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Abstract

Khintchine’s theorem is a classical result from metric number theory which relates the Lebesgue
measure of certain limsup sets with the convergence/divergence of naturally occurring volume sums.
In this paper we ask whether an analogous result holds for iterated function systems (IFS’s). We say
that an IF'S is approximation regular if we observe Khintchine type behaviour, i.e., if the size of certain
limsup sets defined using the IFS is determined by the convergence/divergence of naturally occurring
sums. We prove that an IF'S is approximation regular if it consists of conformal mappings and satisfies
the open set condition. The divergence condition we introduce incorporates the inhomogeneity present
within the IFS. We demonstrate via an example that such an approach is essential. We also formulate
an analogue of the Duffin-Schaeffer conjecture and show that it holds for a set of full Hausdorff
dimension.

Combining our results with the mass transference principle of Beresnevich and Velani [4], we
prove a general result that implies the existence of exceptional points within the attractor of our IFS.
These points are exceptional in the sense that they are “very well approximated”. As a corollary
of this result, we obtain a general solution to a problem of Mahler, and prove that there are badly
approximable numbers that are very well approximated by quadratic irrationals.

The ideas put forward in this paper are introduced in the general setting of iterated func-
tion systems that may contain overlaps. We believe that by viewing iterated function systems
from the perspective of metric number theory, one can gain a greater insight into the extent to
which they overlap. The results of this paper should be interpreted as a first step in this investigation.!

Mathematics Subject Classification 2010: 11K60, 28 A80, 37C45.
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1 Introduction

Let V C R? be a closed set. A map ¢ : V — V is called a contraction if there exists r € (0,1) such
that [¢p(x) — ¢(y)| < rlx —y| for all x,y € V. An iterated function system (IFS) on V is a finite set
of contractions ® = {¢; }iep. A well known result due to Hutchinson [12] states that for any iterated
function system ®, there exists a unique non-empty compact set X C R? such that

X = U ¢i(X). (1.1)

i€D

The set X is called the attractor associated to ®. Often one is interested in understanding the geometric
properties of X. When the images of X under the elements of ® are well separated, then the geometry
of X is well understood. Moreover, under this assumption one can often calculate the dimension of X
for the various notions of dimension. However, when the images of X overlap significantly, the geometry
of X is much more complicated. One cannot draw as many conclusions as in the non-overlapping case.

IThis research was supported by EPSRC grant EP/M001903/1.



This being said, one of the guiding principles within fractal geometry is that if the IFS generating X
has no obvious mechanism preventing X from satisfying a certain property, then that property should
be satisfied. Properties we might be interested in include whether the dimension of X satisfies a certain
formula, whether the dimension of certain measures supported on X satisfy a certain formula, whether
certain measures supported on X are absolutely continuous with respect to the Lebesgue measure, etc.
Consequently, it is believed that despite the presence of significant overlaps within an IFS there should
be much that we can say. For more on IFS’s with overlaps we refer the reader to [8, 10, 18] and the
references therein. In this paper we view IFS’s from the perspective of metric number theory. We now
take the opportunity to recall the relevant background from this area.
Given ¥ : N — R>(, we associate the set

J(¥) := {x eER:|z—p/q < ¥(¢g)forim. (p,q) € Z x N}.

Here and throughout i.m. will be used as a shorthand for infinitely many. The following well known
theorem is due to Khintchine [15].

Theorem 1.1. (Khintchine’s theorem) If ¥ : N — R is a decreasing function and

> q¥(q) = oo,

then Lebesgue almost every x is an element of J(V).
This result is complemented by the following straightforward consequence of the Borel-Cantelli lemma.
Theorem 1.2. If Z;il q¥(q) < oo, then J(¥) has zero Lebesgue measure.

Note that by an example of Duffin and Schaeffer [6] the monotonicity assumption appearing in Theo-
rem 1.1 cannot be removed entirely. In response to this example they proposed the following refinement
of Theorem 1.1, now known as the Duffin-Schaeffer conjecture.

Conjecture 1.3. (Duffin-Schaeffer conjecture) If ¥ : N — R is an arbitrary function satisfying

> #{1<p<q:ged(p,g) = 1}¥(q) = o0,

q=1
then Lebesgue almost every x is an element of J(U).

