GAUGES AND THEIR DENSITIES

BY
GERALD FREILICH

1. Introduction. The method of constructing measures from gauges in a metric
space is particularly important in measure theory. Examples of such include
the family of Hausdorff measures in a general metric space, and the integral-
geometric (Favard) measures in Euclidean space. The original idea is due to
Carathéodory [2]. In generating a measure from a gauge, one considers countable
coverings of a given set by elements in the domain of the gauge and only considers
the sum of the corresponding values of the gauge. The main object of this paper
is to investigate the relationship of the individual terms in the sum to the set that
is covered. In particular, one can ask how well the gauge value of a single element
of the covering approximates the measure of that part of the covered set within
the given element. This leads naturally to the definition of upper and lower gauge
densities to be found in §3. In this paper, results are only obtained for upper
densities.

In §3, under rather general conditions, it is proved that the upper gauge density
is not less than unity for almost all points of a given set (Theorems 3.2, 3.3, 3.4).
Here as in the remainder of the paper, measurability of the set is not assumed.

In §4, more conditions are imposed on both the gauge and the metric space,
leading to the definition of diametric gauges, However, the concept is still general
enough to include sphere and Hausdorff measure in Euclidean space or in suffi-
ciently well-behaved manifolds. For diametric gauges and for sets of finite (outer)
measure, it is proved that the upper density is unity almost everywhere in the set
(Theorem 4.4). Theorem 4.2 appeared in the special case of Hausdorff measure
on the real line in a paper of Besicovitch and Moran [1]. Finally, Theorem 4.5
states that for diametric gauges and sets of finite measure, one can use the gauge
to approximate simultaneously in the large and in the small; thus one can cover
with sets, for most of which the gauge value approximates the measure covered, and
such that the sum of the gauge values approximates the measure of the whole set.

A good summary of earlier and related results can be found in Federer [3,
especially §3].

2. Preliminaries. Throughout this paper, the following will be assumed:
& denotes the null set.
wfa= o if a>0.
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If (R, p) is a metric space, xe R, 0 < r < oo, then U(x,r) will denote
{veR | p(x,y) < r}. Also, for A = R, diam A will denote the diameter of the set A.

DEerINITION 2.1. Let (R,p) be a metric space. We shall say that g is.a gauge
over R if g is a nonnegative real-valued function defined over a class M of subsets
of R, e M and g(&) = 0. We shall say that the (outer) measure m is generated
by the gauge g if for all A = R,

=] (=)
m(4) = lim inf{ T gM)|4<c UM, diam M; <, M,-eM}.
1 i

r—0+ =1
As usual, a set 4 = R is said to be m-measurable if for all B < R,
m(B) = m(B N A) + m(B — A).

LeMMA 2.2. Let (R, p) be a metric space, g be a gauge over R with domain M,
m the outer measure generated by g, 4 = R, m(4) < c0. Then for ¢ >0, there
exists a 6 >0 such that

14 @©
(Mo = UM,~, M;e M, M, is m-measurable, diamM,.<5)
i=1

feo]
»( g(M,.)>m(Ar\Mo)—s) .
\i=1
Proof. Given ¢ > 0, choose é > 0 so that

© o0
(Ac U M. diamN,~<5,NiGM) = (E g(Ni)>m(A)—§-).
i=1

i=1

Let M;eM, diam M, <3, M, =|J2,M, be m-measurable. Then
m(4) = m(A N\ M) + m(A — M,). Choose P,e M so that

[e0] o]
diamP, <3, A—Mo<|JP, T gP) <m(4— M) +8§.
i=1 i=1

Then since {M;} U {P;} covers A and each set in the covering has diameter less
than 4, it follows that

Z M)+ T g(P)> m(A)—
i=1 i=1

= m(d nMo)+m(A-M°)-§

o0
> m(ANMy)+ X g(P)—e,
i=1

E gM) > m(ANM,) —e.
i=1

ReMARK. In Lemma 2.2, the condition that M, be m-measurable is usually
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superfluous in application. This is because the outer measure m has the property
of being additive on two sets a positive distance apart, so that Borel sets are m-
measurable. In many applications, M consists of Borel sets only.

