclude that

Ju=uldi= [ vl
X X\Ey

< 2l op(X \ By)
C
< <l 1 Dull(X \ Ey).
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Note that || Dul| is absolutely continuous with respect to x on ) and,
by Lemma 3.7, we have

[1D(u = ox)[[(X) = [|D(u = vx) [ (X \ E)
< [Dul[(X\ Ex) + ([ Dua[[(X\ Ey)
< [[Dul (X \ Ex) + eAu(X\ Ey)
< ¢ Dul|(X\ Ey).

Here we also used the fact that vy is cA-Lipschitz and (4.2). This
implies that

ID@(X) < [D(u— w)[[(X) + [ Dull(X)
< el Dull(X \ Ex) + | Dull(xX)
< || Dul|(x).

We can remove the assumption on boundedness of v by approximat-
ing u by bounded functions

ur, = min{k, max{u, —k}} € BV(X), k=12,...,

and approximate uy by Lipschitz functions as above. Observe that

/|u—uk|du§/ |u| dp — 0
X {|u|>k}

as k — oo. By the same argument as in (3.7), we also have
1D (w = ug) [|(X) =0
as k — oo. U

Remark 4.4. By considering Xp for a ball B in R", we see that the
result above is optimal.
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