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ABSTRACT. This paper studies regularity of perimeter quasimin-
imizing sets in metric measure spaces with a doubling measure
and a Poincaré inequality. The main result shows that the mea-
sure theoretic boundary of a quasiminimizing set coincides with
the topological boundary. We also show that such a set has fi-
nite Minkowski content and apply the regularity theory to study
rectifiability issues related to quasiminimal sets in the strong A..-
weighted Euclidean case.

1. INTRODUCTION

It is now a well-known fact that Euclidean sets with (locally) mini-
mal surfaces have smooth boundary apart from a set of co-dimension
2. This result is due to De Giorgi, see [DG1] and [DG2|. The anal-
ogous result for Euclidean quasiminimal surfaces is due to David and
Semmes [DS1], who showed that bounded sets with quasiminimal bound-
ary surfaces are uniformly rectifiable and are locally John domains.

The paper [DS1] considered a double obstacle problem in construct-
ing quasiminimal surfaces in Euclidean spaces; A similar problem was
considered by Caffarelli and de la Llave in [CL], where the setting is
C?-Riemannian manifolds. In [CL, Theorem 1.1] it is shown that given
a Euclidean hyperplane (and the manifold is obtained by a perturba-
tion of the Euclidean metric in a C?-fashion) there is a quasiminimal
surface in the Riemannian metric that lies close to the hyperplane.
In [KKST2] a double obstacle problem similar to the one considered
by [DS1] was studied in the setting of doubling metric measure spaces
supporting a (1,1)-Poincaré inequality. It is therefore natural to ask
what type of regularity properties do the minimizing sets have away
from the boundaries of the obstacles.

In this paper we study the regularity properties of quasiminimal sets
or, more precisely, quasiminimal boundary surfaces in the setting of
metric measure spaces with a doubling measure that supports a (1,1)-
Poincaré inequality. We will show, by modifying De Giorgi’s technique
using a part of the argument of David and Semmes, that such a set
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is porous and satisfies a measure density property. In particular, this
implies that the measure theoretic boundary of a quasiminimizing set
coincides with the topological boundary. We also show that such a
set has finite Minkowski content. In the metric setting the classical
definition of rectifiability may not be as widely applicable. For instance,
in the setting of Heisenberg groups there are sets of finite perimeter that
are not rectifiable [Mag|. Hence the finiteness of the Minkowski content
is the best one can hope for in this generality. Since the problem studied
in [CL] is a minimization problem and comes with an associated PDE,
the techniques used there are essentially of PDE. The problem studied
in [DS1] is a quasiminimization problem, and hence we find some of the
methods used in this paper to be more easily adaptable to the general
metric measure space setting.

In the last two sections of this paper we apply the regularity the-
ory developed in the first part of the paper to study rectifiability is-
sues related to quasiminimal sets in the strong A..-weighted Euclidean
setting. Observe that when equipped with a strong A.-weight, the
Euclidean space with Euclidean metric need not satisfy a 1-Poincaré
inequality. However, there is a natural metric induced by the strong
Aso-weight, and we show in Section 6 that the Euclidean space equipped
with this natural metric and weighted measure satisfy a 1-Poincaré in-
equality. Hence we are able to use the theory developed in the first
part to study rectifiability issues of the boundary of quasiminimal sets
in this modified Euclidean space. We consider this application in Sec-
tion 7 of this paper. It is known that not every strong A..-weight is
comparable to the Jacobian of a Euclidean quasiconformal mapping; it
is therefore not possible to use (unweighted) Euclidean results about
regularity of sets with quasiminimal surfaces to study rectifiability is-
sues of boundaries of such sets in the strong A..-weighted setting. We
were able to apply the theory developed in the general metric setting in
the first five sections of this paper to successfully address rectifiability
issues in this weighted Euclidean setting.

For related results about isoperimetric sets in the Carnot group set-
ting we refer the interested reader to [LR], where they show that isoperi-
metric sets (which are necessarily a special class of sets of quasimin-
imal boundary surfaces) are Ahlfors regular (which also now follows
from Corollary 5.3) and are porous. Regularity for Euclidean quasi-
minimizers that are asymptotic minimizers was studied by Rigot [R],
where it was shown that if the asymptotic minimality condition is suf-
ficiently controlled, then the quasiminimal surface is Holder smooth in
big pieces. We point out that our results about the sets with quasi-
minimal boundary surfaces apply to every boundary point of the set
(of course, a modification of such a set on a measure zero subset would
still maintain quasiminimality while destroying the regularity at some
boundary point; to avoid this trivial modification we ensure, without
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loss of generality, that each point x of the boundary of the set E sat-
isfies p(B(x,r) N E) > 0 and p(B(z,r) \ E) > 0 for all » > 0), and
hence our results are weaker than Holder regularity of the boundary,
but are applicable to each boundary point. Hence it might well be
that the studies related to rectifiability and weak tangents of locally
minimal surfaces in the Carnot group setting would be more approach-
able using the regularity properties studied in this paper. It is a result
of Lu and Wheeden [LW] that Carnot groups are doubling and sat-
isfy a 1-Poincaré inequality, and hence the results of this paper apply
in the setting of Carnot groups (and indeed in more general Carnot-
Carathéodory spaces, which satisfy local versions of these conditions).
Nice surveys about Poincaré inequalities and isoperimetric inequalities
in the setting of Carnot groups can also be found in [J] and [Hei.

It was shown in [AKL] that a subset E of a Carnot group, with
locally finite perimeter, has vertical weak tangents for ||Dxgl-almost
every point. Combining this with our results (in particular, the con-
sequence that every boundary point of such a set is in the measure-
theoretic boundary), we see that H? !-a.e. boundary point of a set of
quasiminimal boundary surface in a Carnot group has a vertical weak
tangent (@ is the homogeneous dimension of the group). The method
of [AKL] uses the group structure; it would be interesting to know
whether such results hold for other Carnot-Carathéodory spaces such
as the Grushin spaces. Note that existence of weak tangents is weaker
than rectifiability. For a different notion of rectifiability in the Carnot
group setting see [Mag, Section 3].
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2. PRELIMINARIES

A Borel regular outer measure is doubling if there is a constant Cy >
0 such that for every ball B = B(z,R) = {y € X : d(y,z) < R} of X
we have 0 < u(B) < oo with

p(2B) < Cap(B),

where AB = B(z, AR) for A > 0.
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For such a measure u, there is a lower mass bound exponent @ > 0;
that is, whenever x € X, 0 < r < R, and y € B(z, R), we have

wBly.r) 1 (7’)9

w(B(z,R)) = C \R

Given a function u and a non-negative Borel measurable function
g on X, we say that g is an upper gradient of u if whenever ~ is a
rectifiable curve in X (that is, a curve with finite length), we have

uly) = u(o)] < [ gds (2.)
gl
where x and y denote end points of v. Here the above inequality should
be interpreted to mean that fy g ds = oo whenever at least one of |u(z)|
and |u(y)| is infinite; see for example [HeiK]. The collection of all upper
gradients, together, play the roles of the modulus of the weak derivative
of a Sobolev function in the metric setting.

We say that g is a p-weak upper gradient of w if the collection T"
of rectifiable curves for which (2.1) does not hold has zero p-modulus,
that is, there is a non-negative Borel function f € LP(X) such that for
each v € I, the integral f7 f ds is infinite. See [KoMc]| for the fact that
p-weak upper gradients belong to the LP-closure of the convex set of
all upper gradients in LP(X). Indeed, more is true, for it then follows
from [KaSha] Lemma 3.1 together with the proof of this lemma given
there that the LP(X)-closure of the set of all upper gradients in LP(X)
is precisely the set of all p-weak upper gradients of the given function.

