ON THE HAUSDOFF h-MEASURE OF CANTOR SETS

CARLOS CABRELLI, FRANKLIN MENDIVIL, URSULA M. MOLTER,
AND RONALD SHONKWILER

We estimate the Hausdorff measure and dimension of Can-
tor sets in terms of a sequence given by the lengths of the
bounded complementary intervals. The results provide the
relation between the decay rate of this sequence and the di-
mension of the associated Cantor set.

It is well known that not every Cantor set on the line is an
s-set for some 0 < s < 1. However, if the sequence associated
to the Cantor set C is non-increasing, we show that C is an
h-set for some continuous, concave dimension function h. We
construct the function h from the sequence associated to the
set C.

1. Introduction

A Cantor set is a compact, perfect, totally disconnected subset of the real
line. In this article we will consider only Cantor sets of Lebesgue measure
zero. The complement of a Cantor set is a countable union of disjoint open
intervals. We will use the term gap for any bounded convex component of
the complement of a Cantor set.

Every Cantor set is completely determined by its gaps. Since the gaps
are disjoint, the sum of their lengths equals the diameter of the Cantor set.

There is a natural way to associate to each summable sequence of positive
numbers a unique Cantor set having gaps with lengths corresponding to the
terms of the sequence. In this correspondence the order of the sequence is
important. Different rearrangements could correspond to different Cantor
sets. On the other hand if two sequences correspond to the same Cantor
set, one is clearly a rearrangement of the other.

In the first part of this paper we will concentrate on finding the Hausdorff
measure of a Cantor set in terms of the decay of the sequence of the lengths
of the gaps. In particular we will show that the Hausdorff dimension depends
totally on this behavior.

We establish an equivalence relation between sequences and show that
Cantor sets in the same equivalence class have the same dimension.

Since the Cantor set depends on the order of the sequence, one expects
that the dimension of the resulting set also depends on the order. This
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is true, and moreover, the arrangement of the sequence in monotone non-
increasing order yields the Cantor set with the largest dimension out of all
Cantor sets with the same set of gap lengths (see also [BT54]).

Let 0 < s < 1. An s-set is a set on the line of Hausdorff dimension s, and
whose Hausdorff s-measure is finite and positive. Let h be a non-decreasing,
right-continuous function taking the value zero at the origin. The Hausdorff
h-measure H" is defined in the same way as the Hausdorff s-measure but
replaces the function z° by h(x), (see [Rog98], [Haul9] and equation 1).
A set A C R is an h-set, if 0 < H"(A) < +o0.

Given 0 < s < 1, it is not difficult to construct a Cantor set that is an s-
set. It is also known that not every Cantor set of dimension s is an s-set. So
should a set of dimension s, but having Hausdorff measure zero or infinity,
be considered s-dimensional?

Hausdorff proposed the Hausdorff h-measure to further investigate non
s-sets. In this paper we prove that every Cantor set C' on the line associ-
ated to a sequence of non-increasing positive real numbers, is an h-set for
some continuous concave function h. We explicitly construct h in terms
of the sequence that defines the Cantor set. In other words, for every se-
quence, the set with the largest Hausdorff dimension, is also an h-set for
some appropriate function.

The study of Cantor Sets through the decay of the complementary inter-
vals was initiated by Borel in 1948 [Bor49] and continued by Besicovitch
and Taylor in their seminal paper [BT54]. The present paper explores this
subject further and extends some of their results.

On the other hand, Tricot in [Tri81] and Falconer in [Fal97] obtain results
associating properties of the gaps of a Cantor Set with its box dimension.
(see also [Tri95]). In [CMPSO03] the particular case of the sequence a2 was
thoroughly analyzed.

The general organization of the paper is as follow. In Section 2, we
describe the construction of a Cantor set from a given sequence and we
show that every Cantor set can be constructed in this way. In Section 3, we
define a partial order between sequences and we prove that the dimension
of the associated Cantor sets are consistent with this order. In Section 4
we introduce certain constants associated to a sequence and we provide the
relationship of these constants to the dimension of the associated Cantor
set. The main results of this section are summarized in Theorem 4. Finally
in Section 5 we prove the fundamental result that every Cantor set is an
h-set for some dimension function h. We construct this function from the
sequence that defines the Cantor set.

