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ABSTRACT. We consider a Cantor-like set as a geometric projection of a Ber-
noulli process. P. Billingsley (1960) and C. Dai and S.J. Taylor (1994) intro-
duced dimension-like indices in the probability space of a stochastic process.
Under suitable regularity conditions we find closed formulae linking the Haus-
dorff, box and packing metric dimensions of the subsets of the Cantor—like set,
to the corresponding Billingsley dimensions associated with a suitable Gibbs
measure. In particular, these formulae imply that computing dimensions in
a number of well-known fractal spaces boils down to computing dimensions
in the unit interval endowed with a suitable metric. We use these results to
generalize density theorems in Cantor-like spaces. We also give some examples
to illustrate the application of our results.

1. INTRODUCTION

In this note we take the standard viewpoint of thinking of Cantor-like construc-
tions as geometric projections of the space of realizations of a Bernoulli process
[11]. Billingsley [1] introduced a Hausdorff-like dimensional index in the proba-
bility space of a stochastic process to evaluate the size of null-probability events.
Dai and Taylor [9] have recently defined, in a Billingsley setting, dimension indices
inspired on the box and packing dimensions from geometric measure theory [20].
Since the dimension-like indices in [1, 9] (Billingsley dimensions for the sequel)
are defined as measure-theoretic objects, their analysis builds on the probability
structure of the process. We investigate how fractal dimensions defined on different
Cantor-like spaces can be obtained from Billingsley dimensions associated with the
commom underlying process.

In section 2 we define a metric in the probability space of a Bernoulli process
so that Billingsley dimensions are obtained as standard metric dimensions. To
our knowledge, this fact has remained unnoticed in the literature [1, 2, 6, 9]. In
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section 3 we obtain general formulae (see Theorem 3.6) linking Hausdorff, packing
and box metric dimensions to the corresponding Billingsley dimensions defined in a
suitable probability space, which is determined from the theory of Gibbs measures.
Specifically, we prove that each fractal dimension of a subset of the space is a
constant (the dimension of the space) times the corresponding Billingsley dimension
of the associated subset of realizations of the process. We require some control on
the geometry of the construction, and we show that a number of well-known fractal
constructions are obtained as particular cases in this setting. The main result in
this section can be seen as follows: once the ambient space F has been constructed,
fractal dimensions in F can be computed in the unit interval endowed with an
adequate metric, and thus the geometry of E does not play any further role for
computing dimensions in E. In section 4 we obtain density theorems which provide
dimension bounds for the subsets of F from information supplied by Billingsley
dimensions. In section 5 we give some examples and applications of the results in
earlier sections. In particular we apply our results to the multifractal description
of some measures with Cantor-like support. The research described in this paper
can be extended to constructions driven by more general (random) schemes.

2. PRELIMINARIES

We first introduce the class of geometric constructions considered in this paper.
Let F = F, be a nonempty compact subset of RY. We assume that |F| = 1, where
| - | stands for diameter in RY. Let m > 2 be an integer, and M = {1,2,... ,m}.
Let {F;, . i i, €M, j=1,... ,k, k &N} be a collection of nonempty compact
subsets of F' satisfying F;, ;. ; C F;, . 4, for j € M and k € NU{0}. We assume
that maxg;, . . |[Fi,,... i.| = 0 as k — +oo. The Cantor-like set associated with
the construction is the compact set defined by

(2.1) E=(1 U Fu.i
KEN (iy,... ix)EMPF

The set E can be considered as the image of the code space M> := X° M
under the (coding) mapping 7 : M +— E, defined by
(22) W(il,ig,...) = ﬂ E17i2;~~~7ik'

keN

We next recall some standard definitions in geometric measure theory (see, e.g.,
[10, 13]). Let (X, d) be a metric space, A C X and § > 0. A collection R = {B; };en
of closed balls in X is a d-covering of A if A C |J, B; and diam(B;) < § for
all 4, where diam(-) stands for the diameter of a subset in (X,d). Assume that
B; = B(zi,6;), R is called a 6—packing of A if z; € A, §; < ¢ for all i, and
B(z;,0;) N B(xj,0;) = 0 for ¢ # j. Let t > 0. The t-dimensional (spherical)
Hausdorff measure of A is defined by

H'(A) = sup inf {Z(diam(Bi))t: {B;}i; is a d—covering of A}.
9>0 ieN

The Hausdorff dimension of A can be defined by dimA = inf{t : H*(A) = 0}. The
t—dimensional packing pre-measure of A is defined by

-t . N . R - .
P(A) = ér;%sup {2(251) : {B(z;,0;)}: is a d—packing of A} .