We consider the norm

Jul| v x) == [Jullo +ifg1f lgllzx)

with the infimum taken over all upper gradients g of u. The Newton-
Sobolev space considered in this paper is the space

Nl’l(X) = {u : ||UHN1’1(X) < OO}/N,
where the equivalence relation ~ is given by u ~ v if and only if
HU — UHval(X) =0.

We say that X supports a (1,1)-Poincaré inequality if there are
constants C' > 0 and A > 1 such that whenever u is a function on X
with upper gradient g, and B is a ball in X, we have

/|u—uB|d,u§Crad(B)/ Gu dp.
B AB

Sometimes the inequality above is called the weak (1,1)-Poincaré in-
equality. The term weak refers to the possibility of A > 1. For the sake
of brevity, in the rest of the paper we suppress the term weak in this
connection.
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A function u on X is said to be of bounded variation, and denoted
u € BV (X), if u € L'(X) and there is a sequence {u,}, of functions
from N'(X) such that u, — u in L'(X) and

lim sup ||up || p11(x) < 00.
n—oo

The BV norm of such a function w is given by

= inf liminf :
[ull Bv(x) {12 . 1 in [t v (x),
where the infimum is taken over all such convergent sequences. The
BV energy norm of u is given by

|Dul|(X) := inf lirgior.}f |tn || nracxy = Junllox | -
We say that a Borel set E C X is of finite perimeter if xg € BV (X).
The perimeter measure of the set E is

P(E, X) = || Dxe (X).

See [Mi2] and [A] for more on BV functions and sets of finite perimeter
in the metric setting. We point out here that in the Euclidean case
with Lebesgue measure the above notion coincides with the classical
definition of BV functions; see for example [EG].

For open sets U C X and E' C X, we denote by P(E, U) the quantity
P(ENU,U), where U is considered as a metric subspace of X playing
the role of the metric space X in this definition. It was shown in
[Mi2] that U +— P(E,U) extends to a Radon measure on X via the
Carathéodory extension as follows. For A C X, we set

P(E,A) :=inf{P(E,U): ACU,U open}.

Observe that for general sets A the quantity P(F, A) is not the same
as computing the perimeter measure of £ N A in the metric subspace
A. A similar construction also gives ||Du||(A) for BV functions u. The
coarea formula

|1 Dull(A) = /_OO P{z € X : u(z) > 1}, A) dt

[e.e]

was also proven in [Mi2].
The restricted spherical Hausdorff content of codimension one on X
is

Hr(E) = inf{i%j’n)) B C GB(mi,n), r < R},

where 0 < R < oo. The Hausdorfl measure of codimension one of
F C X is

H(E) = lim H(E).
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A combination of [AMP, Theorems 4.4 and 4.6] gives the equivalence
of the perimeter measure and the Hausdorff measure of codimension
one for sets of finite perimeter. The measure theoretic boundary of
E, denoted by 0*FE, is the set of points x € X, where both E and its
complement have positive density, i.e.

lim sup CAREEIC)) >0 and limsup (B, \ E)
r—0 /L(B(I,T)) r—0 /L(B((L’,T))
In this paper, we assume that p is a doubling Borel measure with
lower mass bound exponent ) > 1 and that X is complete and supports
a (1,1)-Poincaré inequality. Note that we can increase the value of @
as we like, and so assuming () > 1 is not a serious restriction, and is
assumed merely for book-keeping. We point out here that if X supports
a (1, 1)-Poincaré inequality, then whenever u € BV (X) and B is a ball
in X, we have

> 0.

/ lu — up|dp < Crad(B) || Dul|(AB).
B

When considering the function f = xg for a set E C X, the above
inequality implies the relative 1soperimetric inequality

min{u(BNE),u(B\ E)} < Crad(B) P(E,\B).

In this paper C will denote constants whose precise values are not
needed, and so the value of C' might differ even within the same line.

The integral average of a function u € L'(A) over a p-measurable
set A with finite and positive measure is denoted by

1
Uy = udu:—/udu.
. ]f 1(A) Ja

It is well known that the Poincaré inequality implies a Sobolev-Poincaré
inequality if the measure is doubling. Indeed, by [HaKo| we have

1/t
(][ lu — uB\tdu) < Crad(B) ][ Gu A

B 2)\B

with t = Q/(Q — 1) for all u € NV!(X). Note that if u € NV(2ABy)
for some ball 2AB,, then for each € > 0 we consider the ball (1 — ) B
and a Lipschitz function 7. which is 1 on (1 — €)2ABy, supported in
2A\By, and apply the Sobolev-Poincaré inequality to n.u € N (X) on
the ball (1 — €)B,. Note that g, = ||[Dul| on (1 —¢)2ABy. Finally,
letting ¢ — 0, we see that the Sobolev-Poincaré inequality holds for all
functions in N (2AB) as well.

By the definition of BV functions, we can approximate a BV func-
tion w in the L'-sense by a sequence of N'!-functions {u,}, such that

lim [ gu, du = | Dul[(AB).
B

n—oo A
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Now an application of the Sobolev-Poincaré inequality to the functions
up, ,n=12,..., gives the Sobolev inequality

<][ lu — uB|td,u>1/t < Crad(B)%

for all w € BV(X). Note that if {u,}, is a sequence of functions in
NUYY(2AB) converging in L'(2AB) to u with

lim sup/ Gu,, A < 00,
2\B

n—oo

then by the Sobolev-Poincaré inequality mentioned above, the sequence
{u,, — (u,)B}n is bounded in L*(B). By passing to a subsequence if
necessary, we may assume in addition that u; — u pointwise p-a.e. in
2)\B as well. Hence by the uniform convexity of L!(B) and by Mazur’s
lemma (and replacing {u,}, by a convex combination subsequence if
necessary), we see that

lim ][ [ty — (un) | du :][ lu — ug|" du.
B

n—00
B

Taking infimum over all such sequences {u, }, yields the above Sobolev-
Poincaré inequality for all u € BV (X).

Lemma 2.2. Let u € BV(X) and A = {z € B : |u(z)| > 0}. If
w(A) < yu(B) for some 0 < v < 1, then

1/t C || Du||(2AB)
t
N LA L S
<][ |ul du) < 71_1/trad(B) 2\D)
B

witht = Q/(Q — 1).

Proof. By Minkowski’s inequality and the above-mentioned Sobolev
inequality,

(/ uf'dn)" < (f1u- upl'dp) "+ Jusl

B B (2.3)

< Crad(B)% lup|.
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By the assumption on v and Hoélder’s inequality,
sl < [ fuldy = —= [ 1uld
t 1t 1-1/t
([ tulan) ")
A
1 (/ t 1/t 1-1/t
= ([ Jul'du) " p(a)
(B)
)
)

1- 1/
][IUVdu

B
So by (2.3),
B 1/t | Dul|(2AB)
1 — A ][ td < d(B)——m——=
(=7 (f lultdn) < Crad(B) =0,
B
from which the lemma follows. O

Corollary 2.4. If u € BV(X) such that u =0 in X \ B and X \ 2B
18 non-empty, then

<][ \u|tdu>l/t < Crad(B)%.

Proof. Since X'\ 2B is non-empty, and because by the Poincaré inequal-
ity X is path-connected, it follows that there is a point y € 2B\ B
such that d(y, z) = 3r/2 where B = B(x,r). Therefore by the doubling
property of the measure u, we have

u(2B\ B) > u(B)/C > (2B)/C*

for some constant C' > 1. Because A = {z € 2B : |u(z)| > 0} is a
subset of B, it follows that

mA) _ w(B) _ p(2B) - p(2B\ B)
n(2B) ~ w(2B) 1(2B)

<1-07?2<1.