Our IFS analogue of the set J(¥) is defined as follows. Given an IFS ® let D" := {(i1,...,in) : i; €
D for 1 < j <n}and D*:= U2, D" Fix z € X and let ¥ : D* — R>(. The analogue of J(¥) is

W(U,z):= {x €X:xz€B(¢pr(2),¥(I)) forim. I € D*}.

Here and throughout we will use I = (i1,...,i,) to denote an element of D*, and ¢; will denote the
concatenation ¢;, o---o¢; . We will denote the length of a finite word I by |I| and let X; denote ¢(X).
Throughout this paper we will refer to X; as a cylinder set and say that it has rank |I|. We call any
function ¥ : D* — R>( an approxzimating function.

Note that the set W (W, 2) has some key differences when compared with the set J(¥). First of all,
we have introduced the additional variable z. Secondly, the function ¥ may depend on the specific digits
of I not just the length of I. As we will see in Example 2.1, allowing ¥ to depend on the specific digits
of I and not just the length of I is essential.

Theorem 1.1 quantifies the good distributional properties the rational numbers have within R. Sim-
ilarly, if an analogue of Khintchine’s theorem were to hold for W (¥, z), this would reflect the good
distributional properties the images of z have within X. Therefore, if an analogue of Khintchine’s theo-
rem were to hold for every z € X, this would tell us that from the perspective of metric number theory
our IFS does not contain significant overlaps. One could then ask whether the presence of a Khintchine
type theorem would imply any other nice properties for our IFS. These ideas are the motivation behind
this paper.



With the set W(¥,z) defined as above for a general IFS, it isn’t obvious what the appropriate
analogue of Khintchine’s theorem should be. In this paper we narrow our scope to determining an
analogue of Khintchine’s theorem for IFS’s consisting of conformal mappings. Restricting to IFS’s
consisting of conformal mappings we introduce the notion of an approximation regular IFS. Put simply,
an IFS will be approximation regular if we observe Khintchine type behaviour, i.e., if the size of W (¥, z)
is determined by the convergence/divergence of naturally occurring sums. We prove that an IFS
consisting of conformal mappings is approximation regular if it satisfies the open set condition. These
results are of independent interest but should also be interpreted as a first step in our investigation into
studying overlapping attractors from the perspective of metric number theory. In the final section of this
paper we prove a complementary result which states that whenever our IFS contains an exact overlap
then it cannot be approximation regular. This is relevant as the standard mechanism by which one can
construct an IFS that fails to satisfy a certain property, that we would otherwise expect to be true, is to
construct the IFS in such a way that it contains an exact overlap.

Notation. Throughout this paper we make use of the standard big O notation. Given two positive real
valued functions f, g defined on some set S, we write f < g if there exists a positive constant C' such that
Clf(z) <g(x) <Cf(x) forall z € S.

1.1 Self-similar sets and self-conformal sets

In this section we describe the attractors we will be focusing on. Suppose ¢ : R — R? is a contraction
and that it also satisfies the condition |¢(x) — ¢(y)| = 7|z — y| for all 2,y € R%, for some r € (0,1). If ¢
satisfies this condition we call ¢ a similarity. When our IFS ® consists solely of similarities, we say that
X is a self-similar set. The unique s for which

dori=1 (1.2)

i€D

is called the similarity dimension. We will denote the similarity dimension by dimg(X). This choice of
notation is a little misleading as the similarity dimension is a function of ® not X. There maybe several
IFS’s with different similarity dimensions but each with X as their attractor. However, it should always
be clear from our context which IFS we are referring to.