€N



THE ROLE OF BILLINGSLEY DIMENSIONS 563

The (upper) box or Minkowski dimension of A is given by A(A) = inf{¢ : ﬁt(A) =
0}. The t—dimensional packing measure of A is defined by

PY(A) = inf {Z?(Ai) JAioA Aic X} ,

ieN ieN
and the packing dimension of A is the value given by DimA = inf{t : P/(A) = 0}.
It is well known that dim(A) < Dim(A) < A(A) for A C X.

Let M* = Jcny M*. Giveni= (i1,i2,...) € M*> and k € N, i(k) stands for the
sequence (i1, 42, ... ,i;). For j € M* we will write [(j) = k; the set [j] := {i € M :
i(k) = j} is called a cylinder set. The o—algebra generated by the cylinder sets will
be denoted by o(C). Let v be a probability measure defined on (M>,o(C)). We
define, for i,j € M,

co Jor(Ag), i #],
(23) du(lv.]) - { 07 i :j,
where 1A is the longest finite sequence heading both i and j, i.e. if k =I(iAj) > 0,
then i(k) = j(k) =iAj but ép41 # Jrt1-

In the following lemma we assume that every cylinder has positive v-measure.
This is a strong assumption but it is not necessary to obtain Billingsley dimensions
as standard metric dimensions in the general case (see Remark 2.3 below).

Lemma 2.1. Let v be a non-atomic probability measure on (M*,0(C)) such that
v([i]) > 0 for all i € M*; then (M®,d,) is a compact, complete, and separable
metric space.

Proof. To check the triangle inequality
(2.4) dy(1,j) < dy (i, k) + dy (k, j),

take three distinct codes i, j, k € M (otherwise (2.4) is trivial) and let I(iAj) = n.
In case that n > 1 and 0 < I(k A1) < n, then [iAj] C kAi]. IflI(kAL)>n >0,
then min{l(kA1i),l(kAj)} =n (otherwise I(iA]) > n) and thus either [iAj] = [kAj]
or [iAj] = [kAi]l. In any case (2.4) follows from (2.3). Since the metric d, induces
the product topology, the result follows. O

Since diam([i]) = v([i]) for all i € M*, Lemma 2.1 implies that the definition
of Hausdorff dimension in the metric space (M, d,) coincides with the dimension
defined by Billingsley in the probability space (M, o(C),v) [1]. Similarly, the def-
initions of box and packing dimensions in (M°°,d, ) coincide, respectively, with the
definitions of box and packing dimensions in (M, o(C), v) given by Dai and Taylor
in [9]. In view of Lemma 2.1, dimension-like properties of Billingsley dimensions,
say o-stability, are consequences of the theory of dimension in metric spaces (see,
e.g., [8]). Following [1, 9], we will call a d-covering (respectively, a d-packing) in
(M*.,d,) a (v,d)-covering (resp. a (v,d)-packing); and we will denote the Haus-
dorff, box, and packing Billingsley dimensions associated with v by dim,,, A, and
Dim, respectively. We will use below the fact that dim, (A4) =1 if v(A) > 0.