We can take v = 1 —C~2 in Lemma 2.2 to obtain the desired inequality.
O

3. QUASIMINIMIZING SURFACES AND QUASIMINIMIZERS

Definition 3.1. Let £ C X be a Borel set of finite perimeter and
) C X be an open set. We say that F is a K-quasiminimal set, or has
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a K -quasiminimal boundary surface, in §2 if for all open U &€ €2 and for
all Borel sets F,G € U,

P(E,U)< KP(EUF)\G,U).

We say that a function v € BV (Q) is a K-quasiminimizer if for all
v € BV (Q) with support in U € €2,

[Dul|(U) < K [[D(u + ¢)[[(U).

Lemma 3.2. If F is a K-quasiminimal set in ), then uw = xglq is a
K -quasiminimizer in Q.

Proof. Since E is of finite perimeter, it follows that u € BV (£2). Also,
if o € BV(Q) with compact support in U € 2, then for 0 < t < 1,
when z € X \ U we have (u + ¢)(z) > t if and only if z € F, and
consequently

PH{u+¢ >t},U)> K ' P(E,U),

and so by the coarea formula,

1Dul|(U) = P(E. U):/O P(E,U) dt

< K/lP({qugo 1), U) dt
< K/RP«{uw >t} U)dt = K ||D(u+ )|[(U),

which shows that u is a K-quasiminimizer. O

4. DENSITY

The main result of this section is Theorem 4.2, where we prove a
uniform measure density estimate for quasiminimal sets. To prove the
main result, we need the following lemma. For a proof of this lemma,
we refer to [Gia, Lemma 5.1].

Lemma 4.1. Let R > 0 and f: (0, R] — [0,1) be a bounded function.
Suppose that there exist some a > 0, 0 < 0 < 1, and v > 0 such that
forall0 < p<r < R < 0o we have

flp) <Alr—p)* +0f(r).
Then there is a constant ¢ = c¢(«a, 8) so that for all0 < p <r < R,
<c

flp) <er(r—p)™®

The next result implies that every boundary point of a set of quasi-
minimal surface belongs to the measure theoretic boundary.
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Theorem 4.2. If E is a quasiminimal set in §2, then by modifying E
on a set of measure zero if necessary, there exists 9 > 0 such that for
allz € QN OE,

p(B(z,r) N E) L uB@r)\B)
u(B(z,r)) w(B(z,r))

whenever 0 < r < diam(X)/3 is such that B(x,2r) C Q. The density

constant vy depends solely on the doubling constant, the constants as-

sociated with the Poincaré inequality, and the quasiminimality constant
K.

> Y = Y

Proof. We can modify E on a set of measure zero so that u(B(z,r)N
E)>0forallz € Fandr > 0, and u(B(x,r)\E) > 0forallz € X\ FE
and r > 0. This is done by removing points x € E for which there is
a positive number r, such that u(B(x,r,) N E) = 0 (and in doing so,
note that we remove the ball B(z,r,) from E as well since all points
in this ball also satisfy this condition) and adding into E points y for
which there is a positive number 7, such that u(B(y,r,) \ E) =0 (and
in doing so, note that we include the ball B(y,r,) back into E). By
Lebesgue differentiation theorem, such a modification is done only on
a set of p-measure zero. This implies that for all x € 9F and r > 0,
we have

pw(B(x,r)NE)>0 and p(B(z,r)\E)>0.

Let u = xpg, and for z € Q let 0 < R < diam(X)/3 be such that
B(z,2R) C Q. For 0 < r < Rlet n be a 2/(R—r)-Lipschitz continuous
function such that n = 1 on B(z,r) and n has compact support in
B(z,R), with 0 <n <1on X. Set

v=u—nu=(1—nu.

Then v = u on X \ B(z, R), and so by the quasiminimality property of
u and the product rule

[1Dul[(B(z,7)) < [[Dul|(B(2, R)) < K| Dv||(B(z, R))

< & (IDul(Be W)\ Bl + 5 [ wa)

Observe that n is a bounded Lipschitz function and so the product rule
is valid. By setting # = K/(K + 1) < 1, we see that

C
IDul(B(z.)) < OIDul (B R) + 5= [ wdn
— T JB(z,R)

Hence by Lemma 4.1, there is a constant C' > 0, which is independent
of z, R and F, such that

1 Dull(Bz,) < == / wdp = 2 p(B(z R) N E).
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For r = 3R/4, from the above we get

[1Dull(B(z,3R/4)) <

= Q

w(B(z, R)NE). (4.3)

Let v be a C'/ R—Lipschitz function such that 0 <v <1lon X, v =1on
B(z,R/2),and v =0 on X \ B(z,3R/4). Setting ¢ = vu, the product
rule implies that

[1D¢l|(B(2,3R/4)) < || Dul[(B(z,31/4)) + %M(B(Z7 R) N E).
So by (4.3), we arrive at
I1Del|(B(2,3R/4)) < %M(B(ZaR) nE). (4.4)

Notice that ' = ¢ = xg in B(z, R/2) and therefore by Corollary 2.4
and (4.4), we obtain

(MB(z,R/Q)ﬂE))lI/Q:( ][ Sptd“)m

w(B(z, R/2))
B(2,R/2)

IDll(B(z.3R/4)  (45)
w(B(, 3R/4))
u(B(z,R) N E)

= LB R)

<CR

Up to now we have been using an adaptation of a part of the De
Giorgi machinery. To complete the proof we adapt the proof of [DS1,
Lemma 3.30]. Recall that by our assumption, if x € QN E and r > 0
then pu(B(z,7r) N E) > 0. For z € QN E and 2z € B(x, R/4), by the
doubling property of i, we have

u(B(z, R/2) N E)
W(BG R2) -

w(B(z, R) N E)
p(B(z, R))

(4.6)

Let v = 1/(C9Cy) > 0, where C' is as in (4.5). Suppose that

w(B(z, R) N E)
u(B(z, R))

=7 <.
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For positive integers j we set B; = B(z, R/27). Then by a repeated
application of (4.5), with ¢t = Q/(Q — 1) > 1, we obtain
p(B;NE) ( p(Bj1 N E))Q/‘Q”
P2 2 o (o2 2
w(B;) (Bj-1)
(Q/(Q—1))?
< 0Q/@-D) (C p(Bj—a N E))
- 1(Bj-2)

j—1
< Ot (M(Bl N E)>t
B 1(Bi)

ti—1

<O (O = (CPCn)"

where we also used (4.6). Since C9Cyy < 1, it follows that for all
z € B(z, R/4),

lim inf (B2 r) N E)
r=0 pu(B(z,1))

and the Lebesgue differentiation theorem now implies that u(B(x, R/4)N
E) =0, resulting in a contradiction. Consequently, we have

p(B(x, R) N E) ,
u(Bx,R)  ~ "

A similar argument for X \ F also gives

Bz, R)\ E)
WB(R)

This completes the proof. U

=0,

5. POROSITY

By a result of David and Semmes [DS1], sets with quasiminimal
surfaces in the complement of two disjoint cubes in the Euclidean space
are uniform domains whose complements are also uniform (and indeed,
are isoperimetric sets). Whether quasiminimal surfaces must enclose
uniform domains is still open in the general metric setting, but now
that we know that such sets have each boundary point as a point of
density for both the set and its complement, we next show that these
sets are uniformly locally porous. For us, the porosity is a reasonable
weakening of the uniform domain condition.

By Theorem 4.2, without loss of generality we may assume that every
point z € Q N JF has the property that

p(B(x,r) N E) (B(z,r) \ E)
u(B(z,7)) p(B(z, 7))
whenever 0 < r < diam(X)/3 is such that B(z,2r) C Q.

> and .

