A LOCAL PROPERTY OF MEASURABLE SETS

W. EAMES

1. Introduction.! Let Q be a metric space with metric p, let G be a class
of closed sets from @ and let 7 be a non-negative real-valued set function on C.
We assume that the empty set ¢ is in C and that 7(I) = 0 if and only if
I = ¢. For each set 4 in @, we define ¢(4), 0 < ¢(4) < « by:

o(4) = Elirg}r [inf nz: T(I(n))]

where the infimum is taken for all possible countable collections of sets I(n)
from G such that:

4C U 10

and the diameter of I (%), d(I(n)), is less than e for every n. We assume that
such a countable collection exists for every set 4 and every ¢ > 0. ¢ is an
outer measure function (3, p. 85), that is:
(i) ¢(#) =0,
(ii) If A C B, then ¢(4) < ¢(B),
(iii) For any sequence of sets 4(n), n = 1, 2, 3,
.,1in Q,

g(,( J A(n)> < T edm).

A set A is said to be measurable if
¢(B) = ¢(4 N B) + (4 N B)

for every set B in Q. All Borel sets are measurable (3, pp. 102-106). For every
set 4 in Q, there is a measurable set B, called a measurable cover for 4, such
that A C B and ¢(B) = ¢(4) (3, pp. 107-108). That is, ¢ is a regular metric
outer measure function.

We also define for a set 4 and a point p in @, the number D (4,p),0 < D(A4,p)
< o, by:

. oA N D)
D(4, p) = lim [sup D) ]

€50+
where the supremum is taken as I ranges over all sets in G such that p € T
and d(I) < e.
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We show that, if the sets in C satisfy a certain regularity condition and
¢(A4) is finite, then:
(1) D(A4,p) = 1 for almost all p € 4,
(i) D(4,p) = 0 for almost all p € A4 if and only if 4 is measurable,

(iii) By considering the behaviour of D(4,p) it is possible to construct a
measurable cover for 4 in a unique manner.

These results are similar to those previously obtained for the case of Haus-
dorff outer measure in Euclidean space (2, 5).

2. Separated sets. Let 4 and B be two sets in Q. 4 is said to be separated
from B if, for every ¢ > 0, there is an open set O such that (4 N 0) < eand
(BN O0) < ¢ (2). Equivalently, 4 is separated from B if, for every ¢ > 0,
there is a closed set F such that o(FMN B) < eand o(4d NF) <e If 4 is
separated from B then B is not necessarily separated from 4. For example,
let ¢ be linear outer measure in the plane, let A be the interior of a circle and
let B be the circumference of this circle. However, we have:

THEOREM 1. If ¢(A4) is finite, and A is separated from B, then B is separated
from A.

Proof. Let O be an open set such that ¢(4 N 0) < ieand o(BNO) < i
Because @ is a metric space, O is the union of a countable number of closed
sets, C(n), n = 1,2 .... From the measurability of O,

e(4) — e(A N 0) < 3e
Choose an integer m such that
e(AMNO0) <e(ANF) + 3¢

where F is the closed set

LJIC(n).
Then ¢(4 N F) < eand ¢(B N F) < eso that B is separated from 4.
TueoreM 2. If A is separated from B, then ¢(4A \J B) = ¢(4) + ¢(B).

Proof. We can assume that ¢(4) and ¢(B) are finite. Since A4 is separated
from B and B is therefore separated from 4, there are open sets O and G such
that ¢(O N B), (O M 4), o(GN 4), and ¢(G N B) are all less than a
preassigned € > 0. From the measurability of O and G, ¢(4 M O0) > ¢(4)
—¢ and @(BNG) > ¢(B) —e From the subadditivity of o,
e(ONGN (4\U B)) < 2e Thus,

(AU B) > e((4UB)N (0O G)) > ¢(4) + ¢(B) — 4e

which, with the subadditivity of ¢, proves the theorem.
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THEOREM 3. If ¢(A) is finite, then A is measurable if and only if A is
separated from A.

Proof. Assume first that 4 is measurable. From the definition of ¢ we can,
for a given integer n, obtain a sequence of closed sets I(n,), 1 =1,2,...,
from G with diameter <1/#, whose union covers 4 and such that:

oo} 0

> I ) = 5 < o) < 3 7)) +

i=1 i=1

From the regularity of ¢,

¢(4) = lim «;(A N Q I(n, i))

M0

so there is an integer m(n) such that

m(n)
e(4) — ¢<A N ylf(n, i)> < ga.

