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Geometric Measure Theory

1.1 Measures, Integrals, and Measure Spaces

This section has an introductory character. It collects a minimum of knowledge
from abstract measure theory needed in subsequent chapters of the book. Most,
commonly well known, theorems are brought up without proofs. A full account
of measure theory can be found in many books, e.g., [Coh], [Fr], [RF].

Definition 1.1.1 A family § of subsets of a set X is said to be a o -algebra if
and only if the following conditions are satisfied:

X € §, (1.1)
AeF = A¢ €5, (1.2)
A2, cs=JAi €3 (1.3)

i=1
It follows from this definition that @ € §, i.e., that the o-algebra § is closed
under countable intersections and under subtractions of sets. If (1.3) is assumed
only for finite subfamilies of §, then F is called an algebra. The elements of
the o -algebra § are frequently called measurable sets.

Definition 1.1.2 For any family § of subsets of X, we denote by o (§) the least
o-algebra that contains §, and we call it the o-algebra generated by §.

Definition 1.1.3 A function on a o-algebra §, : § — [0, 4 o0], is said to be

o-additive or countably additive if, for any countable subfamily {A;}7°, of §

consisting of mutually disjoint sets, we have that

w (U Ai) = u(A. (14)
i=l1 i=1

We say then that p is a measure.
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4 Part I Ergodic Theory and Geometric Measures

If we consider in (1.4) only finite families of sets, we say that p is additive.
The two notions of additivity and of o -additivity make sense for a o-algebra
as well as for an algebra, provided that, in the case of an algebra, one considers
only families {Ai};?il C § such that U?i 1 Ai € §. The simplest consequences
of the definition of measure are the following:

w(@) = 0. (1.5)

If AABegFand A C B, then u(A) < u(B). (1.6)

o0
If Ay C Ay C--- and {A;}]2, € §, then u (U Ai) = sup u(A;)
i=1 i

= lim p(Ap). (1.7)

Definition 1.1.4 We say that the triple (X,§, u) with a o-algebra § and u, a
measure on 5§, is a measure space. If u(X) =1, the triple (X, §, 1) is called a
probability space and p is a probability measure.

Definition 1.1.5 We say that ¢: X — R is a measurable function if ¢ ~1(J) €
§ for every interval J C R, equivalently for every Borel set J C R.

Throughout the book, for any set A C X, we denote by 1l 4 the characteristic
function of the set A:
1 ifxeA

1 =
AO=10 ifega

A step function is a linear combination of (finitely many) characteristic
functions. It is easy to see that any nonnegative measurable function ¢: X —
R can be represented as the pointwise limit of a monotone increasing sequence
of nonnegative step functions, say
¢ = lim ¢,.
n—oo

The integral of ¢ against the measure u is then defined as:

/cpdu = lim / Ond.
X n—oo X

It is easy to see that this definition is independent of the choice of a sequence
(¢)p2, of monotone increasing nonnegative step functions. Writing any (not
necessarily nonnegative) measurable function ¢ : X — R in its canonical form

=0+ —9¢-
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1 Geometric Measure Theory 5

where
¢4+ = max{e,0} and ¢p_ := — min{gp, 0},

we say that the function ¢ is u integrable if

/¢+d,u<+oo and/go,d,u<+oo.
X X

We then define the integral of ¢ against the measure u to be

f(pdu :=/¢+du—/s0—du-
X X X

The integral of ¢ is also frequently denoted by

m(p).

Since |¢| = ¢+ — ¢_, we see that ¢ is integrable if and only if |¢]| is,
ie., if fx lpldu < oo. We then write ¢ € L'(u). We now bring up two
fundmental properties of integrals — theose that make integrals such powerful
and convenient tools.

Theorem 1.1.6 (Lebesgue Monotone Convergence Theorem) Suppose that
(@)2 | is a monotone-increasing sequence of integrable, real-valued functions
on a probability space (X, 5, ). Denote its limit by ¢. Then

/(pdu: limfwndu.
X n—oQ X

In particular, the above limit exists. As a matter of fact, it is enough to assume
only that the sequence (9);” | is monotone-increasing on a measurable set
whose complement is of measure zero.

Theorem 1.1.7 (Lebesgue Dominated Convergence Theorem) Suppose that
()52 is a sequence of measurable, real-valued functions on a probability
space (X,3§, 1), that |¢,| < g for an integrable function g, and that the

sequence (¢,), 2, converges ji-a.e. to a function ¢ : X — R. Then the function

¢ is p-integrable and

fsvdu= lim/%du-
X n—o0 X

More generally than L' (), for every 1 < p < oo, we write

1
P
llellp = <f prl”du>
X
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6 Part I Ergodic Theory and Geometric Measures

and we say that ¢ belongs to L” () = L?(X,§, ). If

inf {su Igol} < 00,
W(E)=0 X\g

then we denote the latter expression by ||¢||-0, We say that the function ¢ is

essentially bounded, and we write that ¢ € L®. The numbers ||¢[]|,, 1 < p <

00, are called L?-norms of ¢. The vector spaces L? (X, T, ) become Banach

spaces when endowed with respective norms || - || .

Definition 1.1.8 A measure space (X,§, 1) and the measure p are called

o finite if w(X) < 400,

« probability if u(X) =1,

« infinite if ©(X) = +o0,

« o-finite if the space X can be expressed as a countable union of measurable
sets with finite measure .

Given two measures x4 and v on the same measurable space (X, ), we say that
u is absolutely continuous with respect to v if, for any set A in §, v(A) = 0
entails ;£ (A) = 0. The famous Radon—Nikodym Theorem gives the following.

Theorem 1.1.9 Let (X,§) be a measurable space. Let i and v be two o -finite
measures on (X,§). Then the following statements are equivalent.

(a) w is absolutely continuous with respect to v (v(A) = 0 entails u(A) = 0).

(b) Ves0Ts>0Vaeg [V(A) < = u(A) < el

(c) There exists a unique (up to sets of measure zero) measurable function
p: X — [0, +00) such that

u(A) = / pdv
A
forevery A € §.
We then write
w=<v

in order to indicate that a measure u is absolutely continuous with respect to
v. The unique function p: X — [0, 4 00) appearing in item (c) is denoted
by duu/dv and is called the Radon—Nikodym derivative of u with respect to v.

We say that two measures p and v on the same measurable space (X, )
are equivalent if each one is absolutely continuous with respect to the other. To
denote this fact, we frequently write

n= .
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1 Geometric Measure Theory 7

On the other hand, there is a concept that is somehow opposite to equivalence
or even to absolute continuity of measures. Namely, we say that two measures
w and v on (X,§) are (mutually) singular if there exists a set ¥ € § such that

w(X\Y) =0 while v(¥Y) =0.
We then write that

uw L.

1.2 Measures on Metric Spaces:
(Metric) Outer Measures and Weak™ Convergence

In this section, we will show how to construct measures starting with functions
of sets that are required to satisfy much weaker conditions than those defining
a measure. These are called outer measures. At the end of the section, we also
deal with the weak™* topology of measures and Riesz Representation Theorem.
Again, we refer, for example, to [Coh], [Fr], [RF] for complete accounts.

Definition 1.2.1 An outer measure on a set X is a function u defined on all
subsets of X taking values in [0, oo] such that

n@) = 0; (1.8)

if AC B, then u(A) < u(B); (1.9)

z <U An> <) u(An) (1.10)
n=1

n=1
for any countable family {A,}7° , of subsets of X.

A subset A of X is called u-measurable or simply measurable with respect to
the outer p if and only if

n(B) = (AN B) + u(B\A) (1.11)

for all sets B € X. The opposite inequality follows immediately from (1.10).
One can immediately check that if «(A) = 0, then A is u-measurable.

Theorem 1.2.2 If 1 is an outer measure on X, then the family § of all -
measurable sets is a o-algebra and restriction of | to § is a measure.

Proof Obviously, X € §. By symmetry (1.11), A € § if and only if A° € F.
So the conditions (1.1) and (1.2) of the definition of o-algebra are satisfied.

https://doi.org/10.1017/9781009215930.005 Published online by Cambridge University Press


https://doi.org/10.1017/9781009215930.005

8 Part I Ergodic Theory and Geometric Measures

To check the condition (1.3) that § is closed under a countable union, suppose
that A1, A2, ..., € §and let B € X be any set. Applying (1.11) in turn to
A1, Ay, ..., weget, forallk > 1,
n(B) = w(B N Ap) + n(B\A1)
= uw(BN A + u((B\A1) NAz) + n(B\A1\A2)

>

k Jj—1 k
= | [ B\Ua | na; | +u| BV A
j=1 i=1

j=1

) .
>y ulB\UJA | nAj | +u|B\A]:
j=1 =

therefore,
k [ee)
wB =l [BJai|naj | +ulBnUa ] a1
j=1 ;
Since
o o
BmUAj:U B\| JAi | NA;j,

using (1.10) we, thus, get

00 Jj—1 00
nB) =u ([ BUA | na; | +u| B\ 4,
j=1 i=l j=1

Hence, condition (1.3) is also satisfied and § is a o-algebra. To see that w is
a measure on JF, meaning that condition (1.4) is satisfied, consider mutually
disjoint sets Ay, Ag, ..., € § and apply (1.12) to B = U;’il Aj. We get

o o

wlUai) =2 n@).

Jj=1 Jj=1

Combining this with (1.10), we conclude that y is a measure on §. |

Definition 1.2.3 Let (X, p) be a metric space. An outer measure p on X is
said to be a metric outer measure if

(AU B) = u(A) + u(B) (1.13)

https://doi.org/10.1017/9781009215930.005 Published online by Cambridge University Press


https://doi.org/10.1017/9781009215930.005

1 Geometric Measure Theory 9

for all positively separated sets A, B C X, i.e, those satisfying the following
condition:

p(A,B) =inf{p(x,y): x € A, y € B} > 0.
We assume the convention that p(A,?) = p(A,#) = oo.

Recall that the Borel o -algebra on X is the o-algebra generated by open, or
equivalently closed, sets. We want to show that if y is a metric outer measure,
then the family of all u-measurable sets contains this o -algebra. The proof is
based on the following lemma.

Lemma 1.2.4 Let p be a metric outer measure on (X,p). Let {A,}72,
be an ascending sequence of subsets of X. Denote A = U;’;l Ay If
p(An, AA,41) > 0 foralln > 1, then

u(A) = lim u(Ay).
n—od
Proof By (1.9) it is sufficient to show that
p(A) < lim p(Ap). (1.14)
n—o0
If lim,— o L (A,) = o0, there is nothing to prove. So, suppose that

lim w(A,) = sup w(A,) < oo. (1.15)
n— oo

n— o0
Let By = A; and B, = A,\A,—1 forn > 2. If n > m + 2, then B,, € Ap,

and B, € A\A,—1 € A\A;+1. Thus, B, and B, are positively separated, and
applying (1.13) we get, for every j > 1,

J

J J J
p UBaor | =3 nBu-n and || JBai | =D n(Ba). (1.16)
i=l1 i=l1 i=l i=l1

We also have, for every n > 1, that

o0 o0
(A = (U Ak) =ul|Au | B
k=n k=n+1

[e.e]

<uw(A)+ Y B (1.17)
k=n+1

< lim p(A)+ Y u(Bo.
- k=n+1
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10 Part I Ergodic Theory and Geometric Measures

Since the sets U{: | B2i—1 and U{:l B»; appearing in (1.16) are both contained
in Ay, it follows from (1.15) and (1.16) that the series Z,‘:ozl w(By) converges.
Therefore, (1.14) follows immediately from (1.17). The proof is complete. W

Theorem 1.2.5 If u is a metric outer measure on (X, p), then all Borel subsets
of X are p-measurable.