= Yo
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Lemma 5.1. Let E be a quasiminimal set in 2 and x € QNOE. Then
there exist positive real numbers ro < diam(X)/3 and C > 0 such that

(B(x

o BN pp iy < BT

whenever 0 < r < 1o is such that B(z,2r) C Q. The constant C is
independent of x and r.

Proof. The inequality on the left-hand side follows immediately from
the density property of both £ and X \ E together with the relative
isoperimetric inequality, so it suffices to prove the inequality on the
right-hand side.

By the results in [KKST1, Lemma 6.2], we have that for all 0 < r <
ro there exists r < p < 2r (indeed, a positive 1-dimensional measure
amount of them) such that

P(B(z,p),X) = MEEL)

and we can also choose such p so that P(E, S(x,p)) = 0, where
S(,p) = { € X 1 d(z,) = p}

is the sphere centered at x with radius p. Fix € > 0. Then B(z,r) C
B(x,p) C B(z,p+ €), and so by the quasiminimizer property of £ we
have

P(E,B(z,r)) < P(E,B(z,p+¢)) < K P(EUB(,p), B(z,p +€))
< K [P(B(z,p), B(x,p+€)) + P(E, B(z,p+€) \ B(z,p = ¢))]
= K [P(B(x,p), X) + P(E,B(x,p+€) \ B(z,p—€))].

Since P(FE,S(x,p)) = 0, we have that
E%P(E’ B(z,p+e€)\ B(z,p—¢€)) =0.

It follows from the choice of p and the doubling property of u that
P(B, B(x,7)) < K P(B(x,p), X)

BB Bl
1% T
U

Theorem 5.2. If E is a quasiminimal set in ), then E and X \ E are
locally porous in C); that is, for every x € QNOFE there exists a positive
ry < diam(X)/3 and C > 1 such that whenever 0 < r < r,, there are
points y € B(x,r) and z € B(x,r) such that

B(y,r/C)C ENQ and B(z,r/C) C X\ E.

The constant C' is independent of x,r. Furthermore, r, depends on x
only so far as to have B(x,10r,) C €.
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Proof. Let ry be as in Lemma 5.1. Fix z € QNOF. For 0 < r <
diam(X)/3 such that such that r < ry and B(z,4r) C Q,let 0 < p <7
be such that for all y € B(z,r) N E the ball B(y, p) intersects X \ E.
Note that p = r would satisfy this requirement. If there is some p with
r/20\ < p < r/10A such that the above condition fails, then there is
some y € B(z,r) N E such that B(y,r/20\) C E, and the porosity
requirement is satisfied at the scale r. If not, we can choose p < r/10\
so that for every y € B(x,r) N E, the set B(y, p) \ F is non-empty. In
this case, we can cover B(z,7) N E by a family of balls { B(y;, 10A\p)}4,
such that the collection {B(y;,2Ap)}; is pairwise disjoint. Then by
the doubling property of u together with the density property of the
previous section,

Yo u(B(z,7)) < p(B(z,r) N E)
< ZM(B(,%, 10Ap)) < OZM(B(%‘:P))-

Note that by the density results of the previous section,
1(B(yi, 2p) NE) > C pu(B(yi, 2p))

and
1(B(yi, 2p) \ E) = C w(B(yi, 2p))-
Hence by the relative isoperimetric inequality,

1 p(B(yi, p))
P(E,B(yi,2/\p)) Z ET

By the pairwise disjointness property, we have

P(E, B(z,2r)) > ZP(E, B(y;,2)p))

= 1 pu(B(yi, p)) > 1 u(B(=,1))
- C p C p
By Lemma 5.1, we now have
1 p(Blar) _ p(Blar)
C p - r
and consequently p > r/C. This means that there is a point y €
B(x,r)N E such that B(y,r/2C) C E, thus proving the porosity of E.

A similar argument with X \ £, which also is a quasiminimal set since
E is a quasiminimal set, gives the porosity of X \ E in (. O

The following corollary is a consequence of the porosity property
proved above. Note that in the Euclidean setting, if a set satisfies the
conclusion of the following corollary, then it is uniformly rectifiable; see
for example the discussion in [DS1]. Indeed, David and Semmes use
this fact together with the notion of tangent hyperplanes to prove that
E then has to be locally a John domain. Recall that a domain £ is a
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local John domain if there exist constants C',d > 0 such that whenever
xg € OF and 0 < r < 0, for all points x € B(xzg,r) N E there is a point
y € EN B(xg, Cr) with dg(y) > r/C and a curve 7 C E, called a John
curve, connecting x to y satisfying

for all z € 7; here 7, . denotes a subcurve of v with end points = and
z.

As a consequence of the following corollary together with the results
from [LT, Theorem 4.1], the Assouad dimension of OF is at most ) —1,
and by [LT, Theorem 4.2], the Assouad dimension of 0F is Q —1 if the
measure y is Ahlfors Q-regular, that is,

w(B) ~ rad(B)°.

In [LT] the supremum of all such possible « is called the Aikawa
co-dimension of OE. We also refer to [LT] for the definition of the
Minkowski content of codimension «. Let dg(x) denote dist(xz, X \ E).

Corollary 5.3. If E is a quasiminimal set in a domain §2, then QNOE
has finite Minkowski content of codimension o for 0 < o < 1, and

ity < ¢ MBGo)

/rOé

1
/B(aco,r)ﬂE 5E(y>a

for all xy € OF and r > 0 such that r < diam(X)/3 and B(zy, 10Ar) C
Q. Furthermore, if « > 1 then

1
——du(y) = oo.
/];’(IO,T)QE 5E(y)a ( )

Proof. By the Cavalieri principle and Theorem 4.2, we see that

/B(IO,T)QE 5E(1y)“ 4ly)

_ /OOOM ({y € B(zo,r) NE : 6p(y)~" > t}) dt

~ /Ooou ({y € B(xo,7) N E : dp(y) < 7}) TCZQ

< [ty € Bl B o) < 7)) -
+/T°° u(E mTi(axo,r)) ir

Here
Ef = |J B(z,7)nE.

z€EOF



16 KINNUNEN, KORTE, LORENT AND SHANMUGALINGAM

To compute the measure of EX N B(xg, ), we can cover E N B(xg, )
by countably many balls 5AB; with radius 5A7, such that AB; are
pairwise disjoint. We also ensure that 5A5; has its center located in
B(zg,7) N OE. Now we have by the relative isoperimetric inequality
and the porosity of E and )\ E that

u(B;j) < CT P(E,AB;).
Thus by the doubling property of p we conclude that
w(EF N B(xo, 1)) < Z“ 5AB;) < C Z“

< Cr Y _P(E,AB;) < C1 P(E, B(x,2)r)).
J
By Lemma 5.1, we know that

P(E, B(zo, 2\r)) ~ M.

Hence we can conclude that
r + T
[UELOBG) o uBlor) [
0

Tlta r 0 T

and so

1 p(B(xo,7))
/B(xo,r)ﬁE 6E(y)a dM( ) ¢ re .

To see the second part of the claim, we can use Lemma 5.1 from which
we get that u(B;) ~ 7 P(E,B;). For 7 < 4r/(30)), we know that
whenever AB; contains a point in 0E N B(xg,r/(5))), it follows that
5AB; C B(wg,r). Since the collection {5AB;}; covers Ef N B(xo,r),
the balls {5AB;}; for which 5AB; is contained in B(xzg,r) cover OE N
B(xg,r/(5X)). From this we conclude that

W(ES N B(xo, 7)) =

=z 5 M(Bj)

\Y
Q=

1(5AB;)

2
{j:5AB; CB(zo,r)}
2

{j:5AB; CB(xo,r)}

W%
Ql =

P(E,5)\B;)
{j:5AB; CB(zo,r)}
P(E, | 5
{j:5AB; CB(zo,r)}

P(E, B(xo,7/(5\))).

