Classifying Cantor sets by their multifractal
spectrum

Kathryn E Hare! and Leandro Zuberman?

Abstract. The multifractal spectrum of a measure is the dimension of the sets
E(p,a) = {x € supp(p) : lim log u(Br(w)) =1
r—0+ log re

In this work we focus on Cantor measures p and the Cantor sets which support
them. We consider the more general sets, £(u,h), defined by replacing r% by
h(r), and the sets, D(u, ), formed by functions h for which a given element x
belongs to £(p, h). We propose a classification for the Cantor sets in terms of the
sets D(u, z) that is finer than the classification by dimension, but not as fine as
the classification given by the equivalence of associated dimension functions. We
characterize this latter classification in terms of particular subsets of D(u, ).

We also give estimates of dimensions of the sets £(u, h), extending the earlier
multifractal analysis carried out for central Cantor sets and measures.
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1. Introduction

In the study of sets of Lebesgue measure zero the Hausdorff (or packing) s-measure,
where s is the Hausdorff' (resp., packing) dimension of the set, plays a crucial role.
However, not all sets of dimension s have finite and positive s-measure, consequently,
nearly a hundred years ago, Hausdorff in [II] introduced the more refined notion
of Hausdorff h-measures, where the function ¢* is replaced in the definition of the
Hausdorff measure by h(t). More recently, h-packing measures (defined similarly) were
introduced by Tricot in [20] and both classes of measures have been extensively studied.

An important tool in understanding the nature of singular measures (and their
support sets) is the concept of the local dimension of the measure, that is, the limiting
behaviour of log (B (x))/logr as r — 0, and its multifractal spectrum, meaning the
dimension of the sets

— i 108A(Br (@) _
E(p, o) == {x € supp(p) rlir(r)l+ log 1o =1;.

(1)
Multifractal spectra have been used in many applications in hydrodynamic turbulence,
finance, genomics, computer network traffic. For many classes of measures, including
(quasi) self-similar measures, measures on cookie cutters and p-Cantor measures on
central Cantor sets, the dimensions of the sets £(u, @) have been calculated and the
multifractal formalism investigated (see [7), 10, 14] and the references therein). In
this paper we investigate h-local dimensions, where we replace r® by h(r), and the
analogous sets £(u, h). Unlike the set J,, - € (1, @), whose complement can be of full
dimension (cf. [I, 15]), the set (J,, £(u, k) is a decomposition of the support of ;1 since
the function h(r) = u(B,(x)) has the property that x € E(u, h).

We are interested in analyzing Cantor-like sets with gaps given by a sequence of
real numbers. Specifically, for a given positive and summable sequence a = {a,, }32; we
associate a Cantor set C, constructed in a similar fashion to the classical middle-third
Cantor set. We begin by considering a closed interval I with length > a,,. We remove
from I an open interval with length a;, obtaining two closed intervals I} and I3, the
intervals of step one. If IF,.. .,Ié“k, the intervals of step k, have been constructed,
we remove from [ ]’f an open interval of length asx, ;_1, obtaining two closed intervals

Ié“jtll and Igjﬂ. The Cantor set C, is the compact, perfect set defined by

oo 2F

C, = ﬂ LJIJIC

k=1j=1

Note that the condition |I| = 3 a, implies that the Lebesgue measure of the set C,
is zero. Moreover, the construction uniquely determines the location of the gaps at
each step. For instance, the location of the first gap is determined by the rule that the
interval to the left of the gap has length as + a4 + a5 + ag + . ... The classical middle-
third Cantor set, for example, is the set C, with a,, = 1/3% for n = 2k=1 . 2k 1.
Such Cantor sets can be thought of as generalized Moran sets (see [0]) and need
not be central or (quasi) self-similar. Indeed, note that all compact, perfect, totally
disconnected, measure zero subsets of R can be obtained in this fashion.

In contrast to the situation for arbitrary compact sets (see [3]), it was shown in
[4, @] that for Cantor sets with gaps given by a decreasing sequence of positive real
numbers, it is always possible to find a function A such that both the Hausdorff and
packing h-measures of the Cantor set are positive and finite. In [9] such an associated
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dimension function h was shown to be unique up to comparability of functions ,
thus we may speak about ‘the’ associated dimension function to a Cantor set. Cabrelli
et al in [B] introduced a classification of Cantor sets C, by the associated dimension
functions. They proved that this classification is finer than the one given by Hausdorff
and packing dimensions and characterized it in terms of the sequences of gaps.