3. Gauge densities.

DEerINITION 3.1. Let g be a gauge over R with domain M, and let m be the gener-
ated outer measure. For xe R, A = R, we define the upper and lower gauge
densities of A at x by

. m(A N N)
D*g,(x) = lim sup ————=,
gA( ) n—» o0 Nel;{" g(N)

.. m(A N N)
D*g (x) = lim inf —————,
gA( ) n»>o0 NeM, g(N)
where M, ={NeM|xeN, diamN < 1/n, g(N) # 0}. If D*g,(x) = D,g4(x), we
define Dg,(x) to be their common value.

THEOREM 3.2. Let g be a gauge over R such that every element of M is m-
measurable, A = R, m(A) <. Then D*g,(x)=1 for all points of A except for
a set of m-measure zero.

Proof. Let 1 >¢>0 and define ¢, = £%/2>"** for each positive integer n. By
Lemma 2.2, choose 0 < §, < 1/n so that if My = )2, M;, M;e M, diam M, < §,,
then X2, g(M;) > m(4 N M,) — ¢, Next choose a sequence of sets N;e M such
that A< | J2, N, diamN; <, and X2, g(N) < m(4) + e,

Relabel those N; such that g(N;) > (1 + &/2")ym(4 N N;) > 0 by the symbols Q;;
relabel those N; such that g(N;) = 0 by the symbols R;; relabel those N; such that
g(N)>0=m(ANN,;) by the symbols T;; and relabel the remaining N; by
the symbols V;. For each Q; choose a sequence of sets W; ,€ M such that
AnQ;c|UiW; ., diamW,, <3, and Z,g(W;)<(l+¢2" ") - m(ANQ).
Since {W; .} U{R;} U{T;} U{V;} cover A4 by sets of diameter less than J,,

T e+ X gR)+ X g(T)+ jE gV > m(4) —e,.
J J

ik

Also

,z 8@y + E g(Ry + ? 8(T) + 2 g(V) <m(4) +&,.

J J
Hence
2% > T 5@)- L sW0= I (20)~ T eW,)
J J, J
> Zj; (1 +%——1-— E’i—l) *m(ANQ) =2Ti—1- ? m(ANQy),
so that

&
gn+2 ¢

ImANg)<
j
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An application of Lemma 2.2 shows that
m(Aﬁ URJ-) <X gR)+e=¢< —2785
J i

Also
0§m(AnUT,) < T m(ANT)=0.
J J

Hence if we define B,=J;V;, then since A—B, is covered by the sets {Q;},
{R;}, {T;}, it follows that

mAd— B)S ZmANQ)+ m(AnUR,) + m(AnU 7)) <-2—ni—1.
J Jj Jj
Also, if x € B,, then x € V; for some j, and g(V}) # 0, m(ANV,)[g(V) 2 (1 +¢/2") 1.
If we next define B = (|2, B,, then m(4—B) £ X2, m(4 — B,) < &. It is obvious
that if x € B, then D* g,(x) = 1. Since ¢ was arbitrary, the proof is complete.

THEOREM 3.3. Let g be a gauge over R such that if &J # N e M, then g(N) > 0.
If A= R, m(A4) < oo, then D* g (x) = 1 for all points of A except for a set of
m-measure zero.

Proof. Let 1>¢>0 and define ¢, = £2/22"** for each positive integer n.
From the definition of m(4), choose 0 < 6, < 1/n so that if M;e M, A= | J2, M,,
diamM; < §,, then X2, g(M,)> m(4)—e¢, Next choose a sequence of sets
N;eM such that Ac[)i2; N;, diamN,; <, and X2, g(N;) < m(A) + ¢, The
proof of Theorem 3.2 now carries over if one observes that the class {R;} is either
empty or consists of F alone and hence no application of Lemma 2.2 is required

THEOREM 3.4. Let

(1) g be a gauge over R,

(2) A =R be arbitrary,

(3) R be separable,

(4) there exist a 6 >0 such that if xeR, 0<r <4, then U(x,r)eM and
g(U(x,1r) >0,

(5) every element of M be m-measurable.
Then D*g,(x) = 1 for all points of A except for a set of m-measure zero.