\%
Ql =

\Y
Ql -

This implies that

1
du(y) >
/B(:L‘o,r)ﬂE 5E(y)a ( )

4r/(30X) dr

P(E, B(zo,7/(5)))) / a7 _

0 T

Ql~
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when o > 1. O

Remark 5.4. The above proof also indicates that
C~ 1 P(E, B(xo,7/(5)))) < u(ES N B(xg,7)) < C1 P(E, B(10,2\1))
whenever zg € OF and B(zo, 10Ar) C 2 with r < diam(X)/3.

Because of the porosity (Theorem 5.2), given every x € OF, for
sufficiently small » > 0 we have y, € int(E) with d(y,, ) < r. Similarly
we also have z, € int(Q \ F) such that d(z,,z) < r. Therefore OF C
dint(F). Because we always have dint(E) C OF, we have E = int(FE),
and so we can replace E with its interior int(E). Since H is a o-
finite measure on OE = 0.F, it follows that u(0F) = 0. Hence if
int(E) C F C E, then the perimeter measure of F' and the perimeter
measure of E are the same, and so F' is also a quasiminimal set.

We conclude this section with the following open question: if F
is a domain of locally quasiminimal surface, then is it true that F
is a local John domain? In the Euclidean setting this question was
answered in the affirmative by David and Semmes [DS1]. The crucial
part of the proof of [DS1] is to show that the boundary of a set of
quasiminimal surface lies locally close to a hyperplane; in the setting
of metric measure spaces one does not have such a structure, and the
challenge is to construct an alternative approach.

6. SUPPORT OF POINCARE INEQUALITY IN (R" d, ).

A non-negative measurable function w on R” is a weight on R" if w
is positive almost everywhere. A weight w is a strong A..-weight on
R™ if there is a metric d on R™ and a constant C' > 1 such that, with
the measure p on R™ defined by the density condition

dp(r) = w(z) dL"(x),
whenever z,y € R"™ and

Bey = B((x +y)/2,[x —yl/2)

is the smallest Euclidean ball in R™ containing x and y in the closure,

then .
5M(Bx,y)1/" < d(x,y) < Cu(B,,)"™.

Since strong A..-weights are A.-weights, w is a Muckenhoupt A,-
weight for some p. It follows that p is a doubling measure with respect
to the Euclidean metric. Hence, we have a constant C' > 1 such that
whenever z,y € R",

1

cHBa, |z —y))) < d(z,y)" < Cu(Blz, |z —y])).  (6.1)

For properties of strong A..-weights, we refer the interested reader to
[DS2].
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The metric space we consider here is (R",d, ). Balls in this metric
are denoted with the superscript d in order to distinguish them from
the Euclidean balls. So

Bz,r)={y € R" : d(x,y) <},

while

B(z,r)={y eR" : |z —y| <r}.
We note that the topology generated by the metric d is the same one
as the Euclidean topology.

In this section we show that when the measure @ on R" is given by a
strong A,.-weight, then the space (R",d, ) is an Ahlfors regular space
supporting a (1, 1)-Poincaré inequality. We do not know whether every
strong A.-weight supports a (1,1)-Poincaré inequality with respect to
the Euclidean metric (though it does support a (1,p)-Poincaré inequal-
ity for some 1 < p < o0), and so in general the weighted Euclidean
space (R™, |- |, ) perhaps may not support a (1,1)-Poincaré inequal-
ity. For more discussion on Poincaré inequalities satisfied by strong
A-weights, see [Bj]. The next result states that (R™, d, p) is Ahlfors
n-regular.

Lemma 6.2. There is a constant C > 1 such that whenever x € R™
and r > 0, we have

%r” < u(B4(xz,r)) < Or™.

Proof. Let y € dB%(z,r) be such that
|z —y| = sup{|z — 2| : z € OBz, r)}.
Note that as Ed(x,r) is compact, such y exists. Then B%(z,r) C
B(z,|z —y|), and so by (6.1), we have
u(B(e,1)) < (B 2 — ) < Cd(a,y)" = Or™.
Next, let 2 € 9B%(z,r) be such that
|z — 2| = inf{|z — 2| : 2 € OBz, r)}.
Then B(z,|r — z|) C B%(z,r), and so again by (6.1) we have
1 n
Ed(a:,z)" = %,
completing the proof. Il

w(B(z, 7)) = u(Bz, |z — 2[)) =

We point out that ds represents the arc length measure with respect
to the Euclidean metric in this section.

Lemma 6.3. There is a Borel set F© C R™ with |F| = 0 such that when-
ever 7y is a curve in R™ which is rectifiable with respect to the Fuclidean
metric, it is rectifiable with respect to the metric d if fv(ooxp +w'/™) ds
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is finite. In this case we also have that the length of v with respect to
the metric d, denoted £4(7), satisfies

la(y) =~ /wl/”ds.
v

Proof. Fix x € R™. Then for y € R", by (6.1) we have

7 —yl |z —y

1 1/n
~ w(z) dz)
|B(z, [z — y[)[*/" (/B(x,pc—y)

1/n
- (|B<x, |i~ — 0] /B(z,u_yn <12 dz) |
d(z,y)

d
p(z) = lim inf (z,y) and p(z) = limsup ——.
- v [ —y| yoe [T =Y

Denote

Since w € Li _(R") (the integrals being taken with respect to the

loc
Lebesgue measure), we see by the Lebesgue differentiation theorem

that for almost every x € R”,

1 1/n
w(m)l/n — lim <— / w(z) dZ)
v=e \ |B(z, |2 =y Jafay)

< Cp(z) < Cp()

1 1/n
< C? lim (— / w(z) dz) = C%w(x)"".
v=z \ |B(z, |2 = y)| /B ey

Let F' be the set of all non-Lebesgue points of w; then p(F) = |F| = 0.
Let v be a Euclidean rectifiable curve with f,y(ooxp + wt™)ds < oo.

Then H'(y~!(y N F)) = 0, and in addition we have

[eas<tt < [pas
v ¥

where £,4(7) is the length of v in the metric d. It follows that

/wl/" ds < Cly(y) < C? /wl/” ds. O

v Y

Lemma 6.4. If u is Lipschitz continuous with respect to the metric d,
then u € WL (R™).

loc

Proof. Let h € R, and let e¢;, 7 = 1,...,n, denote the standard or-
thonormal basis for R™. Since u is Lipschitz with respect to the metric
d, we see by (6.1) that

lu(z + hej) — u(z)| < Cd(x,x + he;) < Cu(B(x, |h])Y".
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Thus, for a € R”, R > 0 and |h| < R, by Fubini’s theorem we see that
/ lu(x + hej) —u(z)|"de < C / w(B(x,|h|)) dzx
B(a,R) B(G,R)
C / XB(x,|n) () dp(y) dz
(a,R) J B(a,2R)

XB(a, R (x,|h|)(y) du(y) dzx
n Rn

=C / / XB(a.R) (%) XB(y,n)) (%) dz dpu(y)

<l / o 0) = CIR (B0, 20),

m\

C

T

So whenever ) € R” is an open set and €)' € ), we can cover €)' by
a countable collection {B;} of balls of radius R = dist(Q2',R" \ §2)/2
centered at points in ' and with bounded overlap of the balls {25;},
to obtain that

lu(@ + hej) — u(z)[" / [u(z + hej) — u(z)|"
dr < dz
o A" 2 B, A

<O 2B <COpuQ) < .

So by [GT, Lemma 7.24], we see that u € W™ (R"). O

loc

By Lemma 6.4 we know that if u is Lipschitz continuous with respect
to the metric d, then it is in the Euclidean Sobolev class W,2"(R™); it
then follows that |Vu| is a 1-weak upper gradient (in the Euclidean
metric) of u, see [BBJ.