Remark 2.2. Let (2, A, v) be a non-atomic probability space in which a stochastic
process with discrete state space is defined. A metric as d,, in (2.3) can be defined in
Q provided that the o—algebra A contains the class of cylinder sets, and that every
cylinder set has positive v—measure. Therefore Billingsley dimensions are obtained
from classical definitions of metric dimensions also in this general case.
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Remark 2.3. Notice that Billingsley dimensions are obtained as metric dimensions
also in the case when some cylinder has null v-measure. This is a consequence of
the definitions of Billingsley dimensions and of the metric d,, above. In such a case,
d, is not a “nice” metric but rather a pseudometric in the code space M*°. We
have required that v([i]) > 0 for all i € M* in Lemma 2.1 since this holds for the
Gibbs measure we consider here (see Remark 3.1).

3. LINKING GEOMETRIC DIMENSIONS TO BILLINGSLEY’S DIMENSIONS

Let H denote the class of Holder-continuous functions ¢ : M — (0, +00), and
let TI(¢) denote the topological pressure of ¢, that is,

1
II(¢) = lim —log exp( sup S,¢(i)),
n—+oon i,GZMn i€fi'jnMee
where S,o(i) = ZZ;S #(7%i) and 7(iy,%2,...) = (i2,43,...) is the Bernoulli shift
on M. It is well known that there is a unique real number s = s4 > 0 such that

(3.1) II(—s¢) = 0.

Furthermore, there exists a unique Borel probability measure v4 such that, for some
¢ >0 and for any i € M* and n € N,

(3.2) ¢ lexp(—spSne(i)) < v([i(n)]) < Cexp(—s4Sné(i)).

We will call vy the Gibbs measure associated with ¢. See [5] for the theory of Gibbs
measures and the thermodynamic formalism.

Remark 3.1. Since ¢ € H is bounded away from zero, (3.2) implies that the measure
vy satisfies the hypotheses of Lemma 2.1.

We will impose some conditions on the construction, similar to those defined by
Pesin and Weiss in [18]. We say that ¢ € H is u—estimating for the Cantor-like
construction defined by (2.1) if there exists C,, > 0 such that, for all i € M and
n €N,

This is a strong uniform condition on the size of the sets Fj(,), which is satisfied
by a number of classical constructions (see Examples 3.7 and 3.8 below).

Lemma 3.2. Let ¢ be u-estimating for the construction (2.1), and let vy be the
Gibbs measure associated with ¢. For any A C M®, dim7m(A) < sgdim,,, (4),
Am(A) < s4A,,(A), Dimm(A) < 54Dim,, (A), where 7 is defined in (2.2) and sy
is given by (3.1).

Proof. Endow M with the metric dg := d,, defined in (2.3). Since ¢ is u—
estimating it follows from (2.2), (3.2), and (2.3) that, for i,j € M,

dist(r(D), 7(J)) < [Finj] < Cuexp(=Sian #(1) < Cul'/™ (ds(1,3))"/*
(dist denotes the euclidean metric). From [10, Proposition 2.3] and Lemma 2.1,
it follows that dimm(A4) < s4dy — dim(A) = sgdim,,, A, where dy — dim denotes
Hausdorff dimension computed in the metric space (M, dg). Notice that the proof

of [10, Proposition 2.3] applies in our case. The inequalities for the box and packing
dimensions follow in a similar way. O
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Let ¢ € H. Recall that I(i) = k whenever i € M*. For i € M*, let v :=
supi,e[i]{exp(—Sl(i)qS(i'))}. Given a ball B of small radius r > 0, we define

(3:3) Go(B) ={i€ M" : v <7 < iuw-1), 7([i)) N B #0}.

We say that ¢ is [-estimating for the construction (2.1) if there exists ¢ = ¢4 < 400
(independent of r) such that cardGy(B) < ¢ for any ball B of radius r. Whenever
such a ¢ exists the class of cylinders in (3.3) can be used instead of balls to obtain
lower bounds for the fractal dimensions of subsets of the Cantor—like set F.

Lemma 3.3. Let ¢ € H be l-estimating for the construction (2.1), and let vy be
the associated Gibbs measure. For any A C M, dimm(A) > sgdim,,, (A).