In this paper our interest is in the study of the sets D(u,x) consisting of the
dimension functions h for which a given x belongs to £(u,h). We prove that the
classification of Cantor sets introduced in [5] can be characterized in terms of suitable
subsets of these sets (see Theorem . Motivated by this, we define a second
classification in terms of the asymptotic equivalence of the logarithms of the associated
dimension functions. This new classification is again finer than that given by Hausdorff
and packing dimensions, but it is not as restrictive as the [5] classification. We
characterize this new classification in terms of the sequences of gaps, as was done
for the classification of [5], and also in terms of equality of the sets D(u,, w) where p,
is the p-Cantor measure and w is the unique element of the Cantor set whose ‘address’
is given by the infinite binary word w. Furthermore, we prove in Theorem that
if D(pu, wa) = D(ub, wy) for one choice of p € (0,1) and one infinite binary word w,
then these sets are equal for all p and all words w. A similar statement is deduced for
the classification of [5] (Theorem |4.2)).

Generalizing the (usual) multifractal analysis, we also study the Hausdorff and
packing measures of the sets £(u, h) when p is a p-Cantor measure on a Cantor set C,,
associated with a decreasing sequence of gaps (see Theorem. An important point
in the proof is the fact that the symbolic multifractal spectrum (see, for example, [15])
agrees with the classical one (Corollary .

2. Notation and definitions

2.1. h-Hausdorff and packing measures

A function h : [0,00) — [0,00) is said to be a dimension function if h(0) = 0 and
h is continuous, non-decreasing and doubling, i.e., there is a constant 7 such that
h(2t) < 7h(t) for all t. The set of all dimension functions will be denoted by D.

We recall here the definition of h-Hausdorff and packing measures and dimensions
(for a detailed explanation see [7,[19]). Given A, a subset of R, and ¢ > 0, a collection
(A;)2, is called a d-covering of A if A C |JA; and |A4;| < 6, where |A;| denotes its
diameter. Given h € D, the h-Hausdorff measure is defined as

h . . . . .
H'(A) = 51ir(r)1+ (mf {Z h(]A;]) : (A;) is a d-covering of A}) .

When the dimension function is of the form h(t) = t*, H": is the usual s-Hausdorff
measure, H®. It is very well known that given a set A there is a real number ¢ such
that H°(A) =0if s > ¢t and H*(A) = oo if s < ¢. We call ¢ the Hausdorff dimension
of A and write ¢t = dimg (A).

A §-packing of the set A is a disjoint family of open balls centered at points of
A, with diameters smaller than §. The h-packing pre-measure is defined as

PL(A) = 613& (sup {Z h(|B;|) : (B;) is a d-packing of A}) .
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PPl is not a measure since is not o-additive and hence the h-packing measure is given
by
PhA) = inf {3 Ph(4): A=A}
Analogously to the case of Hausdorff dimension, the packing dimension, dimp(A), is
the unique number satisfying P*(A) = 0 when s > dimp(A) and P*(A) = co when
s < dimp(A).
The doubling assumption, although not essential to the definitions, ensures that

H"(A) < P"(A) for any A. Notice that the function h(r) = u(B(x,r)) (for fixed x) is
doubling if p is a doubling measure and continuous if p is a continuous measure.

2.2. Cantor Sets

As remarked in the introduction, each positive and summable sequence, a = {a, }, -, ,

is uniquely associated with a Cantor set, Cy,. The sets W and W, of finite (resp.
infinite) binary words on the letters 0,1 are useful for describing the intervals in
the construction (and the points in the set). The interval we begin with will be
labelled by the empty word (i.e. I¢ := I. Then for w € W I, := I} if k = |w| and
j=1+ Zle w; 28~ (using |w| to denote its lenght).

The elements in the Cantor set can also be labelled by the (infinite) binary words.
We denote by w|k the finite word formed by the first k letters of w. Observe that
x € Cy if and only if there is a unique w € W, such that = € Igj‘k for all k. We will
follow this convention:

Notation. Given w € Wy, we will denote by w, the unique point in C, such that
w, € Ig)lk for all k.

Finally, we will denote by I}(z) the unique interval of step k containing the
Cantor set element x. Notice that I (wg) = T

For the remainder of the paper a = {a;} will be a decreasing, positive
and summable sequence.

We will consider the following three sequences associated to the sequence a:
a

r

a a n a Qa

T = g Ak, Rn:; and sp = RSn. (2)
k>n

The superscript ‘a’ in our notation may be suppressed if the sequence a is understood.
The number r9» is the sum of the lengths of the intervals remaining at step n and
spn is the average length of an interval of step n. The decreasing assumption ensures
that any Cantor interval of step n has length at least s,41 and at most s,,_1.
The study of the dimension of Cantor sets C, in terms of their gaps was initiated
by Besicovitch and Taylor in [2]. From their work and [2I] one can deduce the following
formulas:

log 2 log 2

dimgy C, = and dimp C, =

lim sup 2| log s2|

.. 1 .
lim inf --|log 52|
n— oo n—0oo

Extending this work, Garcia et al in [9] obtained the following estimates on the
h-Hausdorff and packing pre-measures of the Cantor sets C,.