Proof Since the Borel sets form the least o-algebra containing all closed
subsets of X, it follows from Theorem 1.2.2 that it is enough to check (1.11)
for every nonempty closed set A C X and every B C X. For alln > 1, let
B, ={x € B\A: p(x,A) > 1/n}. Then p(B N A, B,) > 1/n and by (1.13)

(B N A) + 1(By) = u((BN A)U B,) < u(B). (1.18)

The sequence {B,}32 , is ascending and, since A is closed, B\A = J,=; By.

In order to apply Lemma 1.2.4, we shall now show that

IO(an(B\A)\Bn-H) >0
for all n > 1. And, indeed, if x € (B\A)\B+1, then there exists z € A with
p(x,z) < 1/(n+1). Thus, if y € B, then

1 1
ox,y) > p(y,2) —px,z) > — 0.

- >
n nn+1)

Applying now Lemma 1.2.4 with A, =B shows that u(A\B)=
lim;,— 5o £ (By). Thus, (1.11) follows from (1.18). The proof is complete. W

This theorem, as well as many other reasons disseminated over mathematics,
many of which we will encounter in this book, justifies the following definition.

Definition 1.2.6 Any measure on a metric space that is defined on its
o -algebra of Borel sets (or larger) is called a Borel measure.

Let us list the following well-known properties of finite Borel measures.

Theorem 1.2.7 Any finite Borel measure . on a metric space X is both outer
and inner regular. Outer regularity means that

w(A) =inf{u(G): G 2 A and G is open},
while inner regularity means that

w(A) = sup{u(F): F C A and F is closed }.
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In addition, if the space X is completely metrizable, then the closed sets
involved in the concept of inner regularity can be replaced by compact ones.

Given a metric space (X, p), we denote by M (X) the collection of all Borel
probability measures on X. We denote by C(X) the vector space of all real-
valued continuous functions on X and by Cp(X) its vector subspace consisting
of all bounded elements of C(X). Let us record the following easy theorem.

Theorem 1.2.8 If (X, p) is a metric space, the two measures L and v in M (X)
are equal if and only if

v(g) = n(f)
for all functions g € Cp(X).

If X is compact, then C(X) becomes a Banach space if endowed with the
supremum metric. Denote by C*(X) the dual of C(X). Endow C*(X) with the
weak™ topology. This means that

anet (F))ea in C*(X) converges to an element F € C*(X)
if and only if
the net (F.(g))rea converges to F(g)

for every g € C(X). M(X), the space of all Borel probability measures on X,
can then be naturally viewed as a subset of C*(X): every measure u € M (X)
induces the functional

C(X) 3 g — n(g).
We will frequently use the following.

Theorem 1.2.9 Let X be a compact metrizable space. Consider C*(X) with
its weak™ topology. Then

(a) M(X) is a convex compact subset of C*(X).

(b) M(X) is a metrizable space. In particular, proving continuity or conver-
gence one can restrict oneself to sequences only (as opposed to nets).

(c) (Riesz Representation Theorem) Every nonnegative linear functional
F: C(X) — R such that F(1) = 1 is (uniquely) represented by an
element in M (X). More precisely, there exists i € M(X) such that

F(g) = u(g)
forall g € C(X).
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It follows from item (c) of this theorem that the functional F considered
therein is bounded. In fact, this is a quite elementary property whose short
proof we leave for the reader as an exercise.

Definition 1.2.10 If X is a topological space and w is a Borel measure on X,
then the topological support of u is defined as the set of all points x € X such
that, for every open set G containing x, u(G) > 0. It is denoted by supp(u).

The following proposition collects the basic properties of topological
supports.

Proposition 1.2.11 If X is a topological space and |1 is a Borel measure on
X, then the topological support supp(u) of w is a closed subset of X.
If, in addition, X is a separable metrizable space, then the following hold.

(1) n(X\supp(u)) = 0.

(2) If F C X is a closed set such that W (X\F) = 0O, then F 2O supp(u).

(3) If; in addition, u is a nonzero finite measure, then supp(u) is the smallest
closed subset of X such that u(F) = u(X).

Proof The fact that the topological support supp(u) is closed is immediate
from its definition. Let us prove item (1). If x € X\supp(u), then there exists
an open set G, C X containing X such that u(G,) = 0. Since X is a
separable metrizable space, so is X \supp(u). But then X\supp(n) a Lindelof
space. Therefore, the cover G, x € supp(u), of X\supp(u) has a countable
subcover. This means that there exists a countable set D C X\supp(u)
such that

J G = X\supp(w).

xeD

Hence,

u(X\supp(p)) < > 1(Gy) =0,
xeD
meaning that item (1) holds.

In order to prove item (2), note that, since X\F is an open set and its
measure is equal to zero, it is contained in the complement of supp(u). This
means that item (2) holds.

Proving item (3), its hypotheses yield w(X\ F) = 0. Since the set F is also
closed, item (2) implies that F* O supp(u), and we are done. |

We end this section with the following easy fact, which will be frequently
used throughout both volumes of the book.
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Theorem 1.2.12 If X is a compact metric space and | is a finite Borel measure
on X with full topological support, then, for every r > 0,

M (u,r) .= inf{u(B(x,r)): x € X} > 0. (1.19)
Proof Since the space X is compact, there exists a finite set F' € X such that

U BG.r/2) = x.

yeF

Since supp() = X, we have that
M = min{u(B(y,r/2)) > 0.

Now, if x € X, there exists y € F such that x € B(y,r/2). But then B(x,r) 2
B(y,r/2), and, therefore,

w(B(x,r)) > u(B(y,r/2)) > M > 0.

The proof of Theorem 1.2.12 is complete. ]

1.3 Covering Theorems: 4r, Besicovitch, and Vitali Type;
Lebesgue Density Theorem

In this section, we prove first the 4r Covering Theorem. Following the
arguments of [MSzU], we prove it for all metric spaces. If we do not insist
on 4r but are content with 5r (which is virtually always the case), a shorter,
less involved proof is possible. This can be found, for example, in [Heino].
Then, following [Mat], we will prove the Besicovitch Covering Theorem and,
as its fairly straightforward consequence, the Vitali-Type Covering theorem.
We finally deduce from the latter the Lebesgue Density Points Theorem.
All these theorems are classical and can be found in many sources with
extended discussions. More applications of covering theorems will appear in
further sections of this chapter and throughout the entire book. For every ball
B := B(x,r), weputr(B) =r and c(B) = x.

Theorem 1.3.1 (4r Covering Theorem). Suppose that (X, p) is a metric space
and B is a family of open balls in X such that sup{r(B): B € B} < +o0.
Then there is a family B C B consisting of mutually disjoint balls such that
Ugen B € Upep 4B. In addition, if the metric space X is separable, then B’
is countable.

Proof Fix an arbitrary M > 0. Suppose that there is a family B}, < B
consisting of mutually disjoint balls such that
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(a) r(B) > M forall B € B,
(b) UBEBQW 4B D | J{B: B € Band r(B) > M}.

We shall show that then there exists a family B}, € B with the following

properties:

(c) By, €F:={BeB:3M/4 <r(B) <M},
(d) Bj), U Bj, consists of mutually disjoint balls,
© Uspes,up;, 4B 2 U(B: B € B and r(B) > 3M/4}.

Indeed, put

={BeF: BN U D=¢}. (1.20)
DeB),

Consider B € §\B};. Then there exists D € B, such that BN D # (. Hence,
r(B) < M < r(D) and, in consequence,

p(c(B),c(D)) <r(B)+r(D)<M+r(D) <r(D)+r(D)=2r(D)
and
B C B(c(D),r(B) +2r(D)) € B(c(D),3r(D)) =3D C 4D.

Therefore,

U BC U 4B. (1.21)

BeF\Bj; BeB),

So, if B); = @, we are done with the proof by setting B}, = #. Otherwise,

fix an arbitrary By € Bj; and further, proceeding by transfinite induction, fix

some B, € B} such that
8
c(By) € c(Byp)\ yL<Ja 3By

for some some ordinal number y > 0, as long as the difference on the right-
hand side above is nonempty. This procedure terminates at some ordinal
number A. First, we claim that the balls (By)q < are mutually disjoint. Indeed,
fix0 <o < pB <A Thenc(Bg) ¢ %Ba. So,

8 8 3
p(c(Bp).c(Ba)) = 5r(Ba) > 7 - TM =2M
3 3 4
and

r(Bg) +r(By) <M+ M =2M.
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Thus, Bg N By = ¥. Now if B € B}, and 0 < & < A, then B, € B}, and, by
(1.20), B, N B = @. Thus, we proved item (d) with B}, = {By}y<x. Item (c)
is obvious since B, € B;& C §forall 0 < o < A. It remains to prove item (e).
By the definition of A, c(B};) C Uy<A %By = UBEB;Q %B. Hence, if x € B
and B € B);, then there exists D € B}, such that ¢(B) € %D. Therefore,

8
p(x,c(D)) = p(x,c(B)) + p(c(B),c(D)) < r(B) + gr(D)

<M 8 D 4 D 8 D
< +§"( )<§”( )+§r( )
= 4r(D).

Thus, x €4D; consequently, |JBj; € UDGBX,, 4D. Combining this and
(1.21), we get that Upez B S Upes, upy, 4B- This and (b) immediately
imply (e). The properties (c), (d), and (e) are established. Now take
S = sup{r(B): B € B} + 1 < 400 and define inductively the sequence

(Ti@/‘”"s)’ﬁo by declaring that B = # and 323/4)”15 = Bl3/4y5 U B34y
en

o0
B' = Blajaps:

n=0
It then follows directly from (d) and our inductive definition that B’ consists
of mutually disjoint balls. It follows from (e) that | Jz.z 4B 2 U{B €
B:r(B) > 0} = |JB. The first part of our theorem is, thus, proved. The
last part follows immediately from the fact that any family of mutually disjoint
open subsets of a separable space is countable. ]

Remark 1.3.2 Assume the same as in Theorem 1.3.1 (no separability of X is
required) and suppose that there exists a finite Borel measure o on X such that
uw(B) > 0 forall B € B'. Then BB’ is countable.

We shall now prove the Besicovitch Covering Theorem. We consider it
to be one of the most powerful geometric tools when dealing with some
aspects of fractal sets. We can easily deduce from it two fundamental classical
theorems: the Vitali-Type Covering Theorem and the Lebesgue Density Points
Theorem. For the proof of the Besicovitch Covering Theorem, we introduce
two concepts. First the following definition.