Proof. We first note that because of condition (5), every set is contained in an
m-measurable set of the same measure. Hence for any sequence of sets A4;,
m( Uiog 14;) = lim,, o m( U:'= 14)-

Let Y be a countable set of points dense in R. Let B = {x eAID* gu(x) <1}
and assume m(B) > 0. For each xe€ B, choose a sphere U, = U(y,r)e M with
yeY, xeU,, r a positive rational number, and m(U, N 4) < g(U,). Since the
collection {U, | x € B} is countable, order them as U,,U,,---. Choose the integer
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n so that m(BN|Jr=, Uy) >0. Let 4, = ANn|J~, U, B;=BN|J}-, U,. Then
B, < Ay, m(B;) >0, m(4,) < oo and for x e By, D* g (x) < D*g,;(x) < 1. Since
Theorem 3.2 is contradicted, the proof is complete.

ReMARK. In Theorems 3.2 and 3.4, the condition that every element of M
be m-measurable is usually satisfied in applications, as has been already remarked.
We now give an example of a gauge g such that no nonnull element of M is m-
measurable. If M, is the set of open intervals in Euclidean 1-space E!, and
g,(I) =diam]I for an open interval I, then the generated measure is Lebesgue
1-dimensional measure, L,. Let M be the set of all subsets of E! of the form &
or (a,b)UC, where C is L, nonmeasurable, C < (b,b+(b—a)®), a<b.
Again let g(N) = diam N for N € M. Then g generates L; and no nonnull member
of M is L,-measurable.

4. Diametric gauges. We now fix the metric space (R,p) and the gauge g.
Throughout the remainder of this paper, we shall make certain assumptions
on the gauge and the metric space which we formalize in the following definition.

DEerINITION 4.1. gis a diametric gauge over R with domain M if

(i) gis a gauge over R with m the generated outer measure,

(ii) there exists a 6 >0 such that if xeR, 0 <r =9, then U(x,r)e M and
diam U(x,r) > r.

(iii) every member of M is m-measurable,

(iv) there exist nondecreasing functions f; and f, on the nonnegative real
numbers and a positive constant k such that f;(2r) < k- f,(r) and if Ne M,
diam N =r, then f,(r) < g(N) = fy(r),

(v) there exists a positive integer L such that any open sphere of radius
6r can be covered by L open spheres of radius r (L independent of r).

REMARK. In Definition 4.1 (iv) one can replace 2 - r by p - r where p is any
fixed number greater than one, and similarly in 4.1(v) the radius 6 - r can be
replaced by p - r. It is obvious that the definition is then unchanged. In what
follows, condition 4.1(v) can be weakened so that it holds only for r sufficiently
small.

THEOREM 4.2. Let g be a diametric gauge over R, A= R, m(A) < «. For
every p > 1, &> 0, there exists a 6 > 0 and sets C and B = A — C such that:

(i) C is the union of elements of M,

(i) m(4NC)<e mB)2md)—s,

(iii) if x¢C, xeNeM, diamM £, then m(ANN) =< p- g(N),

(iv) for all Ne M with diamN =6, m(BNN) = p - g(N).

Proof. We exclude the trivial case m(4) =0. Let L be an integer such that
for all 0 < r < o0, an arbitrary sphere in R of radius 6r can be covered by L
open spheres of radius r. Choose a constant k >1 such that f,(2r) < k- fi(r),
where f; and f, are the functions of 4.1(iv).
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Let u =¢(p — 1)(pkL)™ !, and apply Lemma 2.2 to choose >0 so that
U(x,r)e M, diam U(x,r)>r for xeR, 0 <r =<4, and

0 -]
(Mo= UMi’ MiEM, diamMi§5)9( E g(Ml)>m(AnMo)—u) .
i=1 i=1
Next, define C={xeR|for some NeM, xeN, diamN <6, m(4A NN)
2= p - g(N)}, and for each nonnegative integer ¢, define

D, {NGMIE-:?—1<diamNS3 m(AnN)gp-g(N)},

——2"

p = Up,

t=0

so that C = {JyepN.
For each N € D,, we associate a sphere V(N) by choosing xe N and taking
V(N) = U(x,36/2").
If Dy # &, choose N, , €D, so that

m(AN Ny 1) > —l—supm(A N N).
’ k NeDg
Then V(N,,,) can be covered by L open spheres of radius 6/2; call them V,,---, V.
If VieDy, then m(ANV)<k-m(A4A N Ny,,). If V,é¢D, then since
diam¥; <2 -diamN, , it follows that m(ANV) < p-g(V;)) < p- kg(Ny,1)
<k-m(ANN,, ). Hence