1.1. Notation. We recall the definitions of Hausdorfl measure and dimen-
sion.
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Definition Let A C IR and a > 0. For 6§ > 0 let
HY(A) = inf{ 3 (diam(E;) : E; open, U E; O A, diam(E;) < 5}.
Then, the a-dimensional Hausdorff measure of A, H*(A), is defined as
H(A) = lim M (),
and the Hausdorfl dimension of A is,
dim(A) = sup{a : H*(A) > 0}.

If h is a non-decreasing, right-continuous function such that h(0) = 0, the
Hausdorff h-measure is defined as
(1)
a — Tm S ; M - B . i ) < .
H*(A) %13%) 1nf{ Z h(diam(E;)) : E; open, U E; D A,diam(E;) < 5}

It can be shown ([Rog98]), that if in the definition of the Hausdorff measure
the elements of the coverings are chosen to be closed sets, or Borel sets, the
resulting measure is the same.

Throughout the paper, we will use the notation dim(A) for the Hausdorff
dimension of a set A, since it is the only concept of dimension that we are
considering.

2. Construction of Cantor sets

In what follows we will assign to each summable sequence of positive num-
bers a unique Cantor set with gaps whose lengths correspond to the terms
of this sequence. Let a = {a} be a sequence of real numbers with a, > 0
foralln=1,2,... and > a, =S, < oo. Consider a binary tree where the
nodes are labeled with the natural numbers from left to right and from top
to bottom (i.e. at level zero there is only one node with label 1, at level
1 there are two nodes with labels 2 and 3, and so on, at level k there are
2¥ nodes with labels 2%, 2% 41, ..., 2¥*1 —1). If n € IN, denote by T},
the subtree with head n, i.e. Tj is the whole tree, T5 and T3 are the left
and right subtrees associated to nodes two and three, and so on. Now we
construct a Cantor set in the interval I = [0,5,] in the following way: at
step one we remove an open interval of length a; from I creating two closed
subintervals I} and I} of lengths |I}| and |I}| given by

113 = Z ag and |Ii| = Z ag.

keTs keTs

At step k we have 2% intervals Ié“, ey ng_l.

open interval of length a,x, creating the closed intervals Iggfl and Igz_fl of

From I f we remove one
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lengths

k k
I = Z ag and ]I%':ll\ = Z ag.

keET, ke,

k420 k42041

If Fj. = U?iglff, then F}, is closed and Fy, O Fj1 for all k. Define C, = NF}.
We will call C,, the Cantor set associated with the sequence a and g,, will
denote the gap of C, associated with the term aj. In particular, |g,, | = ay.
If g and ¢’ are gaps, we will say that g < ¢’ if all x € g,y € ¢ satisfy that
x < y. Given a sequence a and its associated Cantor set C,, we define a cut
of C, to be a partition of IN = L U R such that

9a, < Ga, forall /€ L,r € R.
We will allow L or R to be empty.

Lemma 1. Every point in C, defines a cut and conversely, every cut of C,
defines a unique point of Cy.

Proof. For x € C,, define L = {n : g,, C [0,z]}. For the converse, if (L, R)
is a cut, then let

s =sup{d € R : d is a right endpoint of some gap g,,, n € L}
and
t = inf{c € R : ¢ is a left endpoint of some gap g,,., m € R}.

Clearly s < t. If s < t then [s,t] C Cy, a contradiction. O

Let C, and Cj, be Cantor sets associated to sequences a and b respectively.
As a result of the definition of C, and C}, it is clear that if for some n,m € IN

Gan < YGams then b, < Gb,y,-

This implies that if (L, R) define a cut of C,, it also defines a cut of C}.
Also, if x € C, is defined by a cut (L, R), then

T = Z |Gan -

nelL

3. Equivalences of Cantor sets

The previous considerations allow us to define a natural map 7y, from C,
into Cj, that assigns to the point x € C, the point y € Cj defined by the
same cut associated to z, i.e. if Lo(x) = {n € IN: g,, C [0,2]}, then

y="ma(®)= > gl

n€Lq(x)
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Observe that y can be written also as
y= > lg.| with Ly(y) ={n € N: g, C[0,y]}.
n€Ly(y)