Definition 1.3.3 Let (X, p) be a metric space. A collection B = {B(x;,7i)}72,
of open balls centered at a set A C X, meaning that x; € A forall i > 1, is
said to be a packing of A if and only if, for any pair i # j,

p(xi,xj) =ri +7rj.
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This property is not in general equivalent to the requirement that all the balls
B(x;,r;) be mutually disjoint. It is obviously so if X is a Euclidean space. We
call the number

r(B) :=sup{ri:i > 1}

the radius of packing 5.

This notion has a far-reaching meaning. It is the key concept to define packing
measures and dimensions, which will be done in Section 1.5. The other notion
we need is the following.

For any x € R", any 0 < r < 00, and any 0 < o < 7 by Con(x,a,r), we
will denote any solid central cone with vertex x, radius r, and angle «. That is,
with the above data, for an arbitrary ray / emanating from x, we denote

Con(x,a,r) = Con(l,x,c, 1)
={yeR": 0<|y—x|<r,L(y—x,1) <a}U{x}

The proof of Theorem 1.3.5 makes substantial use of the following obvious
geometric observation.

Observation 1.3.4 Let n > 1 be an integer. Then there exists a(n) > 0 so
small that the following holds. If x e R*,0 < r < o0, if z € B(x,r)\B(x,r/3)
and if x € Con(z,@(n),o0), then the set Con(z, «(n),00)\ B(x,r/3) consists of
two connected components: one of z and one of co. The one containing z is
contained in B(x,r).

Theorem 1.3.5 (Besicovitch Covering Theorem) Let n > 1 be an integer.
Then there exists an integer constant b(n) > 1 such that the following holds.

If A is a bounded subset of R", then, for any functionr: A — (0,00), there
exists {xk},‘:il, a countable subset of A, such that the collection

B(A,r) :={B(xr,r(xp)): k > 1}

covers A and can be decomposed into b(n) packings of A.

Proof We will construct the sequence {x;: kK = 1,2, ...} inductively. Let
ap :=sup{r(x): x € A}

If ap = oo, then one can find x € A with r(x) so large that B(x,r(x)) 2 A
and the proof is finished.
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If ap < 00, choose x; € A so that r(x) >agp/2. Fix k> 1. Assume that the
points x1,x3, ...,x; have already been chosen. If A € B(xy,r(x1)) U --- U
B(xg,r(xx)), then the selection process is finished. Otherwise, put

ay :=sup {r(x): x € A\(B(x1,r(x1)) U--- U B(xg,7(xp))) }
and take
Xer1 € A\(B(x1,r(x1)) U+ - U B(xg, r(xx))) (1.22)
such that
r(Xi1) > ag/2. (1.23)

In order to shorten notation from now on, throughout this proof we will write
ri for r(xx). By (1.22), we have that x; ¢ B (xg,ry) for all pairs k,I with k < [.
Hence,

lxk — xill = r(xp). (1.24)
It follows from the construction of the sequence (xy) that
14% >ak_1/22r1/2. (1.25)

therefore, ri/3 + r;/3 < ri/3 + 2rr /3 = ry. By combining this and (1.24) we
obtain that

B(xg,re/3) N B(x;,11/3) =0 (1.26)

for all pairs k,[ with k # [ since then either k <l or! < k.

Now we shall show that the balls { B(xg,rx): k > 1} cover A. Indeed, if the
selection process stops after finitely many steps this claim is obvious. Other-
wise, it follows from (1.26) that limy_. o rx = 0 and if x ¢ U,fil B(xy,ry) for
some x € A, then by construction ry > ay—1/2 > r(x)/2 for every k > 1. The
contradiction obtained proves that U,fil B(xg,ry) 2 A.

The main step of the proof is given by the following.

Claim 1°. For every z € R” and any cone Con(z,a(n),c0) (x(n) given by
Observation 1.3.4), we have that
#{k > 1:z € B(xg,re)\B(xk, 1 /3) and xi € Con(z,a(n),oo)} < (12)".

Proof Denote the above set by Q. Our task is to estimate its cardinality from
above. If Q = 0, there is nothing to prove. Otherwise, leti = min Q. If k € Q
and k # i, then k > i and, therefore, x; ¢ B(x;,r;). Therefore, by Observation
1.3.4 applied with x = x;, r = r;, and by the the definition of Q, we get that
lz — xxll > 2r; /3. Hence,

re = \lz — xkll = 2ri /3. (1.27)
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On the other hand, by (1.25), we have that r;y < 2r;; therefore, B(xg,rx/3) €
B(z,4r;/3) < B(z,8r;i/3). Thus, using (1.26), (1.27) and the fact that the
n-dimensional volume of balls in R” is proportional to the nth power of radii,
we obtain that, #0 < (8r;/3)"/(2r;/9)" = 12". The proof of the claim is
finished. |

Clearly, there exists an integer c(n) > 1 such that, for every z € R", the
space R” can be covered by at most c(n) cones of the form Con(z,x(n),c0).
Therefore, it follows from the above claim that, for every z € R",

#lk > 1: z € B, r)\B(xx, i /3)} < c(n)(12)".
Thus, applying (1.26),
#k>1:z€ B(xp,rr) <1+ cm)(12)". (1.28)
Since the ball E(O, 3/2) is compact, it contains a finite subset P such that

U B(x.1/2) 2 B(0.3/2).

xeP

Now, for every k > 1, consider the composition of the map R” 5 x > rix €
R" and the translation determined by the vector from 0 to x;. Call the image
of P under this affine map Py. Then, #P, = #P, Py C B (xk, 3rk /2), and

U B(x,ri/2) 2 B(0,3r1/2). (1.29)

xX€Py
Consider now two integers 1 < k < [ such that
B(xg,ri) N B(x;,r) # 0. (1.30)

Let y € R” be the only point lying on the interval joining x; and x; at the
distance ry — r;/2 from xi. As x; ¢ B(xg,ri), by (1.30) we have that ||y —
x|l < r; 4 r1/2 = 3r;/2 and, therefore, by (1.29) there exists z € P; such that
lz — || < r;/2. Consequently, z € B(xk,r;/2 + riy —r1/2) = B(xk,ri). Thus,
applying (1.28), with z being the elements of P;, we obtain the following:

#{1 <k <l—1: B(xg,rx) N B(x;, 1) # @} <#P(1+c(n)(1)2") (1.31)
for every [ > 1. Putting
b(n) :=#P(1 + c(n)(12)") + 1,

this property allows us to decompose the set N of positive integers
into b(n) subsets Ni,Np, ... ,Np,) in the following inductive way. For
every k=1,2,...,b(n), set Ng(b(n))={k} and suppose that, for every
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k = 1,2,...,b(n) and some j > b(n), the mutually disjoint families N (j)
have already been defined so that

Ni(HU---UNpy(j) ={L2, ..., j}

Then, by (1.31), there exists at least one 1 <k < b(n) such that B(xj41,7j4+1)N
B(x;,r;) = @ forevery i € Ni(j). We set

Ne(G+ 1D =Ne(jH U {j + 1}
and
NG +1D =N
foralll € {1,2,...,b(n)}\{k}. Putting now, for every k = 1,2, ...,b(n),
Nk 1= Ni(b(n)) UNg(b(m) + DU - - -,

we see from the inductive construction that these sets are mutually disjoint,
that they cover N, and that for every k = 1,2, ...,b(n) the families of balls
{B(x;,r;): I € Ni} are also mutually disjoint. The proof of the Besicovitch
Covering Theorem is finished. ]

We would like to emphasize here that the same statement remains true, if open
balls, are replaced by closed ones. It also remains true if, instead of balls,
one considers n-dimensional cubes. And, in this latter case, it is even better:
namely, the proof based on the same idea is technically considerably easier.
There are further, frequently useful, generalizations, especially a theorem of
Morse. The reader is advised to consult the book [Gu] by Guzman on such
topics.

As we have already mentioned, we can easily deduce from the Besicovitch
Covering Theorem some other fundamental facts.

Theorem 1.3.6 (Vitali-Type Covering Theorem) Let u be a probability Borel
measure on R", let A C R" be a Borel set, and let B be a family of closed balls
such that each point of A is the center of arbitrarily small balls of B, i.e.,

inf{r: B(x,r) e B} =0

for all x € A. Then there exists a countable (finite or infinite) collection B(A)
of mutually disjoint balls in B such that

" (A\ UiB e B(A)}) —0.

Proof We assume that A is bounded, leaving the unbounded case to the
reader. We may assume that ;t(A) > 0. The measure p restricted to a compact
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ball B(0, R) such that A C B(0,R/2) is Borel, hence regular. Hence, there
exists an open set U C R" containing A such that

() < (1 + @bn) (A,

where b(n) is as in the Besicovitch Covering Theorem 1.3.5. By that theorem
applied for closed balls we can decompose B in packings By, ..., Bpu) of A
contained in U, i.e., each B5; consists of disjoint balls and

b(n)

AclJUsi cu.
i=1
Then w(A) < Zf’i”l) H(U B,-); consequently, there exists an i such that

() = b (| J8).-

Further, for some finite subfamily Bl/. of 3;,

nea) = 2600 (| 8)).

Letting A; = A\ (U B;), we get

w(an = u (VN B) = n@) - n (U B)
< (1 + %(b(n))—l - %(b(n))”) u(A)

= up(A)

withu :=1— 41—1(17(11))_l < 1. Now consider A in the role of A before. Since

A crn\ (UB).

which is open, we find a packing, playing the role of B; contained in

r\ (UB).
so disjoint from (_JB;. We then get the measure of a noncovered remnant
bounded above by uu(A;) < u2p.(A). We can continue, consecutively

constructing packings that exhaust the whole set A except at most a set of
measure 0. The proof is complete. ]

Now we shall prove two quite straightforward consequences of the Besi-
covitch Covering Theorem (Theorem 1.3.5), the first one being the celebrated,
and to some extent counter-intuitive, Density Points Theorem. It in fact follows
from the Vitali-Type Covering Theorem (Theorem 1.3.6), which itself is a
consequence of the Besicovitch Covering Theorem.
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Theorem 1.3.7 (Lebesgue Density Theorem) Let w be a probability Borel
measure on R", n € N, and A C R" be a Borel set. Then the limit

n(AN B(x,r))
m —
r—0  wu(B(x,r))

exists and is equal to 1 for w-almost every point x € A.

Proof First of all, for every Borel set B C R” and every x € R", we obviously
have that

li/r'n w(B N B(x,s)) = u(B N B(x,r))

and

li\r‘n w(B N B(x,s) > w(B N B(x,r))).

Therefore, the function
R" s x+— u(BNB(x,r)) €R

is lower semi-continuous, thus Borel measurable. Hence, the function

u(AN B(x,r))

n(B(x,r))
is also Borel measurable. Furthermore, since

R" 3 x —> cR

Qggru(B N B(x,s)) = w(B N B(x,r)),

it follows that the set of points x € R” for which the limit
AN B(x,
m w (1.32)
r—~0  u(B(x,r))

exists is the same as the set of points x € R" for which the limit
w(AN B(x,r))
im ————
Qar—0 wu(B(x,r))
exists. Since the set Q of rational numbers is countable, we, thus, conclude that
the set of points in X for which in (1.32) exists is Borel measurable.