Proof. Let t < dim,, A, and let 6o > 0 be such that
(3.4) > vs(Ci)' >0
ieN
for any (vg,dp)—covering {C;}; of A by cylinders. Write s = s4 and let § <
2(¢160)/*, where ( is the constant in (3.2). Let {B;}; be a 6—covering of 7(A) by
balls. From (3.3) and (3.2), it follows that | J,{[i] : i € G4(B;)} is a (v, do)—covering
of 771(m(A)) D A. Since ¢ is [-estimating, (3.2) and (3.4) together give
Z |Bi|8t > 25tq—1 Z Z 'ViSt > 2stq—1<—t Z Z V¢([i])t >0,
; i i€Gy(Bi) i i€G4(Bi)
and therefore dimm(A) > st. O

For a subset A of a metric space and 6 > 0, let N(A,0) denote the minimal
number of closed balls of diameter ¢ (or less) which cover A; the box dimension
satisfies (see [8])

L log N(A,9)
(3.5) A(A) = hr;lj(t)lp “ogs

Lemma 3.4. Let ¢ € H be l-estimating for the construction (2.1), and let vy be
the associated Gibbs measure. For any A C M such that A% (A) > 3, we have
AT(A) > s40.

Proof. Write s = s4 and assume that Am(A) < sf. It follows that for all § > 0 small
enough, Nj < 67, where N} denotes the minimum number of closed balls with
radii § that cover m(A) [10]. Let By, ..., Bys be Nj closed balls of radii ¢ covering
m(A), and consider the collection of cylinders G(9) := vagl{[l] 11 € Gy(B;)}. From
(2.3), (3.2), and (3.3) it follows that G(9) is a (vg,(0%)—covering of A. Since ¢ is
l[-estimating, cardG(d) < ¢N§, and thus
C logN(AC6) . log(gN)
limsup ———————= < limsup ————2= < .
oo —log(ca) T aln" ~log(co")
Definition (3.5), Remark 3.1 and Lemma 2.1 together imply that A,,(4) < 8. O
For any subset A of a metric space, it is proved in [8] that
(3.6) DimA = inf {sup A(A;) A7 A} .
ieN
Lemma 3.5. Let ¢ € H be l-estimating for the construction (2.1), and let vy be
the Gibbs measure associated with ¢. For A C M, Dimn(A) > s¢Dim,,, (4).



566 JOSE-MANUEL REY

Proof. Assume that Dimm(A) < s,0. From (3.6) there is {4;}; such that A; 7 w(A)
and AA; < syf for all i. Lemma 3.4 gives A, (77 (A;) N A) < 3 for all i. Since
(m=1(A;) N A) 1 A, (3.6) and Lemma 2.1 give Dim,, (4) < S. O

We say that the Cantor-like construction (2.1) is ¢—estimated if there exists a
function ¢ € H which is both u—estimating and [—estimating for the construction.
The condition that the construction is ¢-estimated allows us to compute geometric
dimensions within the space E using cylinders sets in the metric space (M, dy).

Theorem 3.6. Let E be the limit set of a ¢p—estimated Cantor—like construction,
and let vy be the associated Gibbs measure. For any A C M it holds that
dimm(A) = sgdim,, (A), Am(A) = s4A,,(A), and Dimr(A) = s4Dim,,, (A), where
7 is given by (2.2) and sg4 is defined by (3.1).

Notice that Theorem 3.6 reduces different geometric—size problems (e.g., con-
sider different ¢-estimated spaces) to the same question on M. This is a sort of
rigidity property, independent of the geometry of the ambient space. Since M>° is
identified with the unit interval except for a countable set of codes, Lemma 2.1 and
Theorem 3.6 imply that computing dimensions in ¢-estimated spaces boils down to
computing dimensions in ([0, 1], dy). We collect below some well-known geometric
constructions that are ¢—estimated.