The map my, : C; — (Y} is one-to-one and onto. It can be extended
linearly to a one-to-one map from [0, S,] into [0, Sy]. For, we map the gap
Ja,, linearly into the gap gy, i.e. if g4, = (¢,d) and g3, = (¢, d’), then
d(x—d)—d(x—c)

c—d

Note that 7 is an increasing function, since given x,y € C, with x < y, we

have
7"'ab(y)_7'(}1%)(‘73) = Z bn_ Z bn

Tap(x) = , for x € (¢, d).

n€Lq(y) n€Lq(x)
n€(La(y)\La(x)) {n:gan Clz,yl}

This shows that 7,y is increasing on C,. This implies that 7, is increasing
on [0,S,]. Since map @ [0,S,] — [0,Sp] is onto, it must be continuous and
consequently 7 ;' : [0, Sp] — [0, S,] is also continuous.

We have proved the following proposition.

Proposition 1. If C, and Cy are the Cantor sets associated to arbitrary
sequences a and b, then the map mqp : [0,S,] — [0, Sp] is increasing, one to
one, onto and bi-continuous. Furthermore wq,(Cy) = Cp.

Definition 1. Given two summable sequences a and b of positive terms, we
will say that a is of lower order than b,

n

a < b if there exists k > 0 such that Z— <k, V' neN.

n

If a < band b < a we will say that a and b are of the same order and we
will write @ ~ b. Note that

anb k1<‘Z—"<k2, VneN,

for some constants ki, ko > 0.
We will need the following result which appeared in [CMPSO03].

Proposition 2 (CMPS03). Let a = {ap}, v be defined by ar = (+)",
p>1. Then C, is a %—set, precisely,

1 1
1 2P P 1 1 P
_ < 'Hpr < | —
8<2p_2> =T (Ca)_<p_1>




6 C.CABRELLI, F.MENDIVIL, UMOLTER, AND R.SHONKWILER

and furthermore
1

dim C, = —.
p
Theorem 1. Let C, and Cy, be Cantor sets associated to the sequences a
and b. Then we have
1) ifa < b then dim(Cy) < dim(Cy), in particular, if a ~ b then dim(C,) =
dim(Cy),
2) there exist sequences a = {an} and b = {b,} such that liminf §* = 0,
and
dim(C,) = dim(Cy).

Proof. For part (1), if a < b, we will show that the map 7, defined above
is Lipschitz. For given x < y, x,y € C}, then

(2) Tha(y) — Tha(2) = Z an <k Z bn
{n:gy, Clz.y]} {n:gy,, Clz.y]}
3) = k(y—x).
Then we have dim(C,) = dim(mp(Ch)), and by an elementary property

of Hausdorff dimension we obtain dim(m.(Cy)) < dim(Cp) proving (1).
For part (2), consider a sequence a = {a,} such that for some fixed p > 1

. an,
lim — =
n—oo ﬁ
and
1
lim 2L =0, for all ¢ > p.
n—oo (4,
Then the maps
(4) mo C;p — C,
(5) g Cyp— C%

are Lipschitz using a similar argument as in the first part. This implies
1 1
— <dim(C,) < -, for all ¢ > p.
q p

Then dim(C,) = %. O

3.1. Example. Let z > 2 and let A = {\,} and v = {7,,} be two sequences
defined as follows:

)\_< ! )p _<1>”IL‘§;_ )"
SEANC Y R\ )

where n = 2% 4+ 5,0 < j < 2F —1, and [y] is the greatest integer smaller than
Y.
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1 1 P &\ M\
—<|—=) <|5/—) <=<
2r 14 j/ak zk 4+ Yn

So we know that 2% < liminf % < limsup % < 2P, and hence v ~ A

(compare [CMPSO03]).

Then

4. Computation of Hausdorff dimensions

In this section we will define some indices associated with a summable se-
quence. These numbers can be considered as a measure of the decay rate of
the sequence. We will then compare their values with the dimension of the
associated Cantor set.

We will denote by A, the sequence A\,(n) = 1/nP. Let us define now for a
sequence a = {a,},

Bla) = inf{s:0<s,a <A/}
y(a) = sup{s:0<s, A5 <a},
d(a) = inf{s:0<s< 1,2&2 < oo},
An historical survey of various indices associated with the decay of gaps

(when a,, decreases) and the box dimension is given in Tricot, [Tri81], to-
gether with more complete results.