In order to prove that (R, d, ) supports a (1, 1)-Poincaré inequality,
it suffices to prove the inequality for Lipschitz functions with respect
to d and their continuous upper gradients in the metric d; see for
example [Ke|]. Let u be a Lipschitz function with continuous upper

gradient ¢ in (R",d, u).

Lemma 6.5. There is a constant C' > 0 which is independent of u and
g such that

Vu(z)| < Cw(x)/"g(x)
for almost every x € R".

Proof. In this proof, Mod; denotes the 1-modulus with respect to the
Euclidean metric and Lebesgue measure. As in the proof of Lemma 6.4,
we let e;, 7 = 1,...,n, denote the canonical orthonormal basis of R".
For each j = 1,...,n, we consider the collection I'; of all line segments
parallel to the direction of e;. From [V, Section 7.2, page 21|, we know
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that whenever I' C T'; satisfies Mod; (I') = 0, we have

‘ U U.en2

~el

= 0.

Here the 1-modulus is taken with respect to the Euclidean metric.
Let I', denote the collection of all compact line segments in I'; for

which
/(OOXF + W™ ds = 0o

.
(with F' as in Lemma 6.3). Since by Hoélder’s inequality we know that
w'/m e L (R™), it follows that Mod; (Ty) = 0; see for example [KoMc].
Observe that the 1-modulus is taken with respect to the Euclidean
metric.

Since u is Lipschitz continuous with respect to d and the topology
induced by d and the Euclidean topology coincide, we see that u is
continuous in the Euclidean space R". By Lemma 6.4 we also know
that u € W, (R?). Tt follows from the discussion in [V] that u is
absolutely continuous on Mod;-almost every compact Euclidean rec-
tifiable curve in R™. Let ', denote the collection of all line segments
v in I'; along which (u, |Vu|) does not support the upper gradient in-
equality (2.1); that is, there is some sub-segment § of ~ for which the
inequality (2.1) fails. Since |Vu| is a 1-weak upper gradient of u with
respect to the Euclidean metric and Lebesgue measure on R" it fol-
lows that Mod;(I',) = 0. Furthermore, let I'. denote the collection of all
segments 7 € I'; for which [ [Vu|ds is infinite. Then Mod,(I';) = 0.

Because ¢ is an upper gradient of u in the metric d, by Lemma 6.3
we know that whenever v € I';\ I',, for all sub-segments (3 of v we have

uas) ~ u(y)] < C [ wngds.
B
Here zg and yg denote the two end points of 5. It follows that if
v &€ Ty UT, as well, then for H!-almost every point x € f3,
[0ju()] < Cw/"(2)g(x).

Note that Mod,(I'; UT, UT.) = 0. Hence by the use of [V] again, we
see that for almost every z € R™ we have

[0ju()] < Cw/"(2)g(x).
Now the conclusion follows by summing up over j =1,...,n. O
We next compare Euclidean balls with balls in the metric d.

Lemma 6.6. There is a constant C' > 0 such that whenever x € R"
and r > 0, there exist positive numbers N, and 1, such that

B(z,\'r) € B4x,r) C B(z,C)\r) (6.7)
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and
BYx,7"r) C B(x,r) C B4z, C1 7). (6.8)

Proof. Since p is a doubling measure on the Euclidean space R™ and
R" is uniformly perfect, there is a constant ); > 0 such that whenever

0<r <R,

p(B(x,r)) T\

M) o (1) 69

u(B(z, R)) R

Let 2", y" € OB%(x,r) such that for y € 9B (x,r) we have |z — 27| <

|z —y| < |z —yL|. Then set
o=l

r

We have
B(z,|x — z1|) = B(x,\.r) C Bd(as,r) C B(z, |z —yl).

T

Because of the upper mass bound (6.9), by the twice-repeated use
of (6.1),

g<uw@m—4m<c<u—40@
C = pBlz—yl) ~  \lz—wyl/) -
and so it follows that |z — y.| < Clax — 27|, whence we obtain that
B(z,|z — %) € B(x,C|z — 2%]), and this proves (6.7).

To prove (6.8), we consider w], € 0B(z,r) such that d(z,w]) <
d(x,y) whenever y € 0B(x,r), and set

As in the previous argument, we consider also a!, € 9B(z,r) such
that d(x,al) > d(x,y) for all y € 0B(z,r), and obtain by the use of
Lemma 6.2 that

B (w, d(w,w})) (d(%wﬁ;)>"
p(B(x, d(z, a;))) d(z,a;) )

and from (6.1) we also see that
u(B(, d(w,wy))) = d(a,wy)" = p(B(z, |z — w]) = p(B(z,r)).
A similar argument as above also shows that

(B (w, d(w,a;))) = p(B(x,r)).

(fh) 2

that is, d(x,al) < Cd(z,w.). From this (6.8) follows. O

It follows that
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Now we are ready to prove the main result of this section. The
paper [DS2] proved that (R™, |- |, wdx), where | -| the Euclidean metric,
satisfies a two-weightedversion of a (1,1)-Poincaré inequality; see the
proof of the following proposition. We will prove here that the metric
measure space (R", d, wdx) also satisfies a (1,1)-Poincaré inequality. As
far as we know, the validity of (1,1)-Poincaré inequality with respect
to the metric d has not appeared in the literature so far.

Proposition 6.10. The metric measure space (R™, d, ) is an Ahlfors
n-reqular space supporting a (1,1)-Poincaré inequality.

Proof. As pointed out by [Kel, it suffices to prove the inequality for
functions w that are Lipschitz continuous on (R",d) with continuous
upper gradient g. By [DS2, Inequality (1.10)], we know that when
x € R" and r > 0, the following two-weighted version of a (1,1)-
Poincaré inequality on Euclidean balls holds:

/B( ) ][ u(@) — u(y)| dp(z) du(y)

B(z,CALr)

< Cu(B(z,ON, )" / w(z) Y (V)| du(a).

B(z,2CAr r)

By the doubling property of 1 on the Euclidean R", Lemma 6.5, Lemma 6.2,

and Lemma 6.6, we see that

/B(ww) ][ () = u(y)| dp(x) dp(y)

B(z,CALr)

< CulBla,oxXn)™ [ gla)duta)
B(x,2C\5r)

< Cu(Bla, X)) Hn / 9(z) du(x)

B(z,2CArr)

< Cu(B(z, )" / g(x) du(z)

B(z,20X0r)

<Cr / 9(x) du(z).
B(z,2C\Lr)



24 KINNUNEN, KORTE, LORENT AND SHANMUGALINGAM

Hence,

inf/ lu —c|dp < / [ — Up(z,crrm | dpt
ceR Bi(z,r) Bd(z,r)

< / | — Up(z,carm | dpt
B(x,CALr)

<c ][ () — uly)| dyu() dyaly)
B(z,C\L 1) Bla.CALr)

< Cr / g(x) du(x).
B(z,2C\Lr)

By Lemma 6.6 we have

B(z,2C\'r) C BY(x, 2C%729%" \Ty).
Note that Bi(z, 72" 2C\L r) is the largest metric ball centered at
x that fits inside the Euclidean ball B(x,2C\.r). Let p > 0 be such
that BY(xz, p) is the largest metric ball centered at z and contained in

the Euclidean ball B(x, \'r), and let y; € 0B%(x, p) N dB(z, \"r), and
correspondingly let

Yy € OB (z, T2C%T 20N 1) N OB(z, 20\r).
Then by (6.1),
p=d(w,y1) ~ p(Ba, Apr)V"
and again by (6.1),
T2ONT Q0N = d(x,y5) ~ pu(B(z, 20N0r))/",
By the doubling property of p in the Euclidean space R™, we see that
u(B(z, A\yr)) ~ p(B(z,2CX;r)).