Seeking contradiction, suppose now that the set of points in A where this
limit is either not equal to 1 or does not exist has positive measure . Then
there exists 0 < a < 1 and Borel A’ C A of positive measure w such that, for
every x € A’, there exists a sequence (r; (x))?°, of positive radii converging to
0 such that

w(A' N B(x,ri(x)))
w(B(x,ri(x)))

for all i > 1. Given an open set U containing A, let
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By = {B(x,r,'(x)): x € A, B(x,ri(x)) C U}-

Then let By (A’) be the corresponding collection of balls whose existence is
asserted in the Vitali-Type Covering Theorem (Theorem 1.3.6). Then

pAah= 3 w@nBy<a Y wB) <ap).

BeBy (A") BeBy (A")

Since measure p is regular, this yields u(A”) < au(A’). This contradiction
finishes the proof. |

Every point in the set A for which the assertion of the Lebesgue Density
Theorem holds will be called a Lebesgue density point of A with respect to the
measure /L.

The second consequence of the Besicovitch Covering Theorem (Theorem
1.3.5), which we have mentioned above, is the following technical, but very
useful and frequently applied, lemma, which is suitable for proving that one
given measure is absolutely continuous with respect to the other. We follow
the proof from [DU2].

Lemma 1.3.8 Ler u and v be Borel probability measures on X, a bounded
subset of a Euclidean space R, d > 1. Suppose that there is a constant M > 0
and, for every point x € Y, there is a converging to zero sequence (rj (x))?io
of positive radii such that, for all j > 1 and all x € X,

w(Bx,rj(x)) < Mv(B(x,rj(x)).

Then the measure ( is absolutely continuous with respect to v and the Radon—
Nikodym derivative satisfies

du/dv = Mb(d),

where b(d) is the constant coming from the Besicovitch Covering Theorem,
i.e., Theorem 1.3.5.

Proof Consider an arbitrary Borel set EC X and fix ¢>0. Since
lim; ;o 7j(x) = O and measure v is regular, for every x € E there exists
aradius r(x) of the form r;(x) such that

v (U Be(x,r(x)) \ E) .

xeE

Now, by the Besicovitch Covering Theorem (Theorem 1.3.5) we can choose a
countable subcover {B(x;,7; (x))}72, from the cover {B(x;,7; (x))}xek of E, of
multiplicity bounded above by b(d). Therefore, we obtain that
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W(E) <Y w(B(xi,ri(x))) < MY v(B(xi,ri(x)))
i=1

i=1

< Mb(d)v (U B(xi,ri (x)))

i=1
< Mb(d)(e + v(E)).

Letting ¢ N\ 0, we, thus, obtain that u(E) < Mb(d)v(E). Therefore, u is
absolutely continuous with respect to v with the Radon—Nikodym derivative
bounded above by Mb(d). |

1.4 Conditional Expectations and Martingale Theorems

The content of this section belongs to probability theory rather than to classical
measure theory. Its culmination (for us), i.e., Theorem 1.4.11, is, however,
similar to the Lebesgue Density Theorem, i.e., Theorem 1.3.7, so is natural
to place it here. This chapter is about conditional expectations and martingales
and is closely modeled on a chapter form Billingsley’s book [Bil2].

We start with conditional expectations. Let (X,§, i) be a probability space.
Let © be a sub-o-algebra of §. Let

¢: X — R
be a measurable function, integrable with respect to the measure . We denote
by
E(¢9|D) = E.(¢]9)

the (conditional) expected value of ¢ with respect to the o -algebra ©. This is
the only function (up to sets of measure zero) that is measurable with respect
to the o-algebra © such that

| Ev@iodn= [ pan
D D

for every set D € ®. Its existence for nonnegative integrable functions is a
straightforward consequence of the Radon—Nikodym Theorem. In the general
case, one sets

E(o]D) == Eu(¢+]D) — Eu(¢-19D).

Uniqueness is obvious.
Conditional expectations exhibit several natural properties. We list the most
basic ones below. Their proofs are straightforward and are omitted.
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Proposition 1.4.1 Let (X, A, ) be a probability space, B and C denote some
sub-o-algebras of A and ¢ € L'(X, A, ). Then the following hold.

(@) If ¢ = 0 p-a.e., then
E(@|B) >0 p-a.e.

(b) If o1 = @2 p-a.e., then
E(p1|1B) = E(¢2|B) p-a.e.
(©) |E(<.0|B)| < E(|<P| |B)

(d) The functional E(-|B) is linear. In other words, for any ci,c; € R and
@102 € LY (X, A, 1), we have that

E(c191 + c202|B) = c1 E(@11B) + c2 E(¢2]B).

(e) If ¢ is already B-measurable, then E(p|B) = ¢. In particular, we have
that

E(E(¢|B)|B) = E(¢|B).

Also, if ¢ = ¢ € R is a constant function, then E(¢p|B) = ¢ = c.
() If B 2 C, then

E(E(¢|B)|C) = E(¢[C).

We will now determine the conditional expectations of an arbitrary inte-
grable function ¢ with respect to various sub-o-algebras that are of particular
interest and are simple enough.

Example 1.4.2 Let (X, A, ) be a probability space. The family B of all
measurable sets that are either of null or of full measure constitutes a sub-
o-algebra of A. Let ¢ € L' (X, A, ). Since E(¢|B) is B-measurable,

E(eIB~'(t) eB

for each t € R, meaning that the set E (¢|B)~({t}) is either of measure zero
or of measure 1. Also bear in mind that

X =E@B) ' ®) = JE@B ().
teR

Since the above union consists of mutually disjoint sets of measure zero and 1,
it follows that only one of these sets can be of measure 1. In other words, there
exists a unique ¢ € R such that

E@B'(th=4
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for some A € A with £(A) = 1. Because the function E(¢|B) is unique up to
a set of measure zero, we may assume without loss of generality that A = X.
Hence, E(¢|B) is a constant function. Therefore,

Eg|B) = / E(olBydp = / vdu.
X X

Example 1.4.3 Let (X, A) be a measurable space and o be a countable
measurable partition of X. The sub-o-algebra o (o) of A generated by « is the
family of all sets which can be represented as a union of elements of . When
« is finite, so is o (o). When « is countably infinite, o () is uncountable; in
fact, it is of cardinality continuum. Let u be a probability measure on (X,.A).
Letp € L' (X, A, ). Since E(¢|o («)) is B-measurable,

E(pIB) (1) € o (@)

foreacht e R, i.e.,
E(plo (@) (1) € o ().

This means that the set E ((p|0’(0{))_1({t}) is a union of elements of «. This
further means that the conditional expectation function E(¢|o («)) is constant
on each element of @. Let A € «. If u(A) = 0, then E(¢lo(a))|a = O.
Otherwise,

1 1
E =—— | E dp = —— du. 1.33
(plo(e))]a M(A)/A (plo(e))du A /Anw Iz (1.33)

In summary, the conditional expectation E(¢|B) of a function ¢ with respect
to a sub-o-algebra generated by a countable measurable partition is constant
on each element of that partition. More precisely, on any given element of the
partition, E (¢|B) is equal to the mean value of ¢ on that element. In particular,
if o is a trivial partition, i.e., consisting of sets of measure zero and 1 only, then

E(golo(ot)):/Xgodu u-a.e. (1.34)

The next result is a special case of a theorem originally due to Doob and is
commonly called the Martingale Convergence Theorem. In order to discuss it,
we first define the martingale itself.

Definition 1.4.4 Let (X, A 1) be a probability space. Let (A;);2, be a
sequence of sub-o-algebras of A. Let also (¢,: X —> R)7°, be a sequence
of random variables, i.e., a sequence of .4-measurable functions. The sequence
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((@n An)) |

is called a martingale if and only if the following conditions are satisfied:

(@) (A,)52, is an ascending sequence, i.e., A, 41 2 A, foralln € N.

(b) ¢, is A,-measurable for all n € N.
(¢) ¢n € L' () foralln € N.
(d) E(ont+1lAn) = ¢ p-ae. foralln € N.

The main, and frequently referred to as the simplest, convergence theorem
concerning martingales is this.

Theorem 1.4.5 (Martingale Convergence Theorem) Let (X, A, i) be a proba-
bility space. If ((¢n, An));o, is a martingale such that

sup{llgnll1: n € N} < 400,
then there exists ¢ € L' (X, A, ) such that
lim ¢,(x) = @(x) for p-a.e.x € X
n—00
and

@11 < sup{llgalli: n € N} < +o0.

This is a special case of Theorem 35.5 in Billingsley’s book [Bil2], proved
therein. Its proof is just too long and too involved to be reproduced here. We
omit it.

One natural martingale is formed by the conditional expectations of a
function with respect to an ascending sequence of sub-o -algebras.

Proposition 1.4.6 Let (X, A, i) be a probability space and let (A,);°> | be an
ascending sequence of sub-c-algebras of A. For any ¢ € L'(X, A, 1), the
sequence

((E(@l A, AD) 2,
is a martingale.

Proof Indeed, set

$n = E(§0|An)

for all n € N. Condition (a) in Definition 1.4.4 is automatically fulfilled.
Conditions (b) and (c) follow from the very definition of the conditional
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expectation function. Regarding condition (d), a straightforward application
of Proposition 1.4.1(f) gives

E(¢n+1|An) = E(E((pIAn—H)LAn) = E(¢|An) = ®n
u-a.e. foralln € N. So ((E(<p|An),An)):o=] is a martingale. [

With the hypotheses of this proposition, by using Proposition 1.4.1(c), we
see that

sup llgalli = sup/ |E(p| A |dp < sup/ E(lgl|An)dp = f loldp < oc.
neN neNJX neNJX X

According to Theorem 1.4.5, there, thus, exists ¢ € Ll(X ,A, u) such that
lim E(p|A,)(x) = @(x) for p-ae.x € X and  [|9]l1 < [l¢l.
n—oo
What is ¢? This is the question we will address now. For this we need the
concept of uniform integrability and the convergence theorem that it entails.

Definition 1.4.7 Let (X, A, ) be a measure space. A sequence of measurable
functions (f,,);2 | is called uniformly integrable if and only if

lim sup/ | fuldu = 0.
{Iful=M}

M—00 ;N

The following theorem is classical in measure theory. It is proved, for example,
as Theorem 16.14 in Billingsley’s book [Bil2].

Theorem 1.4.8 Let (X, A,u) be a finite measure space and (f,);>, a
sequence of measurable functions that converges pointwise [i-a.e. to a func-
tion f.

@) If (fu)y2, is uniformly integrable, then f, € L' (w) for alln € N and
fe Ll(u). Moreover,
lim || f, — fllh =0 and lim / fndu:/ fdu.
n—oo n—o0 X X
® Iff, fne Ll(u,) and f, >0 u-a.e. foralln €N, then lim,,_, 5 fX fondu =
fX f dw implies that (f,,)72 | is uniformly integrable.

We shall now prove the uniform integrability of the martingale appearing in
Proposition 1.4.6.