Self-conformal sets are a natural generalisation of self-similar sets. Let V C R? be an open set, a C!
map ¢ : V — R is a conformal mapping if it preserves angles. Equivalently ¢ is a conformal mapping if
the differential ¢’ satisfies |¢'(x)y| = |¢/(x)||y| for all z € V and y € R%. We call ® a conformal iterated
function system on a compact set Y C R?, if each ¢; can be extended to an injective conformal contraction
on some open connected neighbourhood V' that contains Y and 0 < inf ey |@}(z)| < sup,cy |@i(x)| < 1.
Throughout this paper we will also assume that the differentials are Hélder continuous, i.e., there exists
a > 0 and ¢ > 0 such that

¢ (@)| = ¢ (W] < el =yl

for all z,y € V. When ® is a conformal iterated function system we call the attractor X a self-conformal
set. The generalisation of the similarity dimension within the setting of self-conformal sets is the unique
zero of Bowen’s equation, that is the unique s € R that satisfies P(s) = 0, where

1 1
P(s) := lim —log inf () = lim = log su e 1.3
(s) = lim ~ g””exfe%;nm( PP = lim ~ gxeglgmlsbz( )| (1.3)

When each element of ® is a similarity then the equation P(s) = 0 reduces to (1.2). For notational
convenience we will denote the unique s satisfying P(s) = 0 by dimg(X) and also call it the similarity
dimension.

When the images of X under the elements of ® are well separated, the Hausdorff dimension of X
is often equal to dimg(X). Indeed when there exists an open set O C R such that ¢;(0) C O for all
i € D, and ¢;(0) N ¢;(0) = 0 for all i # j, then dimpy(X) = dimg(X) and X has positive and finite
dimg(X)-dimensional Hausdorff measure. If there exists an open set O satisfying the above criteria then
the IFS @ is said to satisfy the open set condition. These results are well known and date back to the
work of Ruelle [19]. For a proof see [7]. Note that without any separation assumptions we still have the
upper bound dimg (X) < dimg(X).



1.2 Statement of results

We now introduce the notion of an approximation regular pair and an approximation regular IFS. When
defining an approximation regular pair we have to be careful whether the attractor X has zero or positive
dim g (X)-dimensional Hausdorff measure. Consequently the following definition is split into two parts.

e Let ® be a conformal iterated function system and suppose Hdm# (X) (X) > 0. Given z € X, we call
(®, 2) an approximation regular pair if whenever 6 : N — R>¢ is a decreasing function such that

Z Z (Diam(X[)dimS(X)/dimH(X)e(n))dimH(X) = 00, (14)
n=1IeD"

then H4m# (X) almost every z € X is an element of W (Diam (X )dims(X)/ dimu(X)g(|1)), 2).

e Let ® be a conformal iterated function system and suppose H4™# (X)(X) = 0. Given z € X, we
call (®,2) an approzimation regular pair if whenever 6 : N — R>¢ is a decreasing function such
that (1.4) holds, then dim (W (Diam(X )dms(X)/dmua(X)g(|1)), 2)) = dimpy (X).

We call ® an approzimation reqular iterated function system if (®, z) is an approximation regular pair for
every z € X.

We emphasise that in the definition of an approximation regular pair the attractor may contain
considerable overlaps. So we could have dimy(X) < dimg(X). It is also worth noting that originally
our sets W(V, z) were defined for any function ¥ : D* — R>¢. In the definition of an approximation
regular pair we have restricted to functions of the form ¥(I) = Diam(X)3ms(X)/dimua(X)g(|1|). Tt is a
consequence of this restriction that if 6 is such that (1.4) holds, then 6 cannot decay to zero exponentially
fast. We have done this because the function 6 depends only on the length of I, and if # were to contribute
some exponential decay the resulting function would not necessarily take into account the inhomogeneity
present within the IFS. Restricting to approximating functions that reflect the inhomogeneity of the IFS
is essential. The importance of picking appropriate approximating functions is demonstrated in Section
2.

The approximation regularity of a class of overlapping attractors was studied by the author in [1] and
[2]. These attractors are intimately related to the well known Bernoulli convolutions. In [1] the author
used properties of the Bernoulli convolution to prove approximation regularity results.

Note that when ® satisfies the open set condition then (1.4) reduces to

> > (Diam(Xp)6(n)) ) = oo, (15)

n=11eD"»

Moreover Him# (X)(X ) will always be positive and finite, so we take the former definition of an ap-
proximation regular pair. Under this assumption the relevant limsup sets that appear in the definition
of approximation regularity are of the form W (Diam(X)0(|I]),z). For notational convenience we let
W (8, z) denote W(Diam(X1)0(|I|), z) throughout.

Our main result is the following.

Theorem 1.4. Let ® be an iterated function system with attractor X.