L
mANV(Ny, )S X m(ANV)<k-L-m(AN N, ).
i=1

Let Do,y ={NeDy|NNN,, =} If Dy,, = &, the procedure stops. If
Dy, # &, choose Ny ;€D so that m(A NNy ;) > (1/k)supyc p,,,m(A N N).
Then V(N,,,) can be covered by L open spheres of radius §/2; callthem Wy,---, Wy.

If W,AN,,#J, then W,c V(No,,). If W,N N, , = and W,¢D,, then

mANW)<p-gW)=<p-k-gNo,2) Sk m(4NN,,,).
If W;eD,,,, then m(ANW)) <k-m(ANN,,,). Hence
mANWV(Ny,2)—V(No,)))) £ X  mANW) £ kLm(A NN, ,),

Wi,No1=9
so that

m(AN(V(No,1) YV (Noy,,))) < m(ANV(No, 1))
+ m(AN(V(No,2) — V(No, 1))
< k- L(m(ANN,y, ) + m(ANN, )
= k-L-m(AN(Ng,; UNy,,).
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Since m(A4) < oo, the above procedure can be continued only a finite number
of times, say q(0) (with g(0) possibly 0), to obtain Ny 1, Ng,2,°**, No, g0 With the
properties: '

(1) No,;eD, for 1 =i =4(0),

(ii) No,iNN,, ;= for i #}j,

Gii) m(d A UJEQV(No, 0 S k- L - m4 0 QNG ),

(@) Uneno N = U2V (N0, ).
The last condition is explained by the fact that when the procedure cannot be
continued, an arbitrary N € D, must intersect some N, ; and then N = V(N, ).

Next, let

q(0)
Dy o= {NeDllNﬁ UNO,,.=gl
i=1

We shall only consider the nontrivial case when D; o # &. Choose Ny ;€D
so that m(4A NN, ;) > (1/k)supycps,om(A N N). Then V(N,, ;) can be covered
by L spheres of radius /4, to be denoted by Z,Z,, -+, Z,. If Z, "N LD N, ,: # &,
then Z, < JIQV(N,,). If Z, "\ JXPNo,i= &, Z;¢ D, o, then Z;¢ D,, so that
mANZ)<p-gZ)Sp-k-gNy) S kmA NN, ). If ZeDyy, then
m(ANZ)<km(ANN, ). Hence

q(0)
m(A A (V(Nl D= U Vo) s kmA Ny,

q(0) q(0)
m(A N (V(Nm) vUJ V(No,i))) < kLm(A N (Nl e, UNo,i)) .
i=1 i=1
The above procedure can be applied only a finite number of times to the class Dy,
and a similar procedure can be carried on to all D; to finally obtain a collection of
sets N;, ; (i =0, i £j < q(i)) with the properties:

(i) N, jeD;foriz0, 1=j=q(i),

(i) N;,;NN, = ifeitheri#rorj#s,

(iii) m(A NUZo UM VN, ) S kL - m(A N2 U9 N,

(ivy C= UNeDN < U;=0Uj 1 V(N ).
By the choice of 6 and the fact that diam N; ; < 6 for all i and j, it follows that

o q(i) ®©  q(@) o q(i)
X X mANN,) = m(An U UN, ,)< X X gN;)+u
i=0j

i=0 j=1 i=0 j=1

1 2 ab
S =X XmANN,)+u,
P i=o0 j=1
so that
o q(i) pu
z X m(AnN,,)< T
i=0 j=1 -

Hence
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o q@)
m(ANC) £ m(An U Uvwv,
i=0 j=1

S N—

© q()
< k-L m(AnU N,',)
i=0 j=1
o q(i)
é k-L- 2 Z m(AﬁN,'j)
i=0 j=1
< p-k-L-u -
= p—1

Let B=A — C. Then
m(Ad) = m(A—-C)+ m(ANC) £ m(B) +e.