Theorem 2. With the above notation,

log(n) — —log(n)
~v(a) = lim Tog(a.) and  f(a) =lim Tog(ar)
Proof. Let us call
A = lim —log(n) and B =Iim —loig(n)'
log(ay,) log(as)

Let s < A, then s < —log(n)/log(ay) for sufficiently large n. For such n,

we then have
1 1/s
<—> < Qp.
n

Thus, (1/n)Y* < (a,), and therefore, s < vy(a). Thus, we know that A <
V(a).
Conversely, suppose that s > A. Then

L Jog(an)

s~ log(n)




8 C.CABRELLI, F.MENDIVIL, UMOLTER, AND R.SHONKWILER

Now this implies that there is some subsequence ni so that

l n 1 1/8
_1 > 70g((1 k) = — > Qpy, -
5~ Tog(n) n

Thus, for all € > 0 we know that

%+e
(%) ) 4 an, and therefore s+ € > v(a), YV €>0,s> A
Hence 7(a) = A.

The proof of f(a) = B is similar, but we give it for completeness.

For s > B we know that —1/s > log(a,)/log(n) for sufficiently large n.
For such n we have (1/n)'/* > a, so that a, < (1/n)'/* which implies that
8(a) < B.

Conversely, if s < B then there is some subsequence nj so that

1

1 log(an,) 1\
—g < M = < Qp,-

Nk
Thus,
1)
an A | — vV €e>0,
n
therefore a,, # (1/n)Y/*, and hence B < §(a). O

Note that out of the three constants defined at the beginning of this
section, only ¢ is invariant under rearrangements, whereas 3 and ~ are not.
Therefore, since we know that for a, = n—lp, rearrangements can indeed
change the dimension (see [CMPS03]), we have to discard the intuition
that d(a) = dim(C,).

Proposition 3. If a is a summable sequence of positive terms then

1) y(a) < dim(Cy) < S(a).
2) y(a) < 6(a) < B(a).
3) If a = {a,} is monotone decreasing, then 6(a) = [(a).

Proof. Part (1) is a consequence of Theorem 1 and the definition of v(a)
and f((a).

For part (2), choose s > 0 such that a < A/, then for every n,

c
anp < —— forsome c¢>0
nl/s

then

C/

S+€ <
an = n(s—i—s)/s
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which implies that s + € > §(a) for all € > 0 and then §(a) < f(a). Further-
more, for each € > 0 we have for every n:

Cl < a,, for some constant ¢
n(a)—e
SO
Z al =€ = fo0

n
which implies that d(a) > v(a) — €. Since € is arbitrary, we conclude that
d(a) > v(a). For part (3), since we already proved part (2), it only remains
to see that §(a) < d(a). If for some 0 < s < 1,%" @y < +oo, then using the
monotonicity we conclude that

lim na; =0,

n—oo
and therefore n'/%a, < k for some positive constant k. This says that
a < A1/, which implies the result. O

NoTE. Part 3) of the preceding proposition has already been proved by
Tricot in [Tri81].

A consequence of the preceding proposition is that if a is a monotone non-
increasing summable sequence of positive terms and @ is any rearrangement
of a then 3(a) = d§(a) = d(a) < B(a).

Another immediate consequence of the definition of v(a) and ((a) is the
following property:

PROPERTY. Let a be any summable sequence of positive terms. If 0 < b <
B(a) then lim sup,,_, ., n'/%a, = 400, and if y(a) < b then liminf, ., n'/%a, =
0

This property tells us that if we take a rearrangement a of a monotone
non-increasing sequence a such that 5(a) # (a), (hence 5(a) < B(a)), then
limsup n'/?@g,, = +oo.

n—oo
Using the previous observations, we can actually improve on part (1) of
Proposition 3:

Theorem 3. If a = {ay,} is a monotonic non-increasing summable sequence
of positive terms, and a is a rearrangement of a, then dim(Cz;) < 6(a) =

B(a).

Proof. We will first provide an alternate proof of part (1) of the previous
proposition, for the monotone sequence a. This proof will then allows us to
deduce the desired property.

Let s > f3(a) and let 0 > 0 be given. Let n be so large that )~ . aj < 6.