1. If U : D* = R is such that
SN w(n)time 0 < o, (1.6)
n=1IeDn
then HYm# (X (W(W,2)) =0 for all z € X.

2. If ® is a conformal iterated function system and satisfies the open set condition, then ® is an
approximation regular IFS.

In our introduction we mentioned an example of Duffin and Schaeffer [6] which demonstrates that one
cannot remove all monotonicity assumptions from the statement of Khintchine’s theorem. It is natural
to ask whether we can weaken the monotonicity assumptions on 6 appearing in the definition of an
approximation regular pair. With this question in mind we make the following conjecture.



Conjecture 1.5. Theorem 1.4 holds with no underlying monotonicity assumptions on the class of 6.

In [17] Levesley, Salp, and Velani studied the approximation properties of balls centred at the left
endpoint of the basic intervals generating the middle third cantor set. This fits into our setup with
& = {z/3,2/3+2/3} and z = 0. It is a consequence of their work that divergence in (1.5) is sufficient to
prove that H4™#(X) almost every x € X is contained in W(0,0) with no monotonicity assumptions on
the function 6. A key step in [17] was replacing the set {¢;(0)};ep» with its subset C,, which consists of
those elements of {¢;(0)}repn with coprime numerator and denominator. Importantly C,, has cardinality
of the order ¢-2" and coprimeness guarantees good separation properties between the set C),, and C,, for
n # m. These separation properties were important in their proof. In our setup it is not obvious what
an appropriate analogue of C,, should be and if it even exists. Consequently we cannot prove Conjecture
1.5. We can however prove the following result which doesn’t require 8 to be decreasing.

Theorem 1.6. Let z € X and ® be a conformal iterated function system satisfying the open set condition.
Suppose 0 : N — R is a function satisfying (1.5) and

ze 9105 L ((Za o)) L)

Then HI™#(X) almost every x € X is an element of W (0, 2).
As an application of Theorem 1.6 we have the following corollary.

Corollary 1.7. Let z € X and ® be a conformal iterated function system satisfying the open set condition.
Suppose 0 : N — R satisfies 0(n) =< p =1/ dimu(X) - Thep Hdimua(X) gimost every x € X is an element
of W(0,z2).

Proof. We omit the details why for this choice of § we have divergence in (1.5). Instead we give a brief
argument explaining why (1.7) holds. For any 8 satisfying our assumptions we have

Q
1 logn
§ dlmH X)l - § g = (1 Q 2
On 08 0(n) — n (log @)

Similarly, we have
Q , 2 Q q.\2
On) ) < (Y ) = (logQ)*.
(o ommr0) < (3o 7) = o

The final step in both of these equations can be seen to hold by approximating the summation with an
integral. Combining these two equations we have (1.7). By Theorem 1.6 we may conclude our result. [

In the statement of Theorem 1.6 we introduced a new condition to replace the decreasing condition
appearing in the definition of an approximation regular pair. Similarly, one can introduce a condition on
the element z which allows one to prove that H4™#(X) almost every x € X is an element of W (6, 2) with
no monotonicity assumptions on . We postpone the statement of this condition until Section 4. We will
show in Section 4 that the set of points with this property has full Hausdorff dimension within X. As a
consequence of these results we have the following theorem.

Theorem 1.8. If ® is a conformal iterated function system satisfying the open set condition, then there
exists Y C X satisfying dimpy (V) = dimy (X), such that if z € Y and 0 : N — Rxq satisfies (1.5), then
HEma(X) glmost every x € X is an element of W (6, 2).

Remark 1.9. The well informed reader might rightly ask whether the general framework introduced by
Beresnevich, Dickinson, and Velani [3] can be applied to give a proof of Theorem 1.4. This general
approach relies on the introduction of an appropriate weight function which satisfies certain properties.
For self-similar sets with a uniform contraction ratio such a weight function can be shown to exist.
However, for more general self-similar sets and self-conformal sets it is not clear whether such a function
exists. Thus we do not apply their techniques. In any case, our proof of Theorem 1.4 is the starting
point for the proofs of Theorem 1.6 and Theorem 1.8. Both of these theorems do not follow from the
work done in [3].