Let
m(n)

F=N U I
n=1 i=1

F is closed, (A M F) < ¢, and, using the measurability of 4 and F,
e(FNA) — o(FNA) = ¢(F) — ¢(4) <0,

so that o(FN A) < o(FMN A) < ¢ and 4 is separated from 4.

If 4 is separated from 4 then BN\ A4 is separated from B /M A for any set
B so, from Theorem 2, ¢(B) = (BN A) + o(BMNA) and A4 is thus
measurable.

THEOREM 4. If ¢(A) and ¢(B) are finite and ¢(A \J B) = ¢(4) + ¢(B),
then A 1s separated from B.

Proof. Assume first that B is measurable and assign an ¢ > 0. From the
measurability of B and the hypothesis, ¢(4 M B) = 0. By Theorem 3 there
is a closed set F such that o(BN F) < e and ¢(B N F) < e. Because F C
B\U (FN\ B), we have (4 M F) < e and A is separated from B. If B is not
measurable let C be a measurable cover for B. By the preceding, 4 is separated
from C and thus from B.

3. The function D(A4, p). This function has been defined in the intro-
duction. Several functions of this type, differing only in the class of sets I over
which the supremum is taken, have been studied for the case of Hausdorff
outer measure in Euclidean space by various authors (1;2; 4; 5) and examples
due to Besicovitch (1) and Nikodym (4) show that a slight change in this
class radically affects the function. If ¢(4) is finite, then our choice, namely
“all I in G such that p eI and d(I) < ¢’ results in a function which is, for
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almost all p, the characteristic function of 4 if and only if 4 is measurable
and thus it affords a local characterization of the measurability of 4.

THEOREM 5. If ¢(A4) is finite, then, for every ¢ > 0 there is a 6 > 0 such
that:

¢<A Ny I(n)) < Zl T(I(n)) + e
for any sequence of sets I (), n = 1,2, ..., from C with diameters less than 8.
Proof.  This has been proved (1, p. 427) for the case in which ¢ is linear
outer measure in the plane and 4 is measurable. The proof here is the same,
using the measurability of the sets in C instead of the measurability of 4.

THEOREM 6. If ¢(A) is finite, then D(A, p) > 1 for almost all p € A.
Proof. Leta >0and 0 < b < 1. Let 7'(a, b) be the set:

T(a,b) ={p:pc€dandif I € Cand p € I
and d(I) < a, then ¢(4 N I) < b-7(I)}.

It is sufficient to prove that 7'(a, b) is null for all such ¢ and b. Assign an
e > 0 and obtain a § by Theorem 5. Choose § < a. Let {I(n)} be a sequence
of sets from C with diameter < §, whose union covers 4, and such that:

[ss)

o(d) —e< 2 1(I(n)) < o(4) + e

n=

Let A be the class of all sets from this sequence such that ¢(4 N I(n)) >
b-7(I(n)) and let B be the class of all the other sets from the sequence.
Then:

o) < oA N U I(m) + (4N U L)
<X rUm) et b 3o (Im)
<o) 2+ 0 =1 30 7)),
Thus
2 t(I(n) < 2¢/(1 — b)

B

and also,
e(T'(a, b)) < o4 N kg I(n)) < 23: m(I(n)) + ¢

so that T'(a, d) is null, which proves the theorem.

THEOREM 7. If @(B) is finite and D(A4, p) = 0 for almost all p € B, then
A 1is separated from B.
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Proof. Assign an ¢ > 0 and consider the set

Bn) = {p:p € Bandif I € Cand p € I and
d(I) < 1/nm, then o(4 N I) < er(I)}.

By hypothesis,
B—-NCUB(@n)CB
n=1

where N is a null subset of B, and thus (3, p. 95),
¢(B) = lim ¢(B(n)).