Lemma 1.4.9 Let (X, A, ) be a probability space and (A,)72 | be a sequence
of sub-o-algebras of A. Then, for every ¢ € L'(X,A, ), the sequence
(E(@l|An))o2, is uniformly integrable.
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Proof Without loss of generality, we may assume that ¢ > 0. Let ¢ > 0.
Since the measure v on (X,.4) given by

v(A) :=/(pdu
A

is absolutely continuous with respect to u, it follows from the Radon-Nikodym
Theorem (Theorem 1.1.9) that there exists § > 0 such that

Ae A nAd) <§8 — /(pd/L<8. (1.35)
A

Consider any

1
M>—/<pdu.
3 Jx

Foreachn € N, let
Xy(M) := {x € X: E(p|A))(x) = M}.

Observe that X, (M) € A, since E(¢|Ay) is A,-measurable. Therefore, by
Tchebyschev’s Inequality, we get that

1 1 1
X, (M)) < — E dp = — dp < — du <8
(X ( ))_M/ )(wlAn)u Vi wu_fow n <

Xn (M)

n

for all n € N. Consequently, by (1.35),

f E(p|lAndp = f pdp <€
X, (M) Xn(M)

for all n € N. Thus,

SUP[ E(plAn)dpn < e.
neN J{E(p|Ay)=M}
Therefore,
lim sup/ E(p|Ap)du =0,
M—00 neN JE (9l A)=M)
i.e., (E(¢|An)),2, is uniformly integrable. [ |

Theorem 1.4.10 (Martingale Convergence Theorem for Conditional Expecta-
tions) Let (X, A, ) be a probability space and ¢ € L' (X, A, ). Let (An)p2,
be an ascending sequence of sub-o -algebras of A and

=0 ((’j An).

n=1
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Then
Jlim E(p|Ay) = E(plAx) p-ae.on X
and
lim || E(@|Ay) — E(plAs) |, =0.
n—>oo
Proof Let

¢n = E(p|Ap).

It follows from Proposition 1.4.6 and Lemma 1.4.9 that ((¢,,4,))2, is a
uniformly integrable martingale such that

lim ¢, =¢ p-ae.onX
n—o00

for some ¢ € LI(X ,A, ). For all n € N, the function ¢, is As-measurable
since it is A,-measurable and A, C A. Thus, ¢ is Ay-measurable, too.
Moreover, it follows from Theorem 1.4.8 that

lim [lg, — @1 =0 and lim /wn diu = f pdu
n—>od n—oo A A
for all A € A. Therefore, it just remains to show that

@= E(plAc).

Letk e Nand A € Ai.If n > k, then A € A, C A and, thus,
[ ondn= [ Ewiasan= [ pdn= [ Elaan.
A A A A
Letting n — oo, this yields
/ pdu = / E(p|Aco)d k.
A A
Since k was arbitrary, this entails

/ Fdu = / E(¢lAs)d
B B

for all B € |Jg2, Ax. Finally, since (i | A is a w-system generating Ao
and both ¢ and E (¢|As) are Aso-measurable, we conclude that

0 = E(p|As) p-ae.in X.
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Recall that countable measurable partitions of a measurable space are
defined and systematically treated in Section 6.1; they form the key concept for
all of Chapter 6. As an immediate consequence of the Martingale Convergence
Theorem for Conditional Expectations, i.e., Theorem 1.4.10 and (1.33), we get
the following theorem, which is somewhat similar to the Lebesgue Density
Theorem, i.e., Theorem 1.3.7 from the previous section.

Theorem 1.4.11 Let (X, A, ) be a probability space and (an);. | be a
sequence of finer and finer (more precisely, o, 11 is finer than o, for alln > 1)
countable measurable partitions of X which generates the o-algebra A, i.e.,
O'(Unzl an) = A. Then, for every set A € A and for p-a.e. x € A, we have
that

u(A Ney(x))

=1 =1.
00 ey (1)) W)

1.5 Hausdorff and Packing Measures: Hausdorff and
Packing Dimensions

In this section, we introduce the basic geometric concepts on metric spaces.
These are Hausdorff measures, Hausdorff dimensions, packing measures, and
packing dimensions. We prove their fundamental properties. While Hausdorff
measures and Hausdorff dimensions were introduced quite early, in 1919, by
Felix Hausdorff in [H], it took several decades more for packing measures
and packing dimensions to be defined. It was done in stages in [Tr], [TT], and
[Su6]. There are now plenty of books on these concepts; we refer the reader to,
for example, [Fall], [Fall2], [Fal13], [Mat], and [PU2]. The classical book
[Ro] by C. A. Rogers is also interesting, and not only for historical reasons,
appearing for the first time in 1970. The 1998 edition is particularly interesting
because of the comments by Falconer that it contains.

Let ¢: [0, +00) —> [0, 4+00) be a function with the following properties:

« ¢ is nondecreasing, meaning that s <t = ¢(s) < ¢(1).
e ¢(0) = 0 and ¢ is continuous at 0.
» 9((0, +00)) < (0, +00).

Any function ¢: [0, +00) —> [0, +00) with such properties is referred to in
what follows as a gauge function.
Let (X, p) be a metric space. For every § > 0, define

H) (A) := inf {Zgﬂ(diam(Ui))} , (1.36)

i=1
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where the infimum is taken over all countable covers {U; } °, of A of diameter
not exceeding .

We shall check that, for every § > O, Hg is an outer measure. Conditions
(1.8) and (1.9) of Definition 1.2.1, defining the concept of outer measures, are
obviously satisfied with © = H6 To verify (1.10), let {A,}7° | be a countable
family of subsets of X. Fix & >. Then forevery n > 1, we can ﬁnd a countable
cover {U'}2, of A, with diameters not exceeding & such that

Eso(diamw,-)) <H)(A) +5;

Then the family { Ul.” 1 i,n > 1} covers U;’;l A, and

o
H, (U A,,)
n=1

e e]

3 pdiam@) = 3 (H A0 + )

n=1

Mg I ME%

Hy(An) +e.

n

Thus, letting ¢ \, 0, (1.10) follows, proving that Hg is an outer measure.
Define

Hy (4) := sup (A} = ;i_%Hi(A). (1.37)

The limit exists since H‘S (A) increases as § decreases, though it may happen to
be infinite. Since all H‘3 are outer measures. It is therefore immediate that Hy is
an outer measure too. Moreover H,, is a metric measure, since if A and B are
two positively separated sets in X, then no set of diameter less than p(A, B)
can intersect both A and B. Consequently,

H (AU B) = H3(A) + H)(B)

forall § < p(A, B). Letting § ™\ 0, we get the same formula for Hy, which is
just (1.13) with . = H,. The metric outer measure Hy, is called the Hausdorff
outer measure associated with the gauge function ¢. Its restriction to the
o-algebra of Hy-measurable sets, which by Theorem 1.2.5 includes all the
Borel sets, is called the Hausdorff measure associated with the function ¢. We
should add that even if E C X is not a Borel set, nor even H,-measurable, we
nevertheless commonly refer to Hy, (E) as the Hausdorff measure of E rather
than the Hausdorff outer measure of E.
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As an immediate consequence of the definition of the Hausdorff measure and
the properties of the function ¢, we get the following.

Proposition 1.5.1 For any gauge function ¢, the Hausdorff measure H, is
atomless.

A particularly important role is played by the gauge functions of the form
o (r) =r'

for t > 0. In this case, the corresponding outer Hausdorff measure is denoted
by H'. So, H' can be briefly defined as follows.

Definition 1.5.2 Given that ¢ > 0, the #-dimensional outer Hausdorff measure
H'(A) of the set A is equal to

o

H'(A) = supinf Z diam’ (A;) },
§>0 i=1

where the infimum is taken over all countable covers {A;}7°, of A by the sets

with diameters < §.

Remark 1.5.3 Since diam(A) = diam(A) for every set A € X, we may, in
Definition 1.5.2, restrict ourselves to closed sets A; only.

Having defined Hausdorff measures, we now move on to define the dual
concept, i.e., that of packing measures. As mentioned at the beginning of this
section, while Hausdorff measures were introduced quite early, in 1919 by
Felix Hausdorff in [H], it took several decades more for packing measures to
be defined. It was done in stages in [Tr], [TT], and [Su6]. We do it again here
now. We recall that, in Definition 1.3.3, we introduced the concept of packing.
We will also use it now. For every A € X and every § > 0, let

I (A) = sup :Zw(diam(ri))] , (1.38)

i=1

where the supremum is taken over all packings {B(xi,ri)}l‘.’i | of A with radii
not exceeding §. Let

I} (A) = ggg {mea)} = 8113(1) I (A). (1.39)

The limit exists since 1'[;‘S (A) decreases as § decreases. Although the function
l'[;; satisfies condition (1.9) of outer measures, albeit in contrast to the case
of Hausdorff measures, this function does not need to be subadditive, i.e.,
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conditions (1.10) in general fail. In order to obtain an outer measure, we take
one more step and we put

o
I, (A) :=inf{2 l'[:;‘g(A,-)}, (1.40)
i=1

where the infimum is taken over all countable covers {A;}7°, of A.
Analogously, as in the case of Hausdorff measures, one checks, with similar
arguments, that IT, is already an outer measure. Furthermore, it is a metric
outer measure on X. It will be called the outer packing measure, associated
with the gauge function ¢. Its restriction to the o-algebra of Il,-measurable
sets, which by Theorem 1.2.5 includes all Borel sets, will be called the packing
measure associated with the gauge function .

In the case of gauge functions,

<Pt(")=l’t,

where ¢ > 0, the definition of the outer packing measure takes the following
form.

Definition 1.5.4 The 7-dimensional outer packing measure I17(A) of aset A C
X is given by

t o t .
M) = inf {;H*(A,>}

(A; are arbitrary subsets of A), where

o0
T’ (A) = supsup er .
§>0 i=1

Here, the second supremum is taken over all packings {B(x;,7;)}7°, of the set
A by open balls centered at A with radii which do not exceed 4.

From now on, in order to obtain more meaningful geometric consequences, we
assume that, for a given gauge function ¢ : [0, +00) — [0, +00), there exists
a function Cy: (0,00) — (0,00) such that, for every a € (0,00) and every
t > 0 sufficiently small (depending on a),

Co(@)™ (1) < plar) < Cp(@)p(1). (1.41)

We frequently refer to such gauge functions as evenly varying. Since
(at)" = a”"t", all the gauge functions ¢ of the form r — ! satisfy (1.41)
with Cy(a) = a'.
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We shall now establish a simple, but crucial for geometric consequences,
relation between Hausdorff and packing measures.