Remark 1.10. Under the assumptions of statement 2 from Theorem 1.4, it can be shown that
Diam(X)3™#(X) < y(X;) for all I € D*, where y is a finite measure supported on X. This implies

that
Z Diam(X dlmH(X) =1
IeDn

for all n € N. Thus condition (1.5) is equivalent to

o
E dlmH (X) _ = 0.

Remark 1.11. When X is a self-similar set where each similarity has the same contraction ratio r, then
(1.5) can be rewritten as

Z#D" r0(n)) () = o, (1.8)

The rephrased divergence condition stated in (1.8) is the same condition as that which appears in [9] and
[17].

The rest of this paper is arranged as follows. In Section 2 we include some examples which demonstrate
that restricting to approximating functions of the form appearing in the definition of an approximation
regular pair is essential if one wants to expect the divergence of naturally occurring sums to provide any
information about the size of W (W, z). In Section 3 we prove Theorem 1.4. We then prove Theorem 1.6
and Theorem 1.8 in Section 4. In Section 5 we combine Theorem 1.4 with the mass transference principle
of Beresnevich and Velani [4]. The mass transference principle will allow us to determine the Hausdorff
dimension of the set W (¥, z) for a certain class of ¥ when we have convergence in (1.5). We apply this
result to obtain a general criteria that allows one to deduce that X contains exceptional elements, see
Proposition 5.5. Exceptional here means well approximated in a way that maybe defined independently
from X. As an application of this result, we obtain a general solution to a problem of Mahler, and prove
that there are badly approximable numbers that are very well approximated by quadratic irrationals. In
Section 6 we prove that if a conformal IFS contains an exact overlap then there are no approximation
regular pairs. We also discuss the overlapping case and suggest some future directions.

2 Examples

In this section we include two examples which demonstrate that in the definition of an approximation
regular IFS it is necessary and perhaps natural to restrict to approximating functions of the form ¥(I) =
Diam/(X)dims(X)/dimu(X)g(|1]). The first example demonstrates that any inhomogeneity, i.e. different
rates of contraction, that maybe present within our IFS should be taken into consideration.

Example 2.1. Let ® = {¢1,¢2} where ¢1(z) = 22 and ¢o(z) = £ + 2. This iterated function system
satisfies the open set condition and the correspondlng attractor is the unit interval [0,1]. For simplicity
we take z = 0. The following argument can easily be adapted to an arbitrary z € [0, 1].

Note that the image ¢;(0) is always the left endpoint of the interval ¢;([0,1]). Also note that the
set of intervals {¢;([0,1])}req1,2y» always cover [0,1], and if two of these intervals have a non-empty
intersection then they intersect at a mutual endpoint.

Consider the limsup set

W= {x €[0,1] : 2 € B(¢7(0), 211 for im. I € {1,2}*}.

Note that in the definition of W the radii of the defining balls only depends upon the length of the word
I. There are 2" elements of {1, 2}", therefore Y~ | 216{172}" 27" = 00. Consequently, if an analogue of
Khintchine’s theorem held for IFS’s where we didn’t need to take into account the inhomogeneity of ®,
we would expect W to have full Lebesgue measure. We now show that this is not the case.

Given z € [0, 1], we say that (i,)52; € {1,2}* is a coding for z if

oo
T = ﬂ Xihm,in'
n=1



Every z € [0, 1] has a coding. This coding is unique for every x € X apart from a countable set of  with
precisely two codings. We let 7 : {1,2}N — [0, 1] be the function which maps (i) to N3, X;, . s, . Let
P be the Bernoulli measure on {1,2}" which gives the digit 1 mass 3/4 and the digit 2 mass 1/4. The
push forward of the measure P under the map  is precisely the Lebesgue measure restricted to [0, 1].
Applying the strong law of large numbers, we may conclude that for Lebesgue almost every x € [0, 1] its
coding (4,) satisfies

#{1<n<m:i, =1} #{1<n<m:i, =2}

. 3 .
lim — — and lim —
m—oo m 4 m— oo m

A~

By the above, for any € > 0, we may pick a large N € N such that the set

< < :.n: < < :‘TL:
A::{IG[O,I}:#{1_n_mZ 1}Zgand#{l_n_mZ 2}

g§fora11mzN}
m m 8

has Lebesgue measure at least 1 — e.
We now obtain a bound for the cardinality of the set
#1<n<m:i, =1} 5}

> 2
m -8

S = {(z’n);’;l e {1,2)™

This bound will rely on a result from probability theory. Suppose we have a sequence of independent
random variables X7, X5 ..., X,,. Let

- 1 & 1 &
X:E;Xnandu:E;E(Xn).