Then the remaining intervals after the nth stage of construction, {E}j }Zi%,
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are all of length smaller than §, and are therefore a §-covering of C,. Note
that these E; are just some I defined in section 2. By Holder’s inequality
and integral comparison, they satisfy

n+1 n+1
STIES < (n+ D)7 (O] B
k=1 k=1
< Cn-1)" (Y (%)%)S
k=n+1
< o))

Therefore, for all s > (3(a) the Hausdorff measure Hj(Cy) < ¢(125)°. Hence
dim(C,) < s. Since this is true for all s > 3(a), we have

dim(C,) < B(a).

Let now @ = {a,} be a rearrangement of a. Then for all § > 0 let n again
be so large that > 72 ar < d. There exists an m > n such that

{al,ag, - ,an} C {51,52, e ,'dm}
So, for some i1,...,i, € {1,...,m} we have a;;, = a1, ..., a;, = a,. Let
E;, Ei,, ..., E;, ., be the remaining intervalas due to a;,, ..., a;, in the
construction of (5. Then U?LIEZ] is a covering of C5 and
n+1 [e'¢)
E ‘EZJ’ = E ap < 0.
j=1 k=n+1

This implies that |E;;| < § and hence { E;; } is a d-covering of (3. Using again
the integral approximation as above, we obtain that dim(C3) < f(a). O

4.1. Monotone non-increasing sequences. For a non-increasing sequence
a, we already know that d(a) = (a). In addition, by Proposition 3, we know
that

+(a) < dim(Cy) < fla).
Therefore, if

(B0
ogn

This result extends the result of Falconer [Fal97] (pg.55). Moreover,
Falconer shows that if the limit does not exist then the upper and lower
box-dimensions disagree.

In this case however, we still want to determine the dimension of C,. For
this, we introduce two new constants associated to the sequence a.

In fact, these two constants are related to the behavior of the tail of the
sequence. Let us call r, = >/, a;. Using an argument analogous to the

then we have dim(C,) = —

|
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one used in the proof of Theorem 3, one can see that the s-Hausdorff measure
of C, is bounded by
S
H*(C,) < elimn (™).
n

We therefore define the following two constants, associated to the sequence
a:

7(a) =inf{s > 0:limn (%)8 < 400},

a(a) =lima,, where n (%)an =1.

NoTE. The constant « associated to a monotone sequence a was introduced
in [BT54]. In fact they show that dim(Cz) < «a(a), where a is any re-
arrangement of a.

It is interesting to remark, that lim o, was introduced already in 1948 by
Emil Borel with the name of logarithmic density.

From results in the seminal paper by Besicovitch and Taylor [BT54], one
can conclude that for a monotonic non-increasing sequence dim(C,) = a(a)
(see [CHMO3|), and that for each t and ( such that 0 < ¢t < (3, there
is a monotone non-increasing sequence a = {a,}, such that 3(a) = 3, and
a(a) = t. In our next proposition however, we show the surprising result that
if v(a) is strictly smaller than (3(a), then a(a) has a smaller than expected
bound.

Proposition 4. With the notation above, for every non-increasing sequence
a)

=T\a an ala fY(a)
A Y OESTOX

Proof. (a(a) < 7(a))
Let s > 0 be such that limn (%)S < 400, then

(5) =) G =G
nl—|) =nl(— — =(—

n n n n

So li_m(%)s_a" < +o00. Since for each fixed k > 0, lim (Z2)
there must exists a subsequence «,, such that

-1/k — 400,

1
O‘nk<5+Ev for all k.

We have

a(a) =lima, <lima,, <s,
n

and therefore a(a) < 7(a).
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For the converse, 7(a) < a(a), assume now that a(a) < 7(a), and consider
s, such that a(a) < s < 7(a). Let {an, } be such that limj a,,, = a(a) and
ap, < s for all k. Then

. Tn\* .. T N £ T
+oo:h_mn(—) =limng | — ] =lim | —* =0
n n k ng k n

(since s — ay,, > ¢ > 0 for some ¢ and for all k). This contradiction shows
that a(a) = 7(a).