Theorem 2.1. [J] For every h € D and Cantor set C,
(i) liminfnh(R%) < H"(C,) < 4liminf nh(R%).
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(it) §limsupnh(R%) < PH(C,) < 8limsup nh(R%).

This motivates the following definition adopted first in [5].

Definition 2.2. We say that a dimension function h is associated to the sequence a
(or the Cantor set C,) if and only if there are positive constants c;, co such that:

a < h(R:) < 2 for all n.
n n

Of course, a consequence of Theorem is that C, is an h-set, meaning
0 < H"(C,) < PE(C,) < o0, if and only if h is associated to the sequence a.

Observe that two dimension functions, g, h, are associated to the sequence a if
and only if g is comparable to h, that is, there are positive constants A, B such that

Ag(x) < h(z) < Bg(xz) Vz >0. (4)

2.8. p-Cantor measures

By a measure we will mean a finite, regular, Borel measure. We will focus on a
(natural) class of measures supported on the Cantor set C,. Given 0 < p < 1,
the unique probability measure, ug, satisfying pg(lwo) = pug(lw) and pg(ly1) =
(1 —p)pg (L) will be called the p-Cantor measure. Equivalently, if for a given w € W
we define

no(w) = 4{i: w; =0} and ni(w)=4{i:w;, =1},
then the p-Cantor measure is the probability measure satisfying pg(I,,) = pro(@)(1 —
p)™ () for all w € W.
The multifractal analysis of p-Cantor measures was studied for the special cases

of Cantor sets that are self-similar (see [0} [7, [13]), quasi self-similar [I7] and central
[10]. One can easily verify that our Cantor sets need not have any of these properties

3. Preliminary Results

The sets, £(u, @), can be viewed as a partial decomposition of the support of the
measure 4 into a family of subfractals. The complement of the set (J,., (1, @) has
aroused interest in recent years (cf. [I [15]), and when p is a self similar measure
satisfying the strong separation condition and the weights are not the canonical ones
(such as a p-Cantor measure, with p # 1/2, on the classical middle-third Cantor set)
the complement has been proven to be a set of full dimension.

Thus it is natural to consider a more general class of sets.

Definition 3.1. Let p be a measure and h : [0,00) — [0,00) a dimension function.
We define

E(u, h) = {x € support(p) : rl—i>161+ bgl(/fg(f(rs)x)) = 1} ]

1 Arguments similar to [I0] show that the Cantor set C, is quasi self-similar if and only if there
exists a constant ¢ such that 1/c < sjs, /545 < ¢ for all j, k.
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The sets &, (p) and (1) will be defined similarly, but with lim inf and lim sup
replacing the limit respectively.
Note that the functions h(t) = t® belong to D and in this case £(u, h) is the set

E(p, a).

In the multifractal analysis of self-similar sets the strong separation condition
(SSC) is commonly assumed. This was replaced in the multifractal analysis of Cantor
measures on central Cantor sets by the assumption that the ratios of the lengths of
the gaps to the lengths of the intervals at the same step was bounded away from zero
[10]. Below we give equivalent conditions that could be considered a generalization of
the SSC for Cantor sets C,,.

Proposition 3.2. The following conditions are equivalent for a Cantor set Cy:
(i) sup{sg+1/sk : k> 1} <1/2;

(ii) There is an e > 0 such that a; > €|I,| for allw € W and j < 21*;

(i1i) There is an € > 0 such that a; > esy, for all j < 2k,

Proof. = The hypothesis ensures that there exists § > 0 such that 2ds; <
Sk — 28,41 for all k > 1. Since {a;} decreases,

208k < S — 28k11 = 2_k(a2k + . Fagrriq) < age.

Now fix w. For a suitable 7 with 0 < j < 21wl — 1 we have
o| = [Lwol + [Lu1] + agreiyj < 28] + ager < (1+1/(26))ag.

= is clear since the length of some interval of step k& must be at least
the average length, sg.

= Assumption implies esgy1 < agreyr < S — 2Spy1, hence
Sk > (24 €)Sky1- O

The next proposition provides one situation in which the conditions of Proposition
holds. Others can be found in [12].

Proposition 3.3. Let h be an associated dimension function for C, and suppose
there is an increasing function ¢ satisfying ¢(n)/n — 0 as n — oo such that
h(nz) < ¢(n)h(z). Then the (equivalent) conditions of Proposition [3.9 hold.