The following bound is known as Hoeffding’s inequality [11].
Lemma 2.2. Suppose 0 < X, <1 foralll1 <n<m, then for0 <t <1l—p
Prob(X —pu>1t) < em2mt*,

With Lemma 2.2 in mind we let P’ be the unbiased probability measure that gives digit 1 mass 1/2
and digit 2 mass 1/2. Then

Com i ym IS n<m:iin=1} 5
#HXm =2 .P((zn)nzl. - Z§>

Applying Hoeffding’s inequality we obtain

1<n<m:i,=1
R (R

()t e

N | =

Equation (2.1) is the desired upper bound on the cardinality of 3,,.

Returning to the interval [0, 1], we remark that if 2 is contained in B(¢;(0),2~ ) for some I € D*,
then z must be contained in either B(ail,...,im , 2*“‘) or B(by, ..., i 2*|I|), where (i,,) is the coding for z
and i, i, ([0,1]) = [@i,,.._i;5 iy, |- This is a consequence of how the intervals {¢7([0,1])}ref1,2)m
sit alongside one another in [0, 1], and because z is always contained in the interval ¢;, .. ; ([0,1]).

We now use the preceding observation to obtain estimates on £(A N W). Here and throughout £
denotes the Lebesgue measure. For any N € N we have

canW) < £( U U Blowin 2™ UBlby 0 2™)
m=N I€eX,,

€Y N LBl a2+ LB 12

m=NI€eX,,

- i#zm-zx.rm
m=N

<3 4 (m)”

m=N



< 0.

In the penultimate inequality we used (2.1). Since we have convergence above, we can choose N € N
such that >°0¢_\ 4. e~2™/04 is arbitrarily small. Therefore L(ANW) = 0. Since £(A) > 1 — ¢ we have
L(W) < e. Since € is arbitrary we may conclude that L(WW) = 0.

Our second example demonstrates that for a reasonable analogue of Khintchine’s theorem to hold for
IFS’s, it is necessary that an approximation function gives weight to all words and is not concentrated
on a subset of D*.

Example 2.3. Let ® = {¢1, 2} where ¢1(z) = £ and ¢2(x) = £ + 1. As in Example 2.1 our attractor
is the interval [0, 1] and ® satisfies the open set condition. We fix z = 0 and a word J = (j1,...,Jm) €
{1,2}™. Let

e if I doesn’t begin with .J
| 27VII|72 if T begins with J.

Then V¥ satisfies
> () <o (2:2)

IeD”
I begins with J

> () =c. (2.3)

n=1I1e€D"

and

If an analogue of Khintchine’s theorem held for IFS’s where ¥ did not have to distribute weight evenly
amongst the elements of D*, then (2.3) would suggest W (¥,0) has full Lebesgue measure. However,
using the Borel Cantelli lemma we can show that (2.2) implies

(]

2

Ji
?7
1 %

iy 2&} NW(¥,0)) =0.

m
2

=1
Thus W (¥,0) does not have full measure despite (2.3) being satisfied.

Bearing Example 2.1 and Example 2.3 in mind, we believe that the class of approximating functions
we restrict to in the definition of an approximation regular pair is not so restrictive, and is in fact a
natural class of approximating functions to study.

3 Proof of Theorem 1.4

3.1 Preliminaries

We start this section by recalling the definition of Hausdorff measure and Hausdorff dimension. Let
EcCR? s>0,and p > 0. We let
Hy(E) = inf { Z Diam(U,,)° : {U,}o2; is a p-cover for E}
n=1

In the above the infimum is taken over all p-covers of . The limit lim, o H}(E) := H*(FE) exists and
we call this limit the s-dimensional Hausdorff measure of E. It is a straightforward exercise to show that
for any E C R? the following equality holds

inf{s: H*(F) = 0} = sup{s : H*(F) = oo}.