For the other inequality, note that if v(a) = (a), then % = (a)
and there is nothing to prove. However, if y(a) < 3(a), then

(a)
< fB(a).
1~ (6(a) =~(a))
To show that a(a) satisfies the desired inequality, we prove that for each € >

0, afa) < % For this, we will show, that for each ¢ > (’32 )there
1-3(a

is a subsequence {ay, } of {a,}, for which r,,_ is at most O (n—lk Gla)te) >

Fix B(a) —y(a) > € > 0. Let us call 7. = y(a) + . From the definition
of v(a), we immediately see that there is a subsequence ny so that a,, <
11/

o . This is the subsequence that we desire.

Since a,, is monotone, we can estimate r,, from above. Fix nj. Define a
new sequence {by, }, in the following way:

a; for 7 < ng,
1//7 . a
bj = <n_1k) j for np <j < [’I’Lf( )/’Y€-|7
11/8(a)

7 for all larger j,

where [z] stands for the smallest integer that is larger or equal than x. So
we have that a; < b; for all j, and therefore } .., a; <> .5, b;.
We can estimate that

[ %7 Bla)/Ve
Z b = [nk 1/,J Mk nl(f(a)_l)/% for k large enough,
£
Jj=ng ny

and, using an integral comparison, we see that

@/ (B@-1)/B(a)
Z bj —C <nk( )/’YE) )
j2 @ e
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Since both of these terms are O(nff v/ 72), we have that
aa) < y(a) +¢ for every e.

~ 1=(B(a) —~(a) —¢)
O

In [Tri95] it is proved that 3(a) = lim —a = lim v, Proposition 4 above
shows that this is false for the lim. Moreover, we know that there are no
sequences a, with vy(a) < B(a) and

7(a) ,
= (a) £ 7(0) < m(Ca) = Bla).

So the question now is about the existence of a sequence a, such that
(a)
1—p(a) +~(a)
The next proposition answers this question completely and emphasizes the
asimetry between the lim and the lim.

’Y(a) < dim(C,) <

Proposition 5. Let 0 <y < 8 <1 be given, and let
S = {a = {a,}, monotonic non-increasing such thaty(a) = v and B(a) = B},

then for any number t, v <t < ﬁ, there is a sequence a € S such that
dim(C,) = t.
Proof. Let 0 < s <1, and define
Flo) = - 1(1—-s6)
—B+(1—5s)
For each s we will construct a sequence a(s) € S, such that dim(Cy,)) =
f(s). Since f is decreasing, f(0) = 1= and f(1) = ~, for any t €
[V, 1= ng ] there is an s; so that dim(Cys, )
To construct such sequence, let R = 525 and define p, = 28" n =
0,1,2,.... We now define the sequence a( ) ={an} as follows, ag = a; =1
and

_(1l=sv

a; = (pn) ( v )j_s when Pn < J < DPnii-

Notice that a,, = p, " and

2=

1-sy " B
A(ppy1—1) = Pn (pn - 1) ~ pnfl'

Furthermore,
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Hence 7(a(s)) =~ and f(a(s)) = 5, so a € S. In addition a(s) verifies,

_ =)
a(a(s)) - (1 _ /8) +’Y(1 _ S) - f(S)
To show this, we estimate 7,,. We see that

Tp, = Z a; + Z a;.

Pn<j<Pn+1 J>Pn+1

Estimating these sums, we see that

_l-sy1-p
(6) Tpn ~ Cpn e
so that
v(1 - sp)
ala(s)) <
) < T 0 -9
To see that

(1 —sB)

ala(s)) > ,

R e
we observe that for i € IN, p, <@ < ppy1
o = ln(l/z‘) > In(1/py) .
ln(ri/l) ln(rpn /pn) = apn

This estimate is obtained by noting that if 7 is such that i = p], (1 < 7 < R),
then

1-sy R2(1—s)- L&

im0 (PO - 070 4o, ’
and since 1 < 7 < R, by 6 asymptotically we have that r;/r,, — 1. Thus,
for large enough values, we know that
In(r;)
ln(rpn)

which is equivalent to the desired inequality, and therefore dim(Cy5)) = f(s)
as desired.

We summarize in the next theorem the main results of this section.

Theorem 4. Let a = {a, > 0} be a summable sequence. Then we have
1)

: v(a)
0 < 7(a) < dim(Cy) < afa) < 7— 5la) (@) < B(a).