Remark 3.4. When C, is an s-set, the function h(t) = ¢® is an associated dimension
function satisfying the hypothesis in this Proposition.

Proof. We have ¢127" < h(s,) < 227" since h is an associated dimension function.
As n/¢~1(n) — 0 when n — oo, we can pick m such that 2™ /¢~ (cic512™) < 1/2.
As above, the decreasingness of (a;) implies that ag; > 27"s; — s, and so

g > 27" (1279) — Y (27 (M),
Applying the relationship h~'(nz) > ¢~ (n)h~'(z) with z = 2=+ and n =
c1c5 2™, we deduce that

agi > 27" (e 279) (1 — 2™/ Herey T2™))

> 2~ (mHDp=1 (¢ 277),

Condition above follows taking & = ¢(cicy H)2~ M+, O
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The (equivalent) conditions in Prop. will allow us to show that for many
calculations we can replace balls by Cantor intervals. In the remainder of
the paper, it should be understood that these equivalent conditions are
assumed to hold, although this will not be explicitly stated.

We first prove a useful geometric property.

Lemma 3.5. There exists a positive integer N such that given any positive integer n
and x € Cg,

In(I> nc, C B|1n(x)‘($) nc, C In,N((L‘) NC,.

Proof. As x € I,(x), the fact that I,,(z) C Bj;_(4)(x) is obvious. To prove the other
inclusion, with € > 0 chosen as in Prop. , choose N such that 27V < /2.
Then

r=|I(2)] < spo1 < 21N N < 21*Naj/s for any j < 2",

The two gaps in the Cantor set adjacent to the Cantor interval I,,_ y(x) have lengths
belonging to the set {a; : j < 2"V} and hence exceed r. As x € I,,_n(z), it follows
that B,(z) is contained in the union of I,,_n(z) and its two adjacent gaps. Thus
B.(z)NC, C I,_n(z) N C,. O

Corollary 3.6. For any 0 < p < 1, p-Cantor measures are doubling.

Proof. Given r > 0, choose k such that s < r < sg_1. For any x € C,, the support
of the measure yy, we have r > [I41(z)| and 2r < 2sp—1 < sp—o < |Ix—3(x)|. Thus
the previous Lemma implies that B(z,2r) N C, C Ix_3—n(x) N C, and hence

Ha(B(w, 20)) < p(Tesn (@) < 7T () < s (Bl ),

where 7 = (min(p, 1 — p))_(N+4). O

The previous Lemma will enable us to prove that in the definition of £(u, h) we
can replace balls by Cantor intervals.

Theorem 3.7. If u is a doubling measure supported on a Cantor set Cy, then for all
= w, € Cy, the limiting behaviours of
log (I, (x))  log pu(Luwn) log ju(Br())
= and
log h(sy) log h(sy) log h(r)

asn— oo 0T7’—>0+ are the same.

As an immediate consequence we obtain the following important observation.

Corollary 3.8. If u is a doubling measure supported on a Cantor set C,, then

IOg N(Iw\k)
= = a M 1 _— = 1
£, b) {x Wa t log h(sk)

(5)

A similar statement holds for E,(p) and EM(u).

Remark 3.9. In [I5], the authors propose a symbolic multifractal analysis for self
similar measures. The sets on the right side of the equation could be considered a
symbolic multifractal analysis for Cantor sets. In this sense, the Corollary shows that
the classic and the symbolic multifractal analysis coincide.
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Proof. Since the lengths of the gaps decrease, for any w € W we have I,,; 2 B,.(2)NC,
where z is the left endpoint of I,,; and r is the length of the gap with endpoint z. If
|w| = n, then r = agnyy, for some k € {0,1,...,2" — 1}. By assumption Prop. [3.2{[7),
7 > €|Iywo| and hence Inyo C By (14.-1)(2). The doubhng property of p implies that

p(Lw1) > 1 (Br(2)) = cpp (Bri4e-1)(2)) = cp(Lwo).

We can similarly find a constant ¢’ such that p(1,1) < ¢/p(ly0) for all w € W.

Thus, for any n and x € Cy, the p-measure of I,,(x) is comparable to the measure
of I,11(x) and hence also to the measure of I,,1on(2) for any fixed N. It follows by
repeated application of Lemma that p(B,(x)) and u(I,(x)) are also comparable
for any r with |I,4n(2)| <7 < |[Ih—n()].