Proposition 1.5.5 For every set A C X, it holds that H,(A) < Cy(2)I1,(A).
Proof First, we show that, for every set A C X and every § > 0,
H2 (A) < C,(QIT (A). (1.42)

Indeed, if there is no finite maximal (in the sense of inclusion) packing of
the set A of the form {B(x,-,B)}?il, then, for every k > 1, there is a packing
{B(x;,8)}f_, of A; therefore,

k
2 (A) = ) () = ke (8).

i=1
Since ¢(5§) > 0, this yields I'I(’f,‘3 (A) = oo, and (1.42) holds. Otherwise, let
{B(x;, 5)}§=] be a finite maximal packing of A. Then the collection {B(x;,25)}
covers A; therefore,
l

HZ(4) <) 0(28) < C,(D)lp(6) < Cu (T (A).

i=1
Hence, (1.42) is satisfied. Thus, letting § N\, 0, we get that
Hy,(A) < C¢(2)H;(A). (1.43)
So, if {A,},>1 is a countable cover of A, then

Hy(A) < D Hy(Ai) < Cp(2) Y TTH(A)).

n=1 n=1

Hence, applying (1.40), the lemma follows. |
Definition 1.5.6 HD(A), the Hausdorff dimension of the set A, is defined to be
HD(A) := inf{t: H (A) = 0} = sup{t: H' (A) = oo}. (1.44)

Likewise, PD(A), the packing dimension of the set A, is defined to be
PD(A) :=inf{¢: IT'(A) = 0} = sup{t: T1'(A) = oo}. (1.45)

The following theorem is the immediate consequence of the definition of
Hausdorff and packing dimensions and the corresponding outer measures.

Theorem 1.5.7 The Hausdorff and packing dimensions are monotone increas-
ing functions of sets, i.e., if A C B, then

HD(A) < HD(B) and PD(A) < PD(B).
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We shall prove the following theorem, commonly referred to as the o-stability
Hausdorff and packing dimensions.

Theorem 1.5.8 If {A,}°°, is a countable family of subsets of X, then

n=1

HD (U An> = sup{HD(A,)}

n=1 n=1

and
PD (U An> = sup{PD(A,)}.
n=1 nxl

Proof We shall prove only the Hausdorff dimension part. The proof for the
packing dimension is analogous. Inequality

HD (U An> > sup{HD(A,)}
n=1 nzl

is an immediate consequence of Theorem 1.5.7. Thus, if sup,{HD(A,)} = oo,
there is nothing to prove. So, suppose that

s := sup{HD(A,)}

n>1

is finite and consider an arbitrary ¢ > s. Then, in view of (1.44), H (4,) = 0
for every n > 1; therefore, since H' is an outer measure,

H’ <n[=jl An> =0.

Hence, by (1.44) again,

HD (G An) <t.

n=1

The proof is complete. ]

As an immediate consequence of this theorem, Proposition 1.5.1, and
(1.44), we obtain the following.

Proposition 1.5.9 The Hausdorff dimension of any countable set is equal to 0.

These are the most basic, transparent, and also probably most useful properties
of Hausdorff and packing measures and dimensions. We will apply them
frequently in both volumes of the book.
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1.6 Hausdorff and Packing Measures: Frostman
Converse-Type Theorems

In this section, we derive several geometric consequences of Theorem 1.3.1.
Their meaning is to tell us when a Hausdorff measure or packing measure is
positive, finite, zero, or infinity. We refer to them as the Frostman Converse-
Type Theorems. Somewhat strangely, these theorems are frequently called the
Mass Redistribution Principle in the fractal literature, as if to indicate that
such measures would always have to appear in the process of an iterative
construction. At the end of the section, we formulate the Frostman Direct
Theorem and compare it with the Frostman Converse-Type Theorems. As
already mentioned, the advantage of the latter theorems is that they provide
tools to calculate, or at least to estimate, both Hausdorff and packing measures
and dimensions. We recall that in this section, as in the entire book, we keep

¢: [0, +00) —> [0, +00),

an evenly varying gauge function, i.e., satisfying (1.41). We start with the
following.

Theorem 1.6.1 (Frostman Converse-Type Theorem for Generalized Hausdorff
Measures) Let ¢: [0,400) —> [0,400) be a continuous evenly varying
gauge function. Let (X,p) be an arbitrary metric space and | a Borel
probability measure on X. Fix a Borel set A C X. Assume that there exists
a constant ¢ € (0, +o0o] (1/4+00 = 0) such that

ey

Jim sup LB
r—0 @(r)

for all points x € A except for countably many perhaps. Then the Haus-
dorff measure Hy, corresponding to the gauge function ¢, satisfies

Hy(E) < ¢™'Cp8)u(E)
for every Borel set E C A. In particular,
Hy(A) < 400 (Hy(A) =0 if ¢ = +00).

(2) If; conversely,

w(BGr) _

lim sup ¢ < 400

r—0 @(r)
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forall x € A, then
W(E) < Hy(E)
for every Borel set E C A. In particular,
Hy,(A) >0
whenever w(E) > 0.

Proof Part (1). Since Hy, of any countable set is equal to 0, we may assume
without loss of generality that £ does not intersect the exceptional countable
set. Fix ¢ > 0. Then fix § > 0. Since measure u is regular, there exists an open
set G D E such that

u(G) < u(E) +e.

Further, for every x € E, there exists r(x) € (0,§) such that B(x,r(x)) € G
and

(€' +e)u(B(x,r(x))) = p(r(x)) > 0.

By virtue both of 4r Covering Theorem, i.e., Theorem 1.3.1, and of Remark
1.3.2, there exists {x;}72,, a sequence of points in E such that

B(xj,r(x;)) N B(xj,r(x;)) =%  fori #j
and

U B 4r(a)) 2 | Ba.r(x) 2 E.

k=1 xeE

Hence,

HY(E) <) 0Q2-4r(a) < ) cp®)o(r(xi))
k=1

k=1

< cp(8) Y (¢! + e)(Bxi, r(x1))

k=1

=co®)(c +e)u (U B(xk,r(xk») <cy®)(c +o)u(G)

k=1
< c,8)(c™ +e)(U(E) +¢).
So, letting § \ 0, we get

Hy(E) < cy(8)(c™ ! + &) (U(E) + &)
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and, since ¢ > 0 was arbitrary, we finally get
H, (E) < c,(8)c ™ W(E).

This finishes the first part of the proof.
Part (2). Now we deal with the second part of our theorem. Fix an arbitrary
s > c. Note that, for every r > 0, the function

B(x, .
X3>x+H— M is Borel measurable.
@(r)
For every k > 1, consider the function
B ’
X 3x+— g(x) = sup{%: re Qﬂ(O,l/k]},
o(r

where Q denotes the set of rational numbers. This function is Borel measurable
as the supremum of countably many measurable functions. Let

Ar=ANg ' ((0,5]) fork > 1.

All Ag, k > 1, are then Borel subsets of X. Fix an arbitrary r € (0,1/k). Then
pick r; N\ r, rj € Q. Since the function # — w(B(x,t)) is nondecreasing and
the function ¢ is continuous, we get, for every x € Ay, that

w(B(x,r)) < limsu w(B(x,rj)) <
90(’”) j—o00 <P(Vj)

Now fix k > 1. Then fix a Borel set F € Ay. Our first objective is to prove
the assertion of Part (2) for the set F. To do this, fix r < 1/k and then
{Fi}7°, a countable cover of F' by subsets of F that are closed relative to
F and have diameters less than r/2. For every i > 1, pick x; € F;. Then
F; C B(x;,diam(F;)). Since all the sets F;, i > 1, are also Borel in X, we,
therefore, have that

D ediam(F)) = 571 Y u(Blx. diam(F) = 571 ) u(F) = 57 u(F).
i=1 i=1 i=l

Hence, invoking Remark 1.5.3, we get that
Hy(F) > s~ w(F). (1.46)

Moving on, by our hypothesis, we have that

o
UAkﬂA:A.
k=1
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Define inductively

Bi:=A1NA
and
k
Biyi = AN | A\ [ JA;nA
j=1

Obviously, the family {By}{° consists of mutually disjoint sets, with each set
By contained in Ag, kK > 1, and

o0 (0@}
U By = U Ap = A.
k=1 k=1

Hence, if E is a Borel subset of A, then applying (1.46) for sets F = E N By,
k> 1, we get

Hy(E) = | JH,(ENBY =57 ) W(ENBY =5~ u(E).
k=1 k=1

Letting s “\{ ¢ then finishes the proof. ]
Now let us prove the corresponding theorem for packing measures.

Theorem 1.6.2 (Frostman Converse-Type Theorem for Generalized Packing
Measures) Let ¢: [0,00) —> [0,00) be a continuous evenly varying gauge
function. Let (X, p) be an arbitrary metric space and u be a Borel probability
measure on X. Fix a Borel set A C X and assume that there exists ¢ € (0, +00]
(1/ 4+ o0 = 0) such that

ey

B )
liminfM <c forallx € A.
r—0 (p(r)

Then
H(E) < T, (E)

for every Borel set E C A, where, we recall, I1, denotes the packing
measure corresponding to the gauge function . In particular, if W(E) > 0,
then

M, (E) > 0.
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(2) If, conversly,

B
liminfM >c forallx € A,
r—0 (0(7')

then
My(E) < ¢ u(E)
for every Borel set E C A. In particular, if u(E) < 400, then
I,(E) < 400.

Proof Part (1). Let e > 0. Fix an arbitrary subset F' C A. Define a decreasing
sequence (G,),>1 of open sets containing F' as follows. By our hypothesis, for
every x € A, there exists 0 < ri(x) < 1 such that

p(Ben))
oy

Take the family of balls {B(x,;ri(x))} _,. According to the 4r Covering
Theorem (Theorem 1.3.1), there is a countable set F; C F such that the
subfamily { B (x, jr1(x))} . 5, consists of mutually disjoint balls satisfying

F C U B(x,%rﬂx)) - U B(x,r1(x)).

xeF xeF)

Let Gy =, eF, B(x,r1(x)). For the inductive step, suppose that G, has been
defined for some n > 1. By our hypothesis again, for every x € A, there exists

ﬁ such that B(x,r,+1(x)) € G, and

some 0 < rp41(x) < -

(B, rpp1(x))) -

¢rap1(x))  —

Consider the family of balls {B(x,%{rwr](x))}xE 7 According to the 4r
Covering Theorem (Theorem 1.3.1), there exists a countable set F,,;1 € F

such that the subfamily {B(x, %rnH (x))}
balls satisfying

1
F C U B <x,Zrn+1(x)) C U B(x,r,,_H(x)).

xeF xeF,4

c+e. (1.47)

veFyay consists of mutually disjoint

Let
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It is clear that G4 is an open set and F € G,4+; S G,. Moreover, for all
pairs x,y € F,4+1 € F, we know that

1 1
dx.y) z 7 max{ra1 (). a1 (0} = 3 1 () + 71 ().

Therefore, the collection {(x, %"nﬂ (x)) }xe oo forms an (%H)—packing
of F. Using (1.47), it follows that

—_ 1
" (F)= ) ¢(§rn+1<x)> > (CoB)™" Y plrari(x))

x€F, 41 XEF 4+
B sI'n
> (CpeN " Y B 11 () (xcjr?(x)))
XEFp41

_(Cy8)7!

= Lﬁj B(x,r1(x))
Cys(8)~!

z%umnm.