In particular when the sequence a is non-increasing we have that

dim(C,) = a(a).
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2) Given numbers o, 3 and v such that 0 < v < a < ﬁ < pB <1,
then there exist a summable sequence a (that can be chosen to be non-

increasing) such that
Va) =7, ala)=a and fla)=p.

Given a non increasing sequence a it could happen that the a(a)-Hausdorff
measure of the associate Cantor set C,, is zero or infinite. In the next section
we will see that we still can say something in this case.

5. Dimension function

To analyze this situation it will be useful to refine the notion of dimension
in the spirit of Hausdorft’s original work. Throughout this section we fix
a monotonic non-increasing sequence a = {ax} of positive terms such that

dap =1.

We associate to a another non-increasing sequence:

r o0
7 b= {b,} b,=—2, h n 1 bef = ;.
(7) {bn} —>  Where y is as before 7 ;a]
Define the following function h, for a decreasing function f : [1,4+00) — R
such that f(k) = by, e.g.

f(@)=br(k+1—2)+bpyi(z — k), xz €k k+1)

then let
1
= oy t e 0, b
® TR Emcl
h(0) =0 otherwise.
Then h is a non-decreasing, concave function and
1

This function will be useful for determining the dimension of the Cantor
set Cy. We will need some auxiliary results and (more!) notation.
Let W denote the set of binary words of finite length:

W = {e}| J{wr..wr 1 w; € {0,1}, r € N},

where {e} denotes the empty word. If w,w’ € W then ww' will denote the
concatenation of w and w’, and the length of word w will be denoted by |w].
Set |e] = 0 and let W* denote the set of words of positive length. Given w,
either an infinite binary word or a finite binary word of length at least k,
we will denote by w(k) the truncation wy...wy.

It is convenient to use the elements of W to describe the intervals of our
Cantor set C,. Let I. denote the initial interval. (I, = IJ). If w € W,
|w| = k and I, is an interval of step k in the construction, then we denote
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by I,0 and I, the left and right intervals obtained by removing the open
interval from I,,.
In this way if I, is an interval of step |w|,

(9) Iw = ol _ )

then for any w’, I,,, is an interval of step |ww’| which is related to I,,.

It is worthwhile to note at this stage that in the case of a monotonic non-
increasing sequence, the lengths of I, also form a non-increasing sequence.

For the sequence b, of 7 we will now denote by b,, the element of the
sequence corresponding to by, with ¢ = 2% + Z?Zl wj2k_j and k = |w|.

In particular note that

(10) if bw = b2k+l then bww/ = b2k,(2k+l)+s’

where [ = Z?ﬂ w;287 with k = |w| and s = z§;1 w92k,_j with &' = |w/|.
Lemma 2. With the above notation, for every k > 1, and w,w of length k,
and any w',

1 h(bww’) h(bzﬂw’) h(bww’)
11 - < < 2 .
() 2 hbe) = hlbe)  C h(b)
In particular, for any w' we have
(12) h(byw) < 4 h(by).

Proof. Recall that h(b;) = £ and let k' = |w/|. If we define

k k k!

. . L

= E wj2k Toor= E wj2k 7 and s= g w;-Zk 7
Jj=0 Jj=0 Jj=0

then by 10

h(byw) 2k 11 and h(bgw) 2k r
h(by) — 2K (28 +1) +s h(bg) — 2M(2F +7) +s
Now noting that
1 2k +r
- < <
2 — 2k41 — 2

we obtain the desired result.
For the second inequality just note that A is non-decreasing and therefore
the right-hand side is less or equal than 2 for any w'. O

These bounds of the ratios of h(by) will be useful for defining a measure
on C,. Since the construction of this Cantor set relies on the size of the
gaps, it will be useful to define a measure depending on the size of the gaps.
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Proposition 6. There exists a probability measure py supported on Cy, such
that for every k>1,0<£<2F -1,

1
(13) 7 b2k yp) < pn(Iy) < 2 hibyiyy)-

Proof. For m > 1 consider the probability measure pu,,, supported on the
intervals I;" of level m, such that

m h(bgm
Hm (‘[t ) = 2m_(12 +t) .
> j—0 h(bamyj)

Note that, if £ < m, and w = wy ... w; is such that Z?:o wj2k_j =1,

:um(If) = pm(lw) = Z o (L),
lw’|=m—k
and hence
2m 1
(14) S hlbny) | ) = S0 hlbwr).
j=0 lw!|=m—k

But by the bounds found in 11 in the previous Lemma,
h(bgw)
h(bg)

Hence, recalling the definition of w, we obtain (from 14), that for all w such
that |w| = k,

h(byww) < 2 h(by)

V w such that |w|=|w|=*k.