Choose an integer m so that ¢(B) < ¢(B(m)) + € and let § be determined
by applying Theorem 5 to B. Let {I(n)} be a sequence of sets from G with
diameter less than the smaller of 1/m and §, whose union covers B(m), and
such that:

0

> r(I(m) — € < o(B(m)) < 2 r(I(n)) + e

n=1

Choose an integer 7 such that

e}

> r(Iw) < e

n=r+1

Then, by Theorem 5,

¢<B N G I(n)> < 2e.

n=r+1
By the definition of B(m),

0

(40 0 10) < 3 otd 0 100) < 5, )

< e(e(Bm)) + ).
Let

C= U I(n).
n=1

C is closed and (BN C) < 3¢ and (4 N C) < € (o(B) + ¢ so that 4 is
separated from B.

4. The regularity conditions. For the remainder of the paper we
assume that to every set I from G there corresponds a set I’ from C such that:

@) I' D {p: p(p, I) < a-d(I)} where « is a finite number greater than 1
and independent of I and p(p, I) is the distance from p to I.

(ii) 7(I") < B-7(I) where § is a finite number independent of I.
(iii) for every € > 0 there is a § > 0 such that d(J) < & implies d(I") < e.
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THEOREM 8. If ¢(A4) is finite and B is separated from A, then D(A, p) = 0
for almost all p € B.

Proof. Assign e >0, 9> 0, and § > 0. Let O be an open set such that
p(ANO0) <& and ¢(BN 0) < e Let A(e) = {p:p € B and D(4, p)
> e}. Forevery p € A(e) M Othereisaset ] € Csuchthatp € I,d(I) < 9,
I COand (AN I)>er(I). Also, d(I) # 0, since d(I) = 0 implies that
I is a set consisting of exactly one point, I C 4 M B, and ¢(I) > 0, which is
impossible if B is separated from 4. Let the class of all such sets be denoted
by J.

Choose a maximal class I(1) of disjoint sets from J with the property that
8/a < d(I) < 6 where a is the number referred to in (i) of the regularity
conditions. Continue this process in the following way: let I(1), I(2),I(3), ...,
be a sequence of maximal classes of disjoint sets from J such that if I € I(n)
then [ is disjoint from all the sets in any preceding class and §/a" < d(I) <
8/a™ . Each I(n) contains at most a countable number of sets since (1) > 0
for every I € J and

2 T(I)<%~213 ¢(A(\I)=%'¢(AHKIJI>< @

for any countable selection of sets from I(#n).

Thus the union of all the classes I () is a class containing at most a countable
number of sets. With every set I(n),n = 1, 2, 3, ..., in this union associate
a set I’(n) by the regularity condition. Then,

Ae)NOC !11'(70
for, suppose p € A (e) M O. There is a set I € J such that p € I and

Sl <
o

n—1
o
for some integer #n. If

p ¢ U I'(n)
n=1
then I ¢ I(n) so there is a set J € I(m) for an m < » such that J N I is not
empty. Then:
)
p(p, J) < d(l) < 71 < a-d(J)

so that p € J’ which contradicts the assertion. Thus:

e

> (') < 82 (1)

<meg¢mmzw>

<We4AmQum><@a
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By regularity condition (iii), d(I’(n#)) may be made as small as desired for
all # by choosing 7 sufficiently small. Thus, ¢(4(e) M O0) < B-¢
so that

o(4(e) < Bret o(Ad(e) N 0) < e(B+ o).
Since A (e) C A(€) if € < €, we have:
e({p:p € B and D(4,p) >0}) = ¢ (lilgi/l(e))

lim ¢(4(e))
€50+

=0
which proves the theorem.
THEOREM 9. If ¢(4) is finite, then D(A, p) = 1 for almost all p € A.

Proof. In view of Theorem 6 we need only show that the set 4(b) =
{p:p € A and D(4,p) > 14 b} is null for all & > 0. Fix b > 0, assign
e > 0 and obtain § > 0 by applying Theorem 5 to the set 4. As in Theorem 8,
obtain a sequence of disjoint sets I(n), n = 1, 2,3, . . ., such that

A®) C C__3 I'(n)

and d(I'(n)) <8, 7(I'(n)) < B-7(U(n)) and oA N I(n) > 1+ b)-r(I(n)
for all #. Then:

(4N T 10) = 5 et 010 > 1 +0)-5 1)

and, by Theorem 5,

[eo)

o1 ®) < o4 00 1m) < 5 oo +

n=1

and

©

¢<A ﬂgll(n)> <X r(Im) +e

n=1
From these relations, ¢(4 (8)) < e (1 + 8/b) so that ¢(4 (b)) = 0.