Example 3.7. Moran-like constructions [18]. The basic sets {F; : i € M*} satisfy:
i) there exist 0 < r; < 1, ¢ € M, and positive constants Cy, Cs such that, for all
ie M*, B, C F; C B;, where B; and B; are closed balls with radii Cyr; and Cary,
respectively (we abbreviate the product r;, - - -7, by 7).

i) intB; NintB; = () for all i,j € M* such that neither [i] C [j] nor [i] O [j].
This type of constructions includes as a particular case the classical Moran con-
struction in which Fj . ; ; is geometrically similar to Fj, . ; with similarity
ratio given by r;. The construction is ¢—estimated by ¢(i) = —logr;, (that ¢ is
l-estimating follows from [11, Lemma 5.3.1]).

Example 3.8. Map—driven constructions. The construction is driven by maps if
there exists a set of contractive mappings ¥ = {¢; : i € M} such that F; = ¢;(F)
for all i € M, where ¢; := ¢;, 0 i, 00, . If the mappings ¢; are conformal
C'*n-diffeomorphisms, 7 > 0, defined on some open set U D F; E is called a
self-conformal set [3]. If the construction takes place in R and a strong separation
condition holds, F is called a cookie—cutter set [10]. A Cantor-like construction is
said to satisfy the open set condition if

(3.7) intFi NintFy =0, for alli,je M™, i#j, neN.
Self-conformal constructions satisfying (3.7) are ¢—estimated by
(i) = —log | @5, (m(7(1))) | -
This fact follows from results in [3]. If the mappings ¢; are similarities, the set
E is called self-similar. If condition (3.7) holds, the construction is ¢—estimated

by ¢(i) = —logr;,, where here r; := lipp; is the contraction ratio of ¢;. The
dimensions of E are given by the ‘similarity dimension’ s of ¥, defined by

(38) > =1
JjEM

(see [11, 10]), which is a particular case of the pressure equation (3.1).
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Remark 3.9. The unit interval is the self-similar set generated by the similarities
vi(z) = m~ Yz +1i), i € {0,1,...,m — 1}. We thus get the so-called ‘Lebesgue
case’ considered in [1, 9], where it was shown that the Hausdorff and packing
Billingsley dimensions associated with v := xf"(%, (m) %) coincide, respectively,
with the Hausdorff and packing metric dimensions in the real line. Theorem 3.6
thus generalizes these facts to the case of Cantor-like constructions.

4. GENERALIZING DENSITY THEOREMS IN CANTOR—LIKE CONSTRUCTIONS

A standard approach to obtain lower bounds for the dimensions of a set B ¢ RY
is to distribute a probability measure p so that u(B) > 0 and a suitable local density
of i (see, e.g., (5.8) and (5.9) below) is uniformly bounded on B [10, 13, 20, 9, 15].
Theorem 4.1 below weakens the hypotheses of standard density theorems in the
sense that the set B may not have positive y—measure. If B is a p-null subset of
a Cantor-like space, information about its u-size supplied by Billingsley dimension
still allows us to obtain bounds for its Hausdorff dimension.

Theorem 4.1. Let ¢ be an l—estimating function for the Cantor—like construction
(2.1), and let vy be the associated Gibbs measure. Let A C M, assume that there

1 i(k
is a probability measure v such that lim infw > B forallie€ A, and
k— o0 log I/¢([1(l€)])
assume that dim,, (A) > . Then dimm(A) > s407, where s4 is given by (3.1).

Proof. From [2, Theorem 2.2] dim,,, (A) > v so that Lemma 3.3 concludes. O
To prove a packing version of Theorem 4.1 we need the following lemma.
Lemma 4.2. Let v and p be two probability measures defined in (M>,0(C)), v
I i(k
non-atomic, and let A C M° such that lim sup M < B foralli€ A; then
fr oo log p([i(K)])
Dim, A < gDim, A.