2m—1
h(bg) > hbenig) | () < 2h(bw) Y. hlbgw),
j=0 |lw’|=m—Fk
and therefore
om_1
> hlbg) Y hlbamgg) | pm(IF) <2h(bw) | D0 > hlbgw)
|w|=k j=0 |@|=k |w'|=m—k
am_1
=2 h(bw) Y h(bgmyy),
5=0
which yields
,um(ff) h(b2k+£) k< m.

k_ ’ =
Z?:ol h(b2k+j)
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But noting that

DO =

2m—1
< Y hbamyy) <1
=0

and using the other inequality of the Lemma, we finally obtain that for every
1<k<m,0<¢<2F_—1,
1
5 Mlbarig) = (L) < 4 hi(bgyy)-
Let now uj be the weak*-limit of f,,, then (see for example [Mat95]) for
every 1 <k, 0<¢<2F_1,
1
5 hlbariy) < pa(I7) < Ah(ban ).
O

We are now ready to prove our main result; recall that an h-set was
defined in the Introduction.

Theorem 5. Let a = {ax} be a non-increasing sequence of positive terms
such that > a = 1 and C, the associated Cantor set. Then Cy is an h-set.

Moreover )
— <H"(C,) <1

32~ (Ca) <

where H" is the Hausdorff measure associated to h, and h is the dimension

function defined in 8.

Proof. For the upper bound, let 6 > 0 and let ng be such that n > ng,
Tp = Zj>n a; < 0. Then the intervals Fi,..., E, that are the remaining
intervals after the gaps associated to ai,...,a,_1 are removed, are a J-
covering of Cy, and since h is concave, we have

f:h(lEil) < nh (’El‘ et ‘E"’> —h (™) =1,

n n
i=1

and therefore H"(C,) < 1.

For the lower bound, the idea is to try to use the measure uj, and apply
a generalized version of the Mass transfer principle.

For this, let U be any open set, and let diam(U) = p < 1. Let k > 1 and
0 < ¢ < 2F— 2 be such that

(15) boryerr < p < boryy
(the case that byri1 < p < byr+1_; will be considered separately). Then,
because the length of the intervals [ lk is a non-increasing sequence

IS+ + 15|

p<b2k:
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Then U can intersect at most 2 consecutive intervals of step k — 1. Hence
pn(U) < (uin(IE) + pn(If1) Vo<t <2F -2,
< 4 h(bgr-1,¢) + 4h(bok-1,;) by the Proposition
< 8h(bgk-1)
< 32h(bykygyq) by 12.
Therefore since h is non-decreasing,
pr(U) <32 h(bgrprq) < 32 h(diam(U)).

Assume now that p is such that bor+1 < p < bor+1_1. Since p < bgk, we still

have
1 1

— 32 h(b2k+1 ),
and so again,
un(U) < 32 h(diam(U)).

Therefore, if {Uy} is a d-covering of C,, we have

> hldiam(ti) > %%juhwk) > = u(Ca)

Since this is true for every §-covering, we obtain:

1
HINC,) > o) 1n(C,), and therefore HM(C,) >

1
32

O
Among all the dimension functions, one can also establish a certain equiva-
lence relation, namely h = g if there exist constants ¢; and ¢o such that

M< MM<C

c1 < lim <
z—0+ g(ﬂ?) r—0+ g(l’)

The following result relates the function h to a(a).

Proposition 7. Ifa ~ %1/5 then h = z° .

1/s
)

Proof. Since a ~ 1 v(a) = B(a) = s, and hence there exist ¢ > 0 and

d > 0 such that
(l)l/s
n <d Vn,

Qn

c<

and therefore

INA
Q
~
Sl
~
—
Py

1\/* r
a, < ¢ <—> and therefore —
n

3

Analogously,

Y
T

&)

1 1/s .
ay > d <—> and therefore I'n
n n
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Hence

h — h
cp < lim (2) im (z)
=04 I° z—04+ 2%
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