Because |I,+1(x)| > spye2 and |I,(x)| < s,—1, this fact implies that there are
positive constants ¢y, co, independent of n and z, such that if |11 (z)| < r < |1, ()],
then

log(c1pu(Int2(x))) _ logu(Br(x)) _ log(cop(ln-1(2)))
log h(sp+t2) — logh(r) —  logh(sp—1)

Similarly, as |In41(z)] < sp < |I,—1(z)|, there are constants cs, ¢4 such that

log (cspt(Byr, ,2)1(2)) _ log p(In(x)) _ log (capt( By, ,(w))(2)))
logh([Lnt1(2)[) = logh(sn) = logh(|ln—1(2)])

Corollary 3.10. UE(,ug, h) = C,, where the union is taken over all h € D.

Proof. If x = w, € C,, then the piecewise linear function h defined by the rule
h(sy) = po@IF) (1 — p)m(wIk) and h(0) = 0 is a dimension function. The Corollary

3.8 implies z € £(u?, O
(5, ).

4. The Classification of Cantor sets.
In this section we will classify Cantor sets by considering certain subsets of the space
of dimension functions D, namely

D(p,z):={heD:xe€&(uh)}

and

B o u(B@) _ o a(Bi()
Ap,z) = {h eD:0< hrrg(l)rifhir) < hﬂ?ﬁpw <oy,
where g is any (or all) of the p-Cantor measures.
We recall the following equivalence relation on the class of Cantor sets C,
introduced in [5].

Definition 4.1. Two Cantor sets, C,, Cy, are said to be equivalent, denoted C, ~ Cy,
if their associated dimension functions are equivalent.
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In [5] it was shown that this equivalence relation can be described in terms of
properties of the tail sequences (the equivalence of and in the Theorem [4.2
below). We will use this fact to prove that the ~ equivalence relation on Cantor sets
can also be characterized in terms of the sets A(ug, wg) where wg € C,. To simplify
notation we write A,(wq) := A(u, wq). In view of Theorem we have

(L) i (L))
Ay(wg) =<heD:0< liminf Z-— <limsup ~-Z—> < 00 p .
p( a,) { k—o00 h(sk) k— 00 h(sk)
Theorem 4.2. Let a and b be positive, decreasing, summable sequences. The following

are equivalent:
(i) Co ~ Cp.
(ii) There exists an integer N such that for all k > N, s, n < sh < s¢ .
(111) Ap(we) = Ap(ws) for all0 <p <1 and all w € Wi
() Ap(wg) = Ap(ws) for some 0 < p <1 and some w € We.

Remark 4.3. Following the ideas in [16], for p = (p1, . . ., pm) we could have considered
the more general sets

.. 'ua/ (Iw|k) . Ma-(lw|k)
A" (wg) :== < (hi,...,hy) € D™ : 0 < liminf £——"= < limsup 22— < 00 ;.
e = { ) PR h ) = P G
However, a consequence of = is that Al'(wg) = Ap'(ws) if and only if
Ay (we) = Ap, (wp). So, these sets give exactly the same classification as the one we
considered.

Remark 4.4. In [I§] the authors proved that two Cantor sets are Lipschitz equivalent
(i.e. there is a bi-Lipschitz map between them) if and only if the sequences of gaps
are equivalent. It is easy to see that there are sequences satisfying condition that
are not equivalent (see [5] Example 4.3), hence, this notion is weaker than Lipschitz
equivalence.

Proof. — is given in [5 Thm. 4]. Of course = is trivial.
= For w € W, satisfying the hypothesis, put ng(w|k) = nj and define
h € D by h(sy) = pp(ILy,) = p™(1 — p)k=mr. Obviously, h € A,(wg) and therefore
h € Ap(ws). Thus for 6 = a, b there are positive constants, A, B, such that
070
Agmngorallk.
h(sf.)

Since 1 (1y,) = /Lg(IfU“C)7 we can conclude that there are positive constants C; and
C5 such that

C1h(s8) < h(s?) < Cah(s).
Choose a sequence j(k) such that ST S st < sy~ By monotonicity,
(85 41) < h(s7) < h(sS)-
Put ¢ = min{p,1 — p}. Combining these inequalities we obtain
Cop™ (1 —p)* =" = Cah(sf) = h(sy) = h(s§)41)
> pni) (1 — p)I B =msem
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and, similarly,
Cip™ (1 — p)k—nk < phi (1 ,p)j(k)*”j(k).
Together these inequalities yield,
¢/Cy < P (1 — p)E-me= G =mw)) < 1/0. (6)

Without loss of generality assume p > 1 — p. Define the integers m(k) = k — j(k)
and d(k) = np — nj(;).With this notation we can reformulate @ as

N[ 1—
c/Cqy < p (k) (p <1/C.