Letting n increase to infinity, we, thus, obtain that

(Cp(B)! (Cp(B)! (CopB)~!
c+e¢ c+¢

c+e¢

inf /‘L(Gn):

n>1

I} (F)= w(Gr),

lim M(Gn)z
—00

n

where Gr := N,;>1G, is a G set and, therefore, in particular, is a Borel set.
Consequently, for every Borel set E C A, we have that

o0
My (E) = inf {Z I (Ax) : {Ak}R2, is a cover of E}
k=1

o
= inf {Z I} (Ax) : {Ax}R2, is a partition of E}
k=1

(TN R : "
> ere inf ; w(Ga,): {Ar}pS, is a partition of E

(Co®N', *© _ N
Z Te inf ) pt kL_Jl Ga, | : {Ak)RS, is a partition of E

Cy(8)!
> %inf{M(E): {Ar}72, is a partition of E}
c+e

_ (G

c+e H(E).

https://doi.org/10.1017/9781009215930.005 Published online by Cambridge University Press


https://doi.org/10.1017/9781009215930.005

42 Part I Ergodic Theory and Geometric Measures

Since this holds for all ¢ > 0, we deduce that T4 (E) > (Cy (8)c)_1u(E). The
proof of Part (1) is complete.
Part (2). The sequence of functions (V)2 ,, where

X 2 x — Y (x) :=inf{%ﬁ’)m:re(@ﬂ<0,%“,

forms an increasing sequence of measurable functions. Let 0 < s < c. For
each k > 1, let

Ag = ¥ ([s, +00)).

As (wk),‘zil is increasing, so is the sequence (Ak),‘zil. Moreover, since s < ¢,
it follows from our hypothesis that

[o)0]
U A D A.
k=1

Furthermore, since [s, +00) is a Borel subset of R, the measurability of v
ensures that Ay is a Borel subset of X. Fix k > 1. Choose some arbitrary
r € (0,1/k] and pick a sequence (r;);>1 € Q such that r; increases to r.
Since u is a measure and ¢ is continuous, we deduce that, for all x € Ay,
w(B(x,r)) im w(B(x,rj))
() j=oo  @(r))
Thus, if x € Ag, then

inf{%: re (O,l/k]} > 5.

Now fix any set F C Ay and any r € (O, %] Let {(x;,%)}i>1 be an r-packing
of F. Then

Do) <sT' Y uBip) =s""'n (U B(xi,tl-)) <s ' u(Fp),
i=1

i=1 i=1

> Yr(x) = 5.

where F, denotes the open r-neighborhood of F. Taking the supremum over
all r-packings yields

My (F) < T (F) < T (F) < s~ u(F).

Thus, we have that Py(F) < s_ly,(Fr) for all r € (0,1/k] and each subset
F C Ay. Consequently, TTy(F) < s~ 'u(Fp) = s~ u(F) forall F € Ag. In
particular, if C is a closed subset of E, then

My(CN A < s (€N A <57 u(C) <57 u(E).
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As this holds for all integers k > 1 and closed sets C € E C A = Up>1Ax,
we deduce that I14(C) < s~ W(E). By the regularity of u, on taking the
supremum over all closed sets C contained in E, we conclude that

My(E) < s~ u(E).
Letting s increase to c finishes the proof. ]

Replacing ¢(r) by r’ and H, by H' in Theorem 1.6.1 and IT, by IT" in
Theorem 1.6.2, we immediately get the following two results.

Theorem 1.6.3 (Frostman Converse-Type Theorem for Hausdorff Measures)
Fix t > 0 arbitrary. Let (X, p) be a metric space and u a Borel probability
measure on X. Fix a Borel set A C X. Assume that there exists a constant
c € (0, +00] (1/400 = 0) such that

(1)
B
limsup LB
r—0 rt

for all points x € A except for countably many perhaps. Then the
Hausdorff measure H; satisfies

Hi(E) < ¢ '8'u(E)
for every Borel set E C A. In particular,
H;(A) < 400 (H;(A) =0 if ¢ = +00).
(2) If; conversely,

B(x,
lim Sup M S C
r—0 rt

< +00

forall x € A, then
W(E) < H(E)
for every Borel set E C A. In particular,
H;(A) >0
whenever u(E) > 0.
Theorem 1.6.4 (Frostman Converse-Type Theorem for Packing Measures) Fix
t > Qarbitrary. Let (X, p) be ametric space and |1 a Borel probability measure

on X. Fix a Borel set A C X and assume that there exists ¢ € (0, +00]
(1/4-00 = 0) such that
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6]

lim inf

B )
M <c forallx € A.
r—0 rl

Then
n(E) < I (E)
for every Borel set E C A. In particular, if W(E) > 0, then
I1,(E) > 0.

(2) If conversely,

lim inf
r—0

B(x,
M >c forallx € A,
-

then
M(E) < ¢ w(E)
for every Borel set E C A. In particular, if u(E) < 400, then
I, (E) < +o0.

In the opposite direction to Frostman Converse Theorems, there is the follow-
ing well-known theorem.

Theorem 1.6.5 (Frostman Direct Lemma) Let X be either a Borel subset of a
Euclidean space RY, d > 1, or an arbitrary compact metric space. If t > 0
and H;(X) > O, then there exists a Borel probability measure . on X such that

w(B(x,r)) <r'
for every point x € X and all radii r > 0.

This is a very interesting theorem, although Frostman Converse Theorems
seem to be more suitable for estimating and calculating Hausdorff and packing
measures and dimensions.

1.7 Hausdorff and Packing Dimensions of Measures

In this section, we define the concepts of dimensions, both Hausdorff and
packing, of Borel measures. We then provide tools to calculate and estimate
them. We also establish some relations between them. The dimensions of mea-
sures play an important role in both fractal geometry and dynamical systems.
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We start this section with the following simple but crucial consequence of
Theorem 1.6.3.

Theorem 1.7.1 (Volume Lemma for Hausdorff Measures) Suppose that p is
a Borel probability measure on a metric space (X, p) and that A is a bounded
Borel subset of R". Then

(@) If ®(A) > 0 and there exists 01 such that, for every x € A,

liminf [22F B

o1,
r—0 logr

then HD(A) > 6.
(b) If there exists 6, such that, for every x € A,

log w(BGx.r) _,

lim inf < 0,

r—0 logr
then HD(A) < 6,.

Proof (a) Take any 0 < 6 < 0;. Then, by assumption,
lim sup p(B(x, r))/r9 =0.

r—0

It, therefore, follows from Theorem 1.6.3(2) that H?(A) =-+oc0. Hence,
HD(A) > 6. Consequently, HD(A) > 6.
(b) Now take an arbitrary 6 > 6,. Then, by assumption,

lim sup u(B(x,r))/r? = +o0.

r—0
Therefore, applying Theorem 1.6.3(1), we obtain that H?(A)=0. Thus,
HD(A) < 6 and, consequently, HD(A) < 6,. The proof is finished. |

Similarly, one proves the following consequence of Theorem 1.6.4.

Theorem 1.7.2 (Volume Lemma for Packing Measures) Suppose that p
is a Borel probability measure on R", n > 1, and A is a bounded Borel
subset of R".

(a) If u(A) > 0 and there exists 01 such that, for every x € A,
log w(B(x,r) _

lim sup 01,

r—0 10g r
then PD(A) > 0.
(b) If there exists 0, such that, for every x € A,

S lognBr) _ o

lim su < 0,,

r—0 logr
then PD(A) < 0,.
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We will now apply Theorem 1.7.1(a) to get quite a general lower bound
for the Hausdorff dimension, the one that is a generalization of a result due
to McMullen [McM1], the proof of which is taken from [U1]. Although this
result is usually applied in a dynamical context, it really does not require any
dynamics to formulate and to prove it.

As always in this section, let (X, p) be a metric space and u be a Borel
probability upper Ahlfors measure on X, meaning that there exist constants
h > 0and C > 1 such that, for every x € X and r > O,

1(B(x,r)) < Crh. (1.48)

We then call & the exponent of w. For any integer k > 1, let E; be a
finite collection of compact subsets of X, each element of which has positive
measure . We denote:

k:=|]JF (1.49)
FeE;
We assume the following.
Ifk>1,F,G € Eg,and F # G, then w(F N G) = 0. (1.50)
Every set F € Ej41 is contained in a unique element G € Ej. (1.51)

For every integer k > 1 and every set F € Ey, define

124 (D N UDEEk+1 D)

density | | J D.F (1.52)
Dek w(F)
k+1
and assume that
Ay := inf { density U D, F|: FeEyy >0 (1.53)
DeEyy
for every k > 1. Put also
di := sup {diam(F): F € Ei}.
Suppose that d; < 1 for every k > 1 and that
lim d; = 0. (1.54)
k— o0
‘We then call the collection
{Ek}l(zi1
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a McMullen sequence of sets. Let

Eoo = ﬁ F.

k=1 FeE;

We shall prove the following generalization of a McMullen result from
[McM1], the proof of which is taken from [U1].

Proposition 1.7.3 If {Ex}72 | is a McMullen sequence of subsets of a metric
space (X, p) endowed with a Borel probability upper Ahlfors measure |
having exponent h, then

k—1

_ylogA;

HD(Eoo) > h — lim sup 2ol
k—o00 log di
Proof We construct inductively a sequence of Borel probability measures
{vk}z2, on K as follows.
Put v; := p and define vy by putting, for each Borel set A C K,

ANFN D
Ve+1(A) = Z H( UDEEHI )

v (F). (1.55)
FeE, M (F N UDGEHID)

This definition makes sense since, by (1.52) and (1.53), we see that
7 (F N UDGEk+1 D) > (. By induction, we get for every k > 1, that

v UD =1, (1.56)

DeEy

and it follows from properties (1.49)—(1.51) that vi4+1 is a Borel probability
measure indeed. In view of (1.55) and (1.50), we have that vy (F) = v (F)
for each F' € Ej. Hence, using (1.50) and (1.51), we conclude by induction
that v, (F) = v (F) for every n > k. Since limy_,  dy = 0, we, therefore,
obtain a unique probability measure v on K (being the weak limit of measures
vg) such that

V(F) = v (F) (1.57)

for every F € Ej. Looking now at (1.56) and the definition of the set E, one
gets

V(Ex) = 1. (1.58)
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Making use of (1.55) and (1.57), one easily estimates, for every F € Ej, that

w(F)

WF) < —227
Aj—1, ..., A1

(1.59)
In view of Theorem 1.7.1, the Volume Lemma for Hausdorff Measures, in
order to prove that HD(E) > § for some § > 0 it is enough to show that

1 B

1.60
r—0 logr (1.60)

for v-a.e. x € E.

Now consider x € Ex and 0 < r < sup;(dx) arbitrary. Then there exists
an integer k = k(r) > 1 such thatdy4+; <r < di. Let E(x,r) be the union of
all sets in E41 which meet B(x,r). Then é(x,r) C B(x,2r) and, using (1.59)
and (1.48), we get

log v(B(x,r)) - log M(E(XJ”)) - Z]]:} log A

logr - logr
_ logC+hlog2 +hlogr le;}logAj
- logr logd;

Since lim, .o k(rr) = 0o, we, therefore, obtain that

k—1
hjnj(l)lf log vl(OB;(rx,r)) S ho H]?lS;p Zj;)lglzf Aj'
In view of (1.58) and by applying Theorem 1.7.1(a), this finishes the proof. l
Now we define the following main concepts of this section.
Definition 1.7.4 Let i be a Borel measure on a metric space (X, p). We write
HD, (u):=inf{HD(Y): u(¥Y)>0} and HD*(u) = inf{(HD(Y): u(X\Y)=0}.
Of course,

HD, (1) < HD*(w),

and, in the case when HD, (1) = HD*(u), we call this common value the
Hausdorff dimension of the measure p and we denote it by HD ().