Also, from the definition of C, it follows that if x¢ C, xe Ne M, diam N £ 9,
then m(ANN)<p- g(N). Finally, if Ne M, diamN<é and m(BNN)>p- g(N),
then m(A NN)>p- g(N). Hence NeD and therefore N=C, NNB=(,
contradicting m(N N B) > 0. The proof is complete.

COROLLARY 4.3. Let g be a diametric gauge over R, AcR, m(4) < . Foreg>0
there exist sets C and B= A — C such that

(i) C is the union of elements of M,

(i) m(ANC)=<e m(B)=m(4)—e,

(iii) for each p > 1 there is a 6 > 0 such that if x¢ C, xe Ne M, diam N = 9,
then m(ANN)=<p- g(N),

(iv) for each p>1, there is a 6 >0 such that m(BNN) < p - g(N) for all
N eM withdiam N < 6.

Proof. For p; =1 + 1/j, use Theorem 4.2 to choose C;, a union of elements
of M, and J; > 0 such that:

@ mANC)<e,

(ii) if x¢C;, xeNeM, diamN < §;, then m(4A N N) < p; - g(N),

(iii) m((4—C;) NN) = p; - g(N) for all Ne M with diam N < J;.

Define C=|J7%;C; and B=A — C. The remaining details of the proof
are easily checked.

REMARK. In a sense, Theorem 4.2 and Corollary 4.3 represent the best possible
result. For let R be the Euclidean plane, M the set of all subsets of the plane,
g(N) =diam N for NeM, so that g generates Hausdorff linear measure. Let

A={(xa.}’)|x2+y2=1}U{(x,y)|x=0, -1y}
U{x.»|y=0-1=x=1}

Then for the conclusions of either the theorem or corollary to hold, a set of positive
measure must be taken away from 4.
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THEOREM 4.4. Let g be a diametric gauge over R, A = R, m(4) < .
Then D* g (x) = 1 for all points of A except for a set of m-measure zero.

Proof. Apply Theorem 3.2 and Corollary 4.3.

THEOREM 4.5. Let g be a diametric gauge over R, A = R, m(A) < . For each
&> 0, p > 1, there exist two sequences of sets {N;} = M, {Q;} = M such that:

0 a<UnvlUie,

(i) diam N; < ¢, diam Q; < ¢ for each i,

(i) m(4) —e=< Z;g(Ny) + Z;8(Q) < m(4) +e,

(iv) Zig(@)=e,

) p~'- g(N) = m(4NN) £ pg(N)) for each i.

Proof. We exclude the trivial case m(4) =0. Without loss of generality, we
assume (p — 1)e < m(A4) and p < 2. Apply Theorem 4.2 and Lemma 2.2 to choose
aset Cand a d, 0 <d <eg, such that:

i MeM, diamMi.S_5):(2;:18(]‘41)%m(AnUiﬁlMt)“e/“),
(i) m(ANC)<e/4,

|r AnN < (1-@2=De\
(iii) (x¢C, xe NeM, diamN < J) = m( )=( 16m(A)) &),
1 m(ANN) < p- g(N).

Let B= A — C. Choose a sequence {T;} such that each T;e M, diam T; <9,
T,NB# @&, Bcl|JT, Zig(T) < m(B)+ (p—1)e/16. Denote by {V;} those
T; for which g(T;}) > p- m(BNT;) and denote the remaining T; by {N,}. Then
g=(>1—(p—1e/16m(4))~",

(p— 1
16

m(B) +

v

T g(T)=Z g+ X g(N)

z pZ m(BNV) + (11 Z m(ANN)

2 (p=1) T mBAV) + L m(B),

so that
TmBAV) = (( 1 __;) ,n(B)+(P1—61)s )(p—l)“g%,,

m(BmL;JV,.) <

00| Co

Hence
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T oN) 2 m(AnUN,.) -Zz m(B—UV,-) -
i i i

> m(B)—m(BﬁLiJV,-) —f >

Z o(T) ~ E g(N) S m(B)

162

ZgMi=

€ 3e €
+ E—(m(B)——s—) < 3

Finally, choose a sequence {R;} such that for each i, R;e M, diam R; < J,
ANCc U,-Ri, 2:g(R) < ¢/2. The proof is completed by denoting {R;} U {V;}

by {Qi}.
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