p
Since the signs of m(k) — d(k) and m(k) coincide, these two inequalities ensure m(k)
is bounded, say |m(k)| < N. Then ¢,y < s) < sf_y.
= Fix p € (0,1) and w € W By assumption 5%y < s < s%_ ., thus
we have

>m(k)—d(k)

MZ(ISJM) < 'u’g(Ig)\n) o Ng('[z;m) < MZ(IS)M)
h(sp_n) — h(s) h(sb) ~ h(sgz—&-N)-

a
p

For any fixed N, the sequences (u
h € Ay(wg) we can deduce that
KoL oL
(a7|> > 0 and limsup M
n—oo h(sh_ ) n—oo h($n+N)

(Lw)n)) and (py(Lywm+n)) are equivalent, hence as

< 0.

Together, these bounds clearly imply h € A,(ws). O

Motivated by this, we propose to introduce a weaker equivalence relation for
functions and Cantor sets.

Definition 4.5. We will say two non-negative functions, f,g, are logarithmically
equivalent, and write f o g, if and only if

log f(z)

2—0 log g(x)
We will say that two Cantor sets are logarithmically equivalent, and write C, ¢ Cy, if
their associated dimension functions are logarithmically equivalent.

Since equivalent functions are clearly logarithmically equivalent, this is a well
defined equivalence relation on the Cantor sets, C,,.

As with the ~ relation, logarithmic equivalence can be characterized in terms
of the (tails of the) sequence itself. It can also be characterized by the sets
Dy(wa) i= D(ts, wa).

The notation |-] and [-] will denote the floor and ceiling functions, respectively.

Theorem 4.6. The following are equivalent:
(Z) Ca <& Cb.
(i1) For each o > 1, there exists an integer N = N(«) such that for alln > N,
S?na] < SfL < S[\fn/aj'
(#1i) Dp( we) = Dp( wp) for all0 < p <1 and w € W.
() Dp( wq) = Dy( wp) for some 0 <p <1 and some w € W
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Proof. = We will denote by h, and hy the associated dimension functions to
the sequences a and b respectively. By assumption h, ¢ hy, thus given € > 0 there
exists N such that if n > N,

(1 - £)log hu(s%) > log ha(s%) > (1 +2) log hy(sh):

Put a =1/(1 — ¢). Since all associated dimension functions corresponding to a given
sequence are logarithmically equivalent there is no loss of generality in assuming that
for = a or b we have hg(s?) = 27" and that hg is strictly increasing. Thus for
n > N,

mo(sg) > 27 > 27l =y (50,

and therefore s& > S?ntﬂ' Since a and b play symmetric roles, this gives .

= Again, there is no loss of generality in assuming that hg(s?) = 27"
for 6 = a,b. Fix a« > 1. By and monotonicity, for n sufficiently large
ho () = ho(,07) = 271 hence

log hy(s2
lim sup M < lim sup [ne] =«
n—oo 108 ha(s2) n—oo N
Analogously, we obtain
lim inf og hy(57.) > l
n—oo logha(s) @

As a > 1 was arbitrary and log hg(s?)/log hg(s%_ ) — 1, this suffices to prove hq o hy,
i.e., Ca < Cb.

= For w satisfying the hypothesis, put ny = mng(wl|k). Define
h(s¢) = p™(1 — p)¥=" so that h € Dy(w,). The assumption of ensures that
also h € D,(wp) and therefore

. log pg(I,) . log pip(Iyy,)
koo logh(sy) — k—oo logh(sh)
log h(sj)

log h(sh) — 1. Fix ¢ > 0 and

Since pi (Iy,,) = ug(Izjlk), we can conclude that limy_
choose K such that if £ > K,

(1— &) log h(sf) > logh(s}) > (1 + <) log h(s). (7)

Choose the sequence j(k) such that s, , < sh < s,y and put j(k) = k + koy. For
¢ =min{p, 1 — p} we have

@) (1= p)/ 97740 < B 1) < A5 0

and h(s%) < h(sfy) =p™@ (1 — p)I ) =nice (9)
Combining with we obtain

O (L= < (e (1= p) ) (10)

Assume p < 1 —p, say 1 —p = p' for suitable 0 < ¢ < 1. (The other case is
symmetric.) With this notation becomes

0 < ¢ < pmr—nse) A=t —nre(l=t)—th(ar+e)
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If aj; < 0, then also njx) — ny, < 0 and thus ¢ < p~mee(t=O=tk(ex+e) This can
only be true if there is a constant ¢y such that —nge(1 —t) — tk(ay +€) < ¢p. Since
¢ > 0 was arbitrary, this ensures ay, — 0 as k — oo . If, instead, o > 0, we can argue
similarly from @

Fix a > 1 and pick kg > K such that if k& > ko, then 1+ oy + 1/k < a. The
choice of j(k) and monotonicity implies

b a _a a
Sk 2 Sj(k)+1 = Sk(1+art1/k) = STkal:

Analogous reasoning gives the other relation.