We call this coinciding value the Hausdorff dimension of E and denote it by dimg (E).
Suppose E has Hausdorff dimension s. We say that E is Ahlfors regular if

HY(ENB(z,r)) <r°, (3.1)

for all x € E and 0 < r < Diam(FE). Importantly, under the open set condition of statement 2 from
Theorem 1.4, the attractor X will always be Ahlfors regular.



In our proofs we will require the notion of a coding. This is the natural generalisation of what appeared
in Example 2.1. Given an IFS ® and x € X, then there exists a sequence (i, ) € DV such that

We call such a sequence a coding of x. The coding of x is not necessarily unique. An x may well
have a continuum of codings. As a final observation, we remark that if (i) is a coding for x, then
(J1s- -y Jm,t1,12,...) is a coding for ¢;(x) where J = (j1,...,Jm)-

3.2 Statement 1

The proof of statement 1 from Theorem 1.4 is standard but we include it for completeness.

Proof of statement 1. Let ® be an IFS with attractor X and let z be an arbitrary element of X. Let
¥ : D* — R>( be an approximating function satisfying

oo
S w0 < oo, (3.2)
n=1I1eD"

Fix p > 0. Let M € N be sufficiently large that 2¥(I) < p for all I € D™ with n > M. Such an M exists
because of (3.2). Therefore

{B(¢:1(2), ¥ (1)} repn

is a p cover of W(U, z). For any € > 0, one can assume that M is also sufficiently large that
S Y ()l <o
n=M I€D"
This is a consequence of (3.2). Therefore
o
MmO (0, 2) < 30 (2w(n) i)

n=M IeD"
< 2dimH(X)€.

Since € is arbitrary we must have HﬁimH(X)(W(\I/,Z)) = 0. Since p was arbitrary we have
FHAima () (W (0, 2)) = 0.

O
3.3 Statement 2

The proof of statement 2 from Theorem 1.4 follows a similar framework to the proof of Theorem 2 from
[17]. In particular we make use of the following two lemmas.

Lemma 3.1. Let X be a compact set in R and let ju be a finite doubling measure on X such that any
open set is . measurable. Let E be a Borel subset of X. Assume that there are constants ro,c > 0 such
that for any ball B with radius less than ro and centre in X we have

w(E N B) > cu(B).
Then u(X \ E) = 0.

For a proof of Lemma 3.1 see [3, §8]. Note that a measure u supported on a compact set X is doubling
if there exists a constant C' > 1 such that for any z € X and r > 0 we have

w(B(z,2r)) < Cu(B(z,r)).

Clearly if X is Ahlfors regular then the restriction of H4™#(X) to X is a doubling measure.



Lemma 3.2. Let X be a compact set in R and let i be a finite measure on X . Also, let E,, be a sequence
of p-measurable sets such that Y.~ p(E,) = oo. Then

(2 u(En))?

p(limsup E,,) > lim sup .
( n—00 ) Q—o0 ngzl /J(En N Em)

For a proof of Lemma 3.2 see [22, Lemma 5].

In the proofs of each of our theorems we will need the following properties of self-conformal sets
satisfying the open set condition. Let y := HY#(X) |y be the dim (X)-dimensional Hausdorff measure
restricted to X, then:

e For any n € N and I, J € D" such that I # J we have

e For any I,J € D*
w(Xrr) = p(Xp)u(X ). (3.4)
e For any I,J € D*
Diam(X1y) < Diam(Xy)Diam(X ). (3.5)
e For any I € D* _
w(X7) = Diam(Xp)dms(X), (3.6)

e There exists v € (0,1) such that for any I € D*
w(Xr) = oM. (3.7)

Let € X and (i,) € D" be a coding of . For any 0 < r < Diam(X) there exists N € N such
that

Xiy,..iy C B(z,r) and Diam(X;, . _iy) =<1 (3.8)

In the above we have denoted the concatenation of two words I and J by I.J. Property (3.3) follows from
[13, Theorem 3.7]. For a proof of the remaining properties and for a proof that X is Ahlfors regular see
[7] and [19]. Properties (3.4), (3.6), and (3.7) are essentially a consequence of the fact that p is equivalent
to a suitably defined Gibbs measure for a particular Holder continuous potential. Property (3.5) is a
consequence of the differentials being Holder continuous. The proof of (3.8) is standard.