Proof. Let t > Dim, A. From [9, Theorem 4.1(vi)] there exists A; T A such that
lim;j_ 00 % (A;) < 1. Let j be large enough, and let dp = do(j) > 0 be such that

(4.1) S o) <1
cerl

for any (v, d)-packing I' of A;. Let £ > (3, and take n > min{q € N : maxje e v([i])
< 0o} Define

(42) A = (Vi€ Ay 0G0 > (iR}

k>n
Let 6 < min{p([i]) : ([i]) > 0, i € M"}, and let {C;}ien be a (1, 6)-packing of A;,,.
Notice that C; = [i(k)] for some k > n and for some i € A, ,, so that v(C;) < do.
Since {C;}; is also a (v, dp)-packing of A;,,, (4.1) and (4.2) together give

Zu(cnft < Zu(ci)f <1,

and therefore p/(A;,) < 1. Since A;, T A;j as n — +o0, Theorem 4.1(vi) in [9)]
implies that
P(A;) < lim Py (Aj,) < 1.

et
T nodtocol M ’ -
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Since A; T A, [9, Theorem 4.1(v)] gives p&(A) = lim; ;o p§/(A4;) < 1 so that
Dim,, (A) < &t. |

Theorem 4.3 below provides upper bounds for packing dimensions which are
sharper than those obtained from standard density theorems [13, 8, 15] in the case
that v < 1. The proof follows from Lemmas 4.2 and 3.2.

Theorem 4.3. Let ¢ be u—estimating for the construction (2.1), and let vy be
the associated Gibbs measure. Let A C M®, assume that there is a non-atomic

1 ik
probability measure v such that lim sup M
k—+oo 108 V4([i(K)])
that Dim, A <. Then Dimn(A) < s407, where syis given by (3.1).

< B for alli€ A, and assume

5. SOME APPLICATIONS

5.1. Multifractal analysis of measures supported on Cantor-like spaces.
The results in previous sections can be applied to the computation of the multi-
fractal spectra of a class of measures defined on ¢-estimated Cantor-like spaces.
Relevant papers on multifractality include [4, 7, 16]. If v is a probability measure
defined in the metric space (M*°,d,) and pu := v o w~! is the induced measure
supported on a ¢-estimated Cantor-like space E, the (spherical) multifractal com-
ponent of level a > 0 of p is the set defined as

1 B(r(i
E(a) = {w(i) € B : au(n(i)) = lim W = a} .
The Hausdorff and packing multifractal spectra of p are, respectively, the functions
a— fu(a) :=dimE(a), a— F,(«):=DimE(a).

The cylindrical multifractal spectra of the measure p are defined as above but in
terms of the cylindrical logarithmic density, that is,

a— dimC(a), a— DimC(a),

where
Cla) = {w(i) :

It has been proven that the spherical and the cylindrical multifractal spectra coin-
cide in several important cases, namely for product measures on self-similar totally
disconnected constructions [7], then for product measures on self-conformal (and
thus self-similar) constructions satisfying the strong open set condition [17], and for
equilibrium measures on disjointed Moran-like constructions [19] (see Examples 3.7
and 3.8). Since all these constructions are ¢-estimated, it follows from the results
in section 3 that, for all those cases,

51 o) = dmCla) =sefy () Fule) = DinCla) = 5o ()

m ——F=«,.
n—+oo log|Fj(n)|

where f,(-) and §,(-) denote, respectively, the Hausdorff and packing multifractal
spectra of the measure v computed in the space (M, dy). In view of (5.1), the
computations of a number of classical multifractal spectra boil down to the com-
putations of the multifractal spectra of the inducing measure on the code space
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endowed with the metric dg. Moreover, the formulae in (5.1) suggest that when-
ever the multifractal formalism (see e.g. [16]) holds for the geometric measure p, it
also holds for the inducing measure v and vice versa.

5.2. Dimension bounds for Besicovitch frequential sets. Given i € M,
je M* and n > [(j), let

6j(17n) = ﬁcard{q: g = J1y Yg+1 = J25- -+ 5 lq+1(3)—1 = Ji(§)» 1< q <n- l(.]) + 1}7
and write d;(i) = lim,,— 40 05(i,n) whenever such a limit exists.
Let Pt = {(&)jem : fj >0, j € M, 30§ = 1}; and define, for p =
(pj)jem € P,
(5.2) By = [){ie M>:4;(i) =p;},
jeEM
where §;(i) = lim,— 400 9;(i,n). Let E be the limit set defined in (2.1) and let