= Fix p € (0,1) and w € Wy, and assume h € Dy(w,). We need to
prove that h € D,(wy). It is a routine exercise to verify that for any p € (0,1) and
any a > 0,

log 11, (L3 (ka})

-1
log u%(fﬁjm)

lim sup
k

<la—1] (11)

(where {ka} denotes either the floor or the ceiling).
Temporarily fix @« > 1. The assumption of and the fact that MZ(IZUC) =

ug(Iglk) implies that for large enough k,

log i (Taye) _ logpp(Tyy)  logpp(Tuye) _ logp(Ty)

log h(sfy,) ~ logh(st) — logh(st) ~— logh(s‘fk/aJ)'
As h belongs to D,(wg,), these bounds, together with 7 imply that

log 118 If:]
lim sup M—l <la—1].
k log h(sy,)
Because this holds for all & > 1, we conclude that h € Dy (ws). O

One consequence of this characterization is that logarithmically equivalent Cantor
sets have the same packing and Hausdorff dimension.

Corollary 4.7. If C, o CYy, then the packing and Hausdorff dimensions of C, and C}
coincide.

Proof. This follows directly from the characterization above and the formulas
given in . O

Remark 4.8. One cannot obtain a similar characterization of logarithmic equivalence
if, instead of considering all dimension functions, only functions of the form h(t) = t*
are considered. To see this, suppose a,, = o*~1(1 — 2a) and b, = f*~(1 — 23) when
k=1 < < 28 — 1. If w € W, is chosen such that limw does not exist and
Dy(wa) = {s € R: w, € E(uy,5)}, then for p # 1/2, D) (wa) = D, (wy) (both are
empty). But clearly C, and C}, are not logarithmically equivalent when o # (3 (they
have different dimension, in fact).
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5. The Size of the Sets &(u, h).

In this section our purpose is to extend the multifractal analysis of Cantor measures
on central Cantor sets developed in [I0] (see Cor. below). Our method of proof
was inspired by [10, Section 5] and [7, 11.2].

We will use the following notation: For p € (0,1) and a real number g, let

_log(p?+ (1 —p)9)
b, ’

_ plogp + (1 —p)?log(l —p)
! pi+ (1 —p)e

) eq:

bmin = min(logpa log(l - p)) and bmax = max(logp, log(l - p))

When p = 1/2, by = —log2 and 6, = 1 for all g. Otherwise, as b, is a convex
combination of logp and log(1 — p) the set {b, : ¢ € R} is the interval (buin, bmax)-
We will write &, and " for &,(u) and £"(u) respectively.

Theorem 5.1. Let pi;, be the p-Cantor measure on the Cantor set C, and let h € D.

(i) Suppose there is a real number q such that likrgiol.}f%logh(sk) = by. Then

HY () > 1 for all A < 1.
(ii) Suppose there is a real number q such that hmsup log h(sk) = bg. Then

k—o0

PR(ERY < 1 for all A > 1.

In order to prove this Theorem, we will introduce an auxiliary measure. For a
given ¢ € R we define v = v, on Cantor intervals as

v(ly) = p) (1 =)™ ) (p? 4 (1 —p)1) " (12)

where k = |w|. It is easy to verify that v(I,0) + v(Iw1) = v(I,), hence the measure is
well defined and concentrated on the Cantor set. The same reasoning as for p-Cantor
measures proves that v is a doubling measure.

The following Lemma establishes conditions on h and ¢ which implies that v, is
concentrated in &, or £".

Lemma 5.2. Assume v = v, is as defined above.
(i) If likminf k™ log h(sk) = by, then vy(Ep) = 1.
(i) If limsup k~" log h(sg) = by, then v (€M) =

k—o0

Proof. For fixed £ > 0 and integer k, consider the set
By = {x € supp(u) : log p(Tu(x)) > (1 — ) log (i)} .
For any ¢ > 0, we have the following estimation:

v(Ey) = v{z € supp(p) : p(Ix(x)) > h(Sk)l_E}
< /M(Ik(x))5h(sk)5(5 Dau(z) = 3 hsk) D (L) v (L)

lw|=Fk

— h(si) D (09 + (1= p)) ™" (P70 4 (1 — p)ot0)* = (k).



Classifying Cantor sets by their multifractal spectrum 14
Calculating the Taylor expansion of first order to the function log(pt + (1 — p)?), we
obtain that

log h(sk)

log & (k) = kd ((5 ~1) + by + 0(5)> .