THEOREM 10. If ¢(A4) is finite and B 1s a measurable cover for A, then
oA NI) = (B MNI) for every measurable set I. Thus, D(A, p) = D(B, p)
for every point p.

Proof. Since I is measurable,
e(d) = oA NI) + o4 N1

and
e(B) = ¢(BNI) + ¢(BNI).
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Thus, [e(A NI) — eBND]+ [e(d NI) — o(BNI)] =0.Since 4 C B,
both numbers in the square brackets are non-positive, so both are 0, which
proves the theorem.

The following four theorems contain results similar to those obtained by
Jeffery (2) and Randolph (5) for the case of Hausdorff outer measure in
Euclidean space. It is interesting to note that they hold for any function
D(A4, p) such that, if ¢(4) is finite, then:

(1) D(4, p) > 0 for almost all p € A.
(i) D(A4, p) = 0 for almost all p € A4 if 4 is measurable.
(i) D(4, p) = D(B, p) for every p if B is a measurable cover for 4.

THEOREM 11. If ¢(4) is finite and

G=1{p:p € Aand D(4, p) > 0}
then:
(i) 4\J G is a measurable cover for A.
(ii) 4 is measurable if and only if G is null.

Proof. Let B be a measurable cover for 4 and let

C={p:p € Band D(4, p) = 0}

D= {p:p € Band D(4, p) > 0}

E = {p:p € Aand D(4, p) = 0}.
By Theorems 9 and 10, C and E are null. By Theorems 3, 10, and 8, D is null.
Since AUG=(B—-C)UD\UE, 4\UG is a measurable cover for 4.

Since 4 = (A \J G) — G, if G is null then A4 is measurable. If 4 is measurable

then:
2(4) = (A VUG) = o((A UG MNA) 4+ o((AVUG NA)

o(4) + ¢(G)

Il

so that G is null.

THEOREM 12. If ¢(A) is finite and A is measurable and A = B\J C where
B is separated from C, then B and C are measurable.

Proof. The measurability of B follows from Theorems 8, 10, and the rela-
tion:

{p:p € Band D(B,p) > 0} C {p:p € Aand D(4, p) > 0} U
{p:p € Cand D(B, p) > 0}.

Similarly, C is measurable.
TueoreM 13. If ¢(A4) is finite, G is defined as in Theorem 11, and:

F=1{p:p € Gand D(G, p) > 0}
then:
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(1) FC 4 and A — F is a measurable kernel for A.
(i) G\J F is measurable and o(G\J F) = ¢(4) — ¢(A4), where ¢(1) is
the inner measure of A.
(iii) If A is not measurable then A is not separated from G.
(iv) 4 — G is separated from A \J G.
(v) A4 is measurable if and only iof F is empty.

Proof. Since A \U G is a measurable cover for 4, D(4, p) = DA \J G, p)
> D(G, p), so that F C 4. By Theorem 11, G \U F is a measurable cover for
(4 U G) — 4, s0ameasurable kernel for 4 is (4 UG) — (GUF) =4 — F.
G\U F and A — F are measurable and disjoint, so that:

e(GUF) + ¢(4) = (G F) + o(4d — F) = ¢(4).
If A is not measurable then ¢(G) > 0. Thus:
e(4) + ¢0(G) = ¢(A U G) + ¢(G) > (4 Y G),

so that, by Theorem 2, 4 is not separated from G. Since 4 \U G is measurable,
(iv) follows from Theorem 3. If 4 is measurable then G is null so F is empty.
If Fis empty then A = A — F is measurable by (i).

THEOREM 14. If ¢(A4) and ¢(B) are finite and:
Ay = {p:p € A and D(B, p) > 0}
B, ={p:p € Band D(4, p) > 0}
then ¢(A4,) = ¢(B,).
Proof. 1f A" and B’ are measurable covers for A and B respectively, then:
Ay ={p:p € ANB and DB, p) > 0} U
{p:p € AN B and D(B’, p) > 0}.

The first set on the right has outer measure ¢(A4 M B’) by Theorem 6, and the
second set is null by Theorem 11. By Theorem 10, ¢ (4 M B’) = ¢(4' N\ B’),
so that ¢(4;) = ¢(4’ M B’) which, by symmetry, proves the theorem.
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