An analogous definition can be formulated for packing dimensions, with
respective notation PD,(u), PD*(u), and PD(u), and the name packing
dimension of the measure p.

The next definition introduces concepts that are effective tools to calculate
the dimensions introduced above.
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Definition 1.7.5 Let p be a Borel probability measure on a metric space
(X, p). For every point x € X, we define the lower and upper pointwise
dimensionof the measure u at the point x € X, respectively, as

log (Blx.r)) and d,(x) := limsup w.

d := liminf
4, ) logr r—0 logr

In the case when both numbers d " (x) and Eu (x) are equal, we denote their
common value by d, (x). We then obviously have that

log j1(B(x, 7))

d = i
w®) rl—% logr

and we call d,(x) the pointwise dimension of the measure p at the point
x € X.

The following theorem about Hausdorff and packing dimensions of a Borel
measure u follows easily from Theorems 1.7.1 and 1.7.2.

Theorem 1.7.6 If u is a Borel probability measure on a metric space (X, p),
then

HD, (1) = essinfd,,, HD* () = ess sup d,
and
PD, (1) = essinfd,, PD*(u) =esssupd,.

Proof Recall that the p-essential infimum ess inf of a measurable function
¢ and the p-essential supremum esssup of this function are, respectively,
defined by

essinf(¢) := su inf ¢(x) and esssup(¢) := inf sup ¢(x).
M(N)p=0XEX\N P /t(N):OxEXI\)N

Put ¢, ::= essinf ¢. We shall prove that

1w 1 ((0,¢:)) =0 and u(@'((0,0)) >0 (1.61)

for all & > ¢,. Indeed, if we had (¢~ 1((0,¢5))) > 0, then there would exist
0 < ¢y with (¢~1((0,0]) > 0. Hence, for every measurable set N C X with
u(N) = 0, we would have that infx\y ¢ < 6. Thus, ess inf¢p < 6, whichis a
contradiction, and the first part of (1.61) is proved.

For the second part, proceeding also by way of contradiction, assume that
there exists 0 > ¢, with

(g~ ((0,0)) = 0.
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Then for N := ¢~'((0,0)), we would have that infx\n(¢) > 6. Hence,
ess inf¢ > 6, which is a contradiction, and this finishes the proof of (1.61).
This formula, applied to the function ¢ := d, tells us that, for every Borel
set A € X, with w(A) > 0, there exists a Borel set A’ € A with u(A’) =
w(A) > 0 such that, for every x € A’, we have that iu (x) = d+. Hence,

HD(A) > HD(A') > Ay
by Theorem 1.7.1(a). Thus,
HD, (1) = dys. (1.62)

On the other hand, for every 6 > 61, we have that /L({x eX: du x) < 9}) > 0.
Hence, by Theorem 1.7.1(b),

HD({x: Qﬂ(x) <0} <6.
Therefore, HD, (1) < 6. So, letting 6 \( 91, we get
HD. (1) < dyx.

Along with (1.62), we, thus, conclude that HD, (1) = d.

One should proceed similarly to prove that HD* (i) = ess sup d . (x) and to
obtain corresponding results for packing dimensions. For the latter, one should
refer to Theorem 1.7.2 instead of Theorem 1.7.1. |

Definition 1.7.7 A Borel probability measure © on a metric space (X, p) is
called dimensional exact if and only if, for u-a.e. x € X, d;, (x), the pointwise
dimension of the measure y at x exists and is p-a.e. constant.

As an immediate consequence of Theorem 1.7.6, we get the following.

Proposition 1.7.8 If i is a Borel probability dimensional exact measure on a
metric space (X, p), then both HD(u) and PD(mu) exist; moreover

HD(un) = PD(n) = dy,

where d, is the ji-a.e. constant value of the pointwise dimension of |i.

1.8 Box-Counting Dimensions

We shall now examine a slightly different type of dimension; namely, the box-
counting dimension. This dimension, as we will shortly see, is not given by
means of any outer measure. It behaves worse: it is not o-stable and a set and
its closure have the same box-counting dimension. Its definition is, however,
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substantially simpler than those of Hausdorff and packing dimensions and
is frequently easier to calculate or to estimate; it also frequently agrees with
Hausdorff and packing dimensions and is widely used in the physics literature.

Definition 1.8.1 Let 0 <r < 1 and A C X be a bounded set. Define N(A,r)
to be the minimum number of balls of radius at most » with centers in A needed
to cover A. Then the upper and lower box-counting (or, more simply, box)
dimensions of A are, respectively, defined to be

— . log N(A,r)
BD(A) :=limsup ————
r—0 - log r
and
log N(A,r)

BD(A) := liminf
r—>0  —logr

If these two quantities are equal, their common value is called the box-counting
dimension, or simply the box dimension, of A, and we denote it by BD(A).

As said, the box-counting dimensions do not share all the congenial properties
of the Hausdorff dimensions. In particular, they are not o-stable. To see this,
observe that

BD@N0,1]) =1 # 0 = sup{BD({g}): ¢ € QN [0, 1]}.

The box-counting dimension is, however, easily seen to be finitely stable; see
Proposition 1.8.2.

Proposition 1.8.2 If (X, p) is a metric space and Fy, F;,...,F, is a finite
collection of subsets of X, then

BD(F; UF,U---UF,) = max {BD(F}),BD(F>), ...,BD(Fy)}
and the same formula holds for the lower box-counting dimension.

The terminology “box counting” comes from the fact that in Euclidean spaces
we may use boxes from a lattice rather than balls to cover the set under scrutiny.
Indeed, let n > 1, X = R”, and L(r) be any lattice in R” consisting of cubes
(boxes) with edges of length r. For any A C X, define

L(A,r) =card{C € L(r): CNA # ¢}.
Proposition 1.8.3 If A is a bounded subset of R", then

_ log L(A,
BD(A) = lim sup LA
r—0 - IOg r
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and
log L(A,
BD(A) = lim inf 8L
r—0 —logr
Proof Without loss of generality, let 0 < r < 1. Select points x; € A so that

N(A,r)
Ac |J Bwir.
i=1
Fix 1 < i < N(A,r) momentarily. If C € L(r) is such that d(C,x;) <r,
where d denotes the standard Euclidean metric on R”, one immediately
verifies that C € B(x;,r + r/n) = B(x;,(1 + /n)r). Thus, for any given
1 <i < N(A,r), we have that

MB(xi, (1 4+ /n)r)) - e[+ vmyr]”

A(cube of side r) rit
= cn(1+/n)",
where A denotes the Lebesgue measure on R” and ¢, denotes the volume of the

unit ball in R”. Since every C € L(A,r) admits at least one number 1 < i <
N(A,r) suchthatd(C,x;) < r, wededuce that L(A,r) < N(A,r)c,(1+/n)".

#CeL(r):d(C,x;) <r}=

Therefore,
log L(A,r) < log(c,,(l + «/ﬁ)”) + log N(A,r).
Hence,
log L(A,r) _log(ea(l+/m)")  log N(A.r)
—logr ~— —logr —logr
So,
log L(A — log L(A
imsup 2ELAD BB A and timinf 2EEAT) _ ppay.
r0  —logr r-0 —logr

For the opposite inequality, again let 0 < r < 1 and, for each C € L(A,r),
choose xc € C N A. Then C N A C B(xc,r+/n). Thus, the family of balls

{B(xc.rv/n): C € L(A,r)}
covers A. Therefore, N(A,r+/n) < L(A,r). It then follows that

_ Jog L(A. . log L(A,
BD(A) < limsup €247 4 BD(A)(4) < hml(I)lfM.
r—

r—0 —log

—logr
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Now we return to our general setting. Let (X, p) be again a metric space,
A C X, and r > 0. Further, define P(A,r) to be the supremum of the cardi-
nalities of all packings of A of the form {B(x;,r)}?2,, so

P(A,r) := sup {#{B(xi,r)}?il }

Such packings will be called r-packings of A in what follows. We shall prove
the following technical, though interesting in itself, fact.

Lemma1.84 I[fA C X andr > 0, then N(A,2r) < P(A,r) < N(A,r).

Proof The first inequality certainly holds if P(A,7) = oo. So, assume that
this is not the case and let {(x;, r)}f?=1 be an r-packing of A that is maximal in
the sense of inclusion. Then {B(x;, 2r)}f?=1 is a cover of A and, consequently,
N(A,2r) < P(A,r). For the second inequality, there is nothing to prove
if N(A,r) = oo. So, again, let {(x,-,r)}ﬁ.‘=1 be a finite r-packing of A and
assume that

(B

is a finite cover of A with centers in A. Then, for each 1 < i < k, there exists
1 < j(i) < £ such that

xi € B(yj@)r)-

We will show that k < £. In order to do this, it is enough to show that the
function i — j(i) is injective. But, for each 1 < j < ¢, the cardinality of
the set

[tk 0BGy

is at most 1 (otherwise, {()ci,r)}i.‘=1 would not be an r-packing), and so the
function i — j (i) is injective, as required. Thus, P(A,r) < N(A,r). |

These inequalities have the following immediate implications.

Corollary 1.8.5 If X is a metric space and A C X, then

S log P(A
ol —logr
and
log P(A,
BD(A) = liminf & A7)
r—0 — logr

As an immediate consequence of this corollary and of the second part of
Definition 1.8.1, we obtain the following.
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Corollary 1.8.6 If X is a metric space and A C X, then
HD(A) < BD(4) < PD(A) < BD(A).
We end this section with the following.

Proposition 1.8.7 Let (X, p) be a metric space endowed with a finite Borel
measure [ such that

1(B(x,r)) = Cr'

for some constant C > 0, all x € X, and all radii 0 <r < 1. Then
BD(X) < 1.

If, on the other hand, u(X) > 0 and

1w(B(x,r)) < Cr'!
for some constant C < 400, all x € X, and all radii 0 < r < 1, then

BD(X) = HD(X) = 1.
Finally, if w(X) > 0 and
C7lr' < u(B,n) < Cr'
for some constant C € [1, 4+00), all x € X, and all radii 0 < r < 1, then
BD(X) = PD(X) = HD(X) =t.

Proof We start with the first inequality. Let { B(x,r)}f: | be an r-packing of
X. Then

kr' < C7! Xk:u(B(xi,r)) <c
i=1
Hence, k < C~'r~". Therefore, P(X,r) < C~'r~'. Consequently,
log P(X,r) < —logC —tlogr.
In conjunction with the first formula of Corollary 1.8.5, this yields
BD(X) < 1.

The second assertion of our proposition directly follows from the first inequal-
ity of Corollary 1.8.6 and from item (2) of the Frostman Converse-Type
Theorem for Hausdorff Measures (Theorem 1.6.3).

The last assertion of our proposition is now an immediate consequence of
the two first assertions and Corollary 1.8.6. |
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