Since lim infy .o, k=1 log h(sg) = by, for any €9 > 0 there exists an integer ky such
that for all k > ko we have k=1 log h(sy) > b, — €9. Thus for all k > ko,

log @ (k) < k6 (eby — go(e — 1) + O(9)) .

Since b, < 0, by taking ¢ and § suitably small we obtain ®* (k) < exp (%)

for all k& > ko and this proves that v(Ej) is summable. By the Borel Cantelli
Lemma we have that for v-almost every z € supp(u) there is an integer k; such
that log u(Ix(z)) < (1 —¢)logh(sg) for all k > ki. Thus

1—¢ for v-almost every x.

Analogously, if we define
E* = & € supp() : log (I (x)) < (1 + £)log h(si)}
with an estimation similar to we obtain

V(EF) < h(s1) ) (2 + (1= p)) ™8 (0970 + (1 = p)*=0) = @ _ (k).

Also,
log h
log ®_ (k) < ko ((e + 1)0‘57(5"“) — by + 0(5)) .
But the assumption that liminfs .. k= !logh(sy) = b, implies that along a

suitable subsequence
log ®_(k) < kd (eby + eo(e + 1) + O(9)) < kd(eby/2),
for small enough &g and 6. Thus v(E*) is summable in a subsequence and this proves

lim inf 128 p(lk())

T Ry < 1+ ¢ for v-almost every x.

Consequently, v(&,) = 1.
is similar. O

The following Proposition can be viewed as a mass distribution principle for h-
Hausdorff and packing measures.

Proposition 5.3. Let v be any measure and let h be a dimension function.

I log v (B, (x))
WU T ogh)

A>1.
o logw(Br(x)
If1 f ———=
(@) If o log h(r)

< 0 < oo for all x € E, then Phw(E) < v(E) for all

>0>0 forallz e E, then ’Hh“(E) > v(E) for all X < 1.
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Proof. Consider an open set V' O FE such that v(V) < v(E) 4 € and define
Vi ={z e V:h(r)* <v(B,(z)) and B,(z) CV Vr<1/k}.
Note that Vi, C V41 and, by hypothesis, E C |J Vj.
For a fixed k, let { B; = B,,(x;)} an arbitrary § packing of V}, with § < 1/k. We
have that

v(V) 2 v (VN (UB)) =Y v(VAB;) =Y v(B))>> h(r;)"

Jj=21 Jj21 Jj=21

Since the packing was arbitrary, we conclude that v(V) > ph (Vk), and the desired
inequality follows by continuity.
Argue in a similar fashion to [, Prop. 4.9(a)]. O

Proof of the Theorem [5.1] Let v = v, be the auxiliary measure for the specified g.
Clearly,

logv(Ii(x)) _ logp(lk(x)) log(p? + (1 —p)?)
logh(sy) 4 log h(sg) tlogh(sy) (13)

thus if x € &, then

logv(ly(x)) _ —~ log(p? + (1 —p)7)
k—oo logh(sg) =1 by

=0,.

It is elementary to verify that log(p? + (1 — p)?) > gmax{logp,log(1l —p)) > —q|b,l,
thus 6, > 0.

Since v is a doubling measure, Theorem [3.7] shows that the v-measure of balls
and (suitable) Cantor intervals are compararable. Invoking Lemma and Prop. 5.3
completes the proof.

is similar. O
Corollary 5.4. If lim k™ 'logh(si) = by, then HYU(E(R)) > 1 for all A < 1 and
PP (E(h)) < 1 for all N > 1.

Proof. By Lemmawe have v(&, N E") = 1. Looking at , for z € &, NE" we
have
log v(Ij(x)) _ log(p? + (1 — p)9)
k— oo logh(sk) bq

—0,.

Since §, is always positive and finite, using Proposition we obtain the result. [
Corollary 5.5. Suppose T = likm inf k= [log s¢| and 7 = limsup k! |log s¢| .
— 00 —00

(i) If T < 00 and a = |by|/ T, then dimpy &, > qo + (log(p? + (1 — p)9))/7.

(11) If T < 00 and a = |by| /T , then dimp £ < qar + (log(p? + (1 — p)9)) /.
(#ii) Suppose T =T =7 < 00 and & € (—bmax/T, —bmin/T). If q is chosen such that

a1 = |b,|, then

log(p? + (1 — p))

dimg (o) = dimp E(a) = qa +
p

This result was previously obtained for central Cantor sets in [I0, Section 5]. We
remind the reader that 7 =log2/dimpy C, and 7 = log 2/ dimp C, (see )
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