It follows that p ~ 72°*" 2CA"r. On the other hand, since B(z, p) is
the largest metric ball centered at x and fitting inside the Euclidean
ball B(x, A\lr), and by the construction of ! from Lemma 6.6 we know
that B(z, \"r) C B%(x,r), we can conclude that p < r. Hence

TfCAgTQC)\;'r’ <Cp<Cr.
Thus we have
B(z,2C\'r) € BY(x, 2C%729%" \'r) € B (x, Cyr),

from which we conclude that

inf/ lu —c|dp < C’r/ g(x) du(x)
ceR Bi(z,r) B(z,2C\Lr)

<Cr / gdu,
Ba(z,Car)

which is equivalent to the (1,1)-Poincaré inequality on (R",d, u) be-
cause the constants C', Cs are independent of z,r, u, g. O
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7. RECTIFIABILITY OF QUASIMINIMAL SURFACES IN EUCLIDEAN
SPACES WITH STRONG A., WEIGHTS

In this section we apply the results from the earlier part of this paper
(Sections 4 and 5) to the setting of weighted Euclidean spaces where
the weight w is a strong A..-weight.

If w is an A;-weight, then the space (R™, |- |, u) is a doubling metric
measure space supporting a (1, 1)-Poincaré inequality. However, not all
strong A,.-weights are A;-weights, but as shown in the previous section,
the metric measure space (R™,d, i) is also an Ahlfors n-regular space
supporting a (1,1)-Poincaré inequality. In this section we will prove
that a set £ C R" that has a locally quasiminimal boundary surface in
(R™, d, pu) will have a rectifiable boundary. Here of course, the notion of
rectifiability is in terms of the Euclidean metric. As in [Mat, page 204,
Definition 15.3], we say that a set A C R" is m-rectifiable if there is
a countable collection {f;} of Euclidean Lipschitz maps f; : R™ — R”"

such that

In this section, we consider the issue of whether the boundary OF of
the set with quasiminimal boundary surface in (R",d, u) is (n — 1)-
rectifiable in the above sense (with respect to the Euclidean metric).
We also recall that a set X' C R"™ is purely m-unrectifiable if whenever
A C R" is m-rectifiable, we have Hi (K N A) = 0.

Let E C 2 C R" be a set of finite perimeter with locally quasimin-
imal boundary surface with respect to the metric d and measure pu.
Then the results obtained in the previous sections of this note apply
to E. So we may assume that E = int(E).

If n = 1, then the fact that we can choose E = int(E) tells us that
FE is a pairwise disjoint union of countably many open intervals in R.
Thus it is immediate that E is Euclidean rectifiable in R. Therefore,

in the rest of the section we will assume that n > 2.

Lemma 7.1. Let A > 0 and
Ap = {:C € aEzlimsup'u— > A}.

r—0 re

Then
C

A(nfl)/n
Note that in the above limes supremum condition, if we replace

B(x,r) with BY(z,r), then by Lemma 6.2 we have Ay = () whenever
A>C.

Fue (An) < P(E, Q).

Proof. Fix 0 < § < A; then by the condition imposed on A,, for every
x € Ay we can find 0 < r, < §/5 such that

p(B(x,r2)) = (A = 0)ry.
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Note also that if x € Ay and r > 0 such that

p(B(z, 7)) = (A= 0)r"
then for any y € 0B(z,r) we have that

(A =0)r" < u(B(x,r)) = pn(Blz, v —yl)) < Cd(z,y)",
and so we have d(z,y) > C (A — §)Y/"r. It follows that
(

B (x, Y= )W r) C B(z,r).

The family

BY(x, (A;(gl/n T:), T € Ay,

forms a cover of A, and hence we can find a pairwise disjoint countable
subfamily
d (A=g)t/n
{B (xia 5C Ti) }Z

Ax | By, A0,

such that

Hence by Lemma 6.2 and the fact that the balls {B(x;,7;)}; therefore
also form a cover of A, by Euclidean balls,

rn

§ : § : 7

Eu(:é AA < TZ o
T

A—§)L/n
< C /L(Bd(xia ( c 7i))
— A=) r;
A 1/n
L O B, O
—“A-9¢ p r;
A=)t/
—_ 1 A—é 1/n
(A—8)'""n " %Tz‘
By Lemma 5.1, we now have
HEUC(;(AA) ZP (E Bd i, (A— 5)1/n Z)> ‘
(A—=9) = i
Since the balls are pairwise disjoint, we see that
C
Hipnes(An) < mP(EaQ)~
Letting 0 — 0 completes the proof. O

Lemma 7.2. For 7-[" -almost every x € OE we have

B
lim sup M < 00

r—0 rr
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Proof. By Lemma 7.1, we know that
rd(Ay) < CATTUIMp(E Q).
Since n > 2, and the set of all points x € OF for which
B
r—0 rr
is the set [),., A, we see that the claim of the lemma holds true. [J
We set Fy to be the collection of all points z € OF for which
B
r—0 e

Let Z = (4o Aa; from the above discussion we know that Hp ! (Z) is
Z€ro.

=0.

Lemma 7.3. We have that Foo = Jycn(A1/k\Z) is o-finite with respect

to the measure Hp.!, and

OE =ZUFyUF,.

Proof. By Lemma 7.1, we know that Hp, ' (4;/;) < co. Thus we see
that F, is o-finite with respect to the measure 7-[%;01 O

Lemma 7.4. Either H(Fy) =0 or Hy ! (Fy) = co. Furthermore, with

Kez{xEE)E : limsupM<e},

r—0 T

we have
H(K) < CemDmyn-l(f,).

Euc

Note that here H is the codimension 1 Hausdorff measure with
respect to the metric d and measure p, while Hji.! is the (n — 1)-
dimensional Hausdorff measure with respect to the Lebesgue measure
and Euclidean metric.

Proof. Suppose H(Fy) > 0. We will show that then Hj!(F) = oo.
To this end, fix € > 0. For each x € Fj there is a positive number &,
such that whenever 0 < r < §, we have u(B(z,r)) < 2er". For each
J € Nlet

Fi={reFy:0,>1/j}.
Note that for large j we have F; non-empty since Fy = ; Fj is non-
empty. Furthermore, because H(Fy) > 0 we have that H(F;) > 0 for
sufficiently large j. Let 0 < § < 1/j, and for each z € Fj, whenever
r < §, we have that p(B(z,r)) < 2er". For y € 0B(x,r), we see by
(6.1) that

2er”™ > p(B(xz,r)) = (B, |z —y|) =



28 KINNUNEN, KORTE, LORENT AND SHANMUGALINGAM

It follows that d(x,y) < Ce'/"r whenever y € OB(x,r). Therefore
B(z,r) C BYx,Ce/"r). Now we choose a countable cover of Fj by
balls B(z;,r;) with r; < § and

HEuc —|—(5>Z7’n !

But then by Lemma 6.2 we have

HIV(F,) 46 > _Z (B (x;, Cet/mry))

T

(B (z;, Cet/mry))
< Cel 1/n Z Cellny,

1
>
= (Cel-1/n
Now letting 6 — 0, we can conclude that

HCel/"J(Fjj)'

1
C’elfl/n
Because F is of finite perimeter and FE satisfies the density conditions
discussed in the previous sections, we know by the result in [AMP] that
H(Fy) < H(OF) < oo. Indeed, if a set K has finite perimeter, then the
codimension one Hausdorff measure of the measure theoretic boundary
of K is finite and is comparable to the perimeter measure of K, see
[AMP]. By the density conditions of the set E discussed in Theorem
4.2, the boundary of E is the measure-theoretic boundary of E, and
so H(OF) is finite. Hence H(Fp) is also finite. Also, if j; > j then
F; D F},. Therefore we have

H(Fy) = lim M(F))

Hie (Fo) > Mo (F5) >

Euc

H(E).