7 be the associated map deﬁned in (2.2). We call the set m(B)) the Besicovitch

normal set associated with (7,p). Let 0 < r; <T; <1lfor j € M, and assume
that (i) = —logT;, and ¢(i) = —logr;, are u-estimating and [-estimating for
the construction, respectively. Consider the product measure v, := X" p. If Vg

denotes the Gibbs measure associated with ¢, (3.2) and (5.2) together give
imsup (8% iR))  2jenpilogr;
k—too 108 V5([I(K)]) T s5205c0 PjlogT;
for all i € Bp. From the strong law of large numbers, v,(By) = 1 and thus
dim,, B, = Dim, B, = 1, so that Theorem 4.3 gives Dimn(B}) < s¢ﬁ( ). Since
)

_ 2jemPilogp; log vy ([i(k)])
B} = s o por, < P gy (RN

for all i € By, Theorem 4.1 implies that dimm(B},) > s¢3(p). If the construction is

<

= B(p),

¢-estimated, with estimating function ¢(i) = —logr;,, then
(5.3) dim7(B,) = Dimm(B;) = s(p) := Ljen Pilosp;
2 jemPilogr;

Formula (5.3) was obtained in [14, 15] for self-similar constructions.

5.3. Measure—theoretic size of overlapping sets. The overlapping set associ-
ated with the Cantor-like construction (2.1) is defined by ©:={z € E:card{n~!(z)}
> 1}. The following theorem generalizes [14, Theorem 1], and it can be proved in
a similar way.

Theorem 5.1. Let E be the limit set generated by a Cantor-like construction
driven by maps (see Example 3.8). Assume that the open set condition (3.7) holds.
i) Let Q={i€ M>:6(i) >0 for allj€ M*}; then QN7~1(0) = 0.
ii) For any T-invariant and ergodic probability measure such that v([i]) > 0 for
allie M*, v(r=1(0)) = 0.

The simple construction below shows that, under the hypotheses of Theorem
5.1, the Billingsley dimensions of the v-null set 7=1(0©) can be arbitrarily close to
one. Consider the N-dimensional unit cube Qx = [0,1]Y as the self-similar set
generated by the set Uy = {p; : j =0,1,...,2Y — 1}, where @;(z1,72,... ,2n8) =
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%((xlax?a . '7xN) + (bl(j)v bQ(j)v SRR bN(j)))v and (bl(j)7 bZ(j)v B bN(])) € {07 1}N
are the first N digits of the binary expansion of j. From (3.8) we get s = N.
Since the overlapping set Oy is a union of N hyperplanes, Lemma 3.2 implies
dim,,, 7~ 1(On) > 1— %, where vy is the product measure associated with the uni-
form probability on {0,1,...,2% —1}. Although vy (7~}(Oy)) = 0 from Theorem
5.1, the inequality above shows that the Billingsley dimensions of 7=*(©x) can be
arbitrarily close to 1.

5.4. Two exceptional subsets of a self-similar space. We exhibit two subsets
of a self-similar set E which have full dimension (i.e. dimFE), but also have null
Hausdorff and packing measures. Let

(5.4) E= |J {ieM>:5() =0}

jeM~
Under the hypotheses of Theorem 5.1, we have that 7=(©) C Z, which provides
a characterization of the points in the overlapping set in terms of the asymptotic
frequencies of finite sequences of their associated codes.

Theorem 5.2. Let E be the self-similar set generated by ¥ = {p; : j € M} which
satisfies condition (3.7). Let vy = X°ps, where ps = (15 : j € M) and s is
defined in (3.8). Then vg(E) = 0, but dim, = = Dim, = = 1. As a consequence

H*(n(2)) = P*(n(E)) =0, but dimn(Z) = Dimn(E) = s.