Therefore

Hnl 1

Euc( ) - Ce("—l)/” H(Fo),

and now the desired conclusion that Hi. ! (Fy) = oo follows by taking
e — 0 and using the fact that n > 2. The proof of the second claim
of the lemma follows from an argument similar to the first part of the
proof above. O

Recall that
Fy = {x € 0F : hmsupM = O} .

r—0

Theorem 7.5. With
- HOENB
D, = {x € OF : limsup e ( (z,7)) = oo} ,

r—0 Tnil

the set OE\(Fy U Do) is (n — 1)-rectifiable.
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Proof. Suppose not. Then combining Lemma 7.1 with [Mat, Theo-
rem 15.6], we know that there is a purely (n — 1)-unrectifiable set
K C OE\(Fy U D) with HiH(K) > 0. Since K N Dy, is empty, it
follows that Hj.}(OE N B) is finite for balls B centered at points in K
with sufficiently small radii. Fix such a ball B. Then the restriction of
Hp! to OE N B is a Radon measure. Thus there is a density point g
of K with respect to the restriction of the measure H% ! to OF. By

Euc
Lemma 7.2 we can assume without loss of generality that

Q = limsupw < 00

r—0 rr

Since zg ¢ Fo,

o0 > Q:limsupM

r—0 T

> 0.

Furthermore, because xg ¢ D, we have

~1
—(OENB
M = limsup Bue ( - (z0,7) < 0.
r—0 T

Let € be some small number to be determined later; by the choice of
T, for sufficiently small rq > 0, for all 0 < r < rg by the fact that xg
is a density point of K with respect to the restriction of Hp.! to OF |
we have

ol (OF\K) 0 Blro.r) _
2 HOE N B(xo,7)) 2M + €
Since z¢g € Do, by the definition of M, for sufficiently small r we also
have

(7.6)

HEL(OE N B(xg, 7)) < (M 4 €)r™ ™t

Euc

Therefore, by (7.6), for sufficiently small » > 0,
fue (DE\K) N B(xo, 7)) < er™ ™. (7.7)

We can find a small positive number » > 0 that satisfies the above
requirements and in addition satisfies

20r" > u(Blao.r)) = T
By inequality (6.1),
B(zo, O u(B(z0,7))Y™) C B(wxo,7) C Bz, Cpu(B(z0,7))™).

So in particular, by the definition of ) and the choice of r, we have

that BY(z¢,cQ'"r) C B(xg,r) for ¢ = C~1271/",

Now by Theorem 5.2, we can find yy € F and y; € E° such that
B(yy, c,QY™r) € E N BY(xg, cQ'"r) C Bz, )

and
Bd(yl,lel/"r) C Bd(:co,ch/”r) \ E C B(xg,r).
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For ¢ =0,1 let
v =inf{h>0: B(y;, :QY"r) € B(y;, h)},

that is, B(y;,7;) is the smallest Euclidean ball containing the metric
ball B4(y;, c;Q'"r). Note that by Lemma 6.2,

1(B i, 7)) = (B (yi, c1Q'"r)) = e2Q "

Because B (y;, c1Q'/"r) C B(wo,7), it follows that B4 (y;, c1QY™r) C
B(yi,2r), and so y; < 2r.

By the choice of r, we also have that pu(B(zg,7r)) < 2Qr"™. Since
B(y;,2r) C B(x,3r), we have by the doubling property of p with
respect to the Euclidean metric that u(B(y;, 2r)) < CQr™. So by (6.9),

Qr" _ w(B(yi ) 7\ 9
cQrm = w(B(y;, 2r)) =¢ (Z) ’

and so 7; > cr with ¢ independent of 7, y;. As with C, the symbol ¢ here
will denote a constant that is independent of the relevant quantities,
but whose value might change even within the same line. By the right
inclusion of (6.7) and the definition of v;, we know that

o < C/\;in/nr ClQl/nT =C¢ Ql/n )\;1@1/”7, T,

that is,

n 3 cr
A > T .
Yi = Cc, QVnr = Cey QYnr

Now an application of the left inclusion of (6.7),
Bly:, Xp """ 1 Q/"r) C B(ys, 1 Q).
An application of the previous inequality above now gives
By, cr/C) C B (yi, 1 Q""r).

Since ¢, C' are independent of y;,r, and in this paper we do not keep
track of specific values of the constants, we denote ¢/C' by ¢ from now
on, and so get

B(y;, er) € B(y;, c1QY™r).
As K is purely unrectifiable, by the Besicovich-Federer Projection

theorem, Theorem 18.1(2) of [Mat], for i = 0,1 there must exist points
Ui € B(y;, cr/4) such that for v = (y1 — ¥2)/|y1 — Y2| we have

HE L (P,L(K)) = 0.

Euc

Here P, is the projection to the (n — 1)-dimensional hyperplane or-
thogonal to the vector v and passing through the point .

Let & = wv; then we can find unit vectors &, &3, ...,&, such that
{&,&,...,&,} forms an orthonormal basis for the vector space R™.
For any z € R™ and > 0 let Q3(2) denote the cube whose faces are
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normal to the vectors {&;,&s,...,&,}, with Euclidean side length 3,
and center located at z. Note

(yo)CE and Q o (%)CR \ E.

Consider the followmg cross-section of the cube Q er, (yo)

I:= Q#(yo) (v" + %),

where v+ is the (n—1)-dimensional hyperplane orthogonal to the vector
v. For each z € II let

.= PP, L(2)NQ e )N (v +3),

ni/2

that is, e, is the point in the region
~ J_ ~ _ ~ o ~
o (1) N (U +y1) =1T+y1 — o

corresponding to z € Il such that z — e, = yo — y1.
Let

H':{zen Qe

snl/2

NP (Pur(z)NK = 0)} ,
that is, IT’ is the collection of all points z € Il such that the line segment
[z, e,] connecting z to e, does not intersect the purely unrectifiable set
K. By the choice of y;, : = 0,1, we know that

7-lEuc (H \ H/) - O

since the points z € II that are not in I’ belong to P,. K. However,
for any z € II'” we know that z € F and e, € E° so we must have
the line segment [z, e,] intersecting OE\ K. So for each z € II' we can
pick a point b, € (OE\K) N [z,e,]. On the other hand, as orthogonal
projections do not increase the measure Hp !,

Hiwe (OE\ K) N B(ao,7))

s () 2 (e (U)

n—1 n—1
B cr B c 1
= M ) = (8ﬁ> B <8ﬁ) b
This contradicts (7.7) when we choose 0 < € < (¢/(8y/n))" 1. O

Corollary 7.8. Suppose that there is a positive number o such that
w(z ) >« for L™-almost every x in a neighborhood of E. Then OF has
Hi ! finite measure and is (n — 1)-rectifiable.

Proof. By Lemma 7.3, we have OF = Z U F,, U Fy, with Hi2 1 (Z) =0
and H}i.! being o-finite on F. It follows from the assumption w > «
almost everywhere that for all x € OF we have
B
limn it MBE 7))

1 ~ > Cha >0,
r— r
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that is, Fj is empty.
Now we look at
Foo=JAiu\ 2
keN
Because of the assumption that w > « almost everywhere, we know
that Fl, = Ay, \ Z where kg € N is large enough so that 1/ky < C,, a.
So by Lemma 7.1 we have that

Bue (0F) = Mo (Foo) < 00.
Thus an application of [Mat, Theorem 6.2] gives Hp!(Dy) = 0, and

C

so OF is rectifiable by Theorem 7.5. U
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