Proof. If Q is the set in Theorem 5.1, we have ZNQ = (), and thus v4(Z) = 0. Since
vs is isomorphic to the measures (H*(E))"'H*|g and (P*(E))"'P%|g [11, 12],
H*(n(Z)) = P*(nr(Z)) = 0. For j € M*, let A(j) = {i: limy— 100 dist(d(i,n), A;) =
0}, where 6(i,n) = (dq(i,n))qerrx, and

Ay ={(agenrr : Y Ma=1,15="0,n4 >0 forq# j}.
qEM*

Billingsley [1, Theorem 7.1] proved that

lo
(5.5) dim,_ A(j) = sup anq—gﬁ(: <
(mq) EA; Zq g log Tq

It can be seen that the supremum in (5.5) is given by ¢(j)/s, where t = ¢(j) < s is
defined by > < 5y rq = 1. Since E = Ujcpe A(J) and ¢(§) T s as 1(j) — +oo,

the o—stability of dim,_ implies that dim, ,E = 1. Lemma 3.3 gives dimn(Z) =

Dimn(Z) = s. |
For p € PT, let BF()OO) = Njerr-{i ¢ (1) = pj1pjz - - Pjygp) }» which we call the

Besicovitch supernormal set associated with (7,p). The following corollary gives

the geometric size of the set of points not lying in a supernormal component of a

self-similar set.

Corollary 5.3. Assume that the hypotheses of Theorem 5.2 hold. The set E \

Upgﬂ W(B]()OO)) has Hausdorff and packing dimensions given by s, and also has
null Hausdorff and packing s—dimensional measures.

Proof. Since 7(2) C E\U,ep+ W(B}(,OO)), the claim on dimension is a consequence of
Theorem 5.2. From the ergodic theorem, v (ng’)) =1, and thus P*® (E\W(B;(fzo))) =
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Hs(E\ W(BI(;:O))) = 0 from the measure isomorphism referred to in the proof of
Theorem 5.2. |

5.5. A class of exceptional frequential sets. For p € P, let R, = Njenli€
M®> :|6;(i,n) — pj| = O(n~')}, where a, = O(b,) means that a,/b, remains
bounded as n — +o0o0. The law of the iterated logarithm implies that v,(R,) = 0,
where v, = X7 p. Results in section 4 and a density argument allow us to prove

Theorem 5.4. Assume the hypotheses of Theorem 5.2; let p € PT. Then dimm(R))
= Dimn(R,) = s(p), but H*®)(1(R,)) = P*®)(1(R,)) = 0, where s(p) is defined
in (5.3).

Proof. Inequality dimm(R,,) > s(p) follows from Theorem 4.1, since dim, (Rp) = 1

[1, Theorem 7.1}, and lim log Vp([l(k)]) = 5(p) for all i € R,. To prove that
k—-+oo log vg([i(k)]) s

pS(p)(W(Rp)) =0, define for ¢ € N,

(5.6) R,(q) = m {ieR,:16;(i,n) —p;| < % for all n large enough}.
jeM

Let X(j) = x; := logp; — s(p)logr;, and notice that >, p;jz; = 0. Writing
SX(i) == >"p_, X (ig), it follows from (5.2) and (5.6) that
(5.7) ISX@<n Y 16;(0n) = pyllag| < q > fay| = Cy

jeM JEM
for i € Rp(q) and for all n large enough. For ¢ > 0 and = € E, consider the density
function

i(k
(5.8) C_l;(d?) ;= sup « liminf M .
ier—1(z) k—+o0 ri(k)
For z € w(Rp(g)), some algebra, Theorem 5.1, and inequality (5.7) give
£7(0) > oxp {lmint 53G,) | > exp(-C,) >0
where i, € 77!(z) N Rp(¢q). Now Lemma 4.1 in [15] implies that

< .. . pp(B(x,r
(5.9) Qﬂ(f) (x) := llITn_}(I)lf %S(p))) > Kexp(—Cy) >0,

where y, := v, o~ and K is a constant which depends on W. Since v,(R,) =0
)

Theorem 5.1 gives jup, (7(Rp(g))) = 0, and from [8, Theorem 3.16(a)] P*®)(7(R,(q)))
= 0. Since R, =, ey Bp(q), the result follows from o—additivity. O
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