3.3.1 Proof of statement 2

We are now in a position to prove statement 2 from Theorem 1.4. We start by fixing z € X and let
(2;) € D" be a coding of z. Let § : N — R be a decreasing function satisfying (1.5). We now fix a ball
B(y,r) where y € X and 0 < r < Diam(X). We will show that

w(W(0,2) N B(y,r)) > cu(B(y, 7)), (3.9)

for some constant ¢ > 0 that does not depend on our choice of ball. Applying Lemma 3.1 will then allow
us to conclude our result.

The set W (0, z) is defined to be a limsup set of a sequence of balls. It will be computationally easier
to replace these balls with cylinder sets. For each I € D* we let X ¢ be a cylinder set that satisfies the
following two properties:

X1 € B(¢1(2), Diam(X1)0(|1])) (3.10)
w(X1.0) = (Diam(X)0(|1]))dmn (X, (3.11)

Such a cylinder set exists by properties (3.6) and (3.8). Without loss of generality we may assume that

X = XI(Zh---,Zn(I,S))
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for some n(I,0) € N. We emphasise here that for any I € D™ we have that I is a prefix of I(z1,. .., 2n(1,9))>
(21, 2n(1,6))| = n+n(l,0), and X7 C X;. Importantly, by (3.3) we have (X7 N Xj4) = 0 for
I,J € D™ such that I # J. We now replace W (6, z) with the following limsup set that is defined using
cylinder sets instead of balls. Let

E9,z) = {x €eX:zxeXrgforim.Ie D*}
By (3.10) we have E(6,z) C W (0, z). So to prove (3.9) it suffices to prove

u(E0,2) N By, 1)) > cp(B(y, 7)) (3.12)

To our ball B(y,r) we associate the cylinder X, where (y;) € DN is a coding for y and

7--'7yn(7‘))7

X(yy...yn(ry) Satisfies (3.8). To each n > n(r) we associate the sets
En = {XL@ : I € D" and (il, . ain(r)) = (yl, c.. ayn(r))}
and
U Xre
XI,QGSTL
Then

limsup E,, C E(0,2) N X, .. C E(0,2) N B(y,r).

SYn(r))
Therefore to prove (3.12) it suffices to show that

p(limsup E,,) > cu(B(y,r)). (3.13)
It is a consequence of (3.6), (3.8), and the fact that p is Ahlfors regular that
(X (Yo ymiry)) = 1(B(y, 7).
Therefore to prove (3.13) it suffices to prove
plimsup En) > cp(X(y, . yn))- (3.14)

We now focus our attention on proving (3.14). To prove (3.14) we will apply Lemma 3.2 to the sequence of
sets E,,. To successfully apply this lemma there are two steps, we must first demonstrate that Y u(E,) =
00, we then obtain estimates for the measure of E,,NE,, for n # m. We split these steps into the following
two propositions.

Proposition 3.3. >37° ) u(Ey,) = co.

Proof. Recalling (1.5), our § must satisfy

i Z (Diam/(X;)0(n))8ma(X) = o, (3.15)

n=n(r) I€D™
Each X7 ¢ satisfies u(X79) < (Diam(X7)0(|I|))4™#(X) by (3.11). Therefore
M
> > (Diam(X )f(n))ima X Z > w(Xr) (3.16)
n=n(r) I€D™ n=n(r) I€D™

for any M > n(r). It is a consequence of (3.4) that for any J € D™") we have

M
> > w(X19) =< Z > X (3.17)
n=n(r) IeD™ n=n(r) IeD™

(ilw--yin,(r)):(ylw--vyn(r)) (ilv"’in(r)):‘]

11



In (3.17) the implied constants may depend on n(r). By (3.17) we see that

o0

n=n(r) - IeD™ n=n(r)  I€D"
(3150 ()= (Y15 Yn(r)) (i15eenrin(ry)=J

By (3.15) and (3.16) we must have

Z Z (X1,0) =00

n=n(r)  1€D"
(315 yin(r))=J

for at least one J € D™"). Therefore by (3.18) we may conclude that

> > (Xr1,9) = 00
n=n(r) IeD™

(11, i () =YL, Yn(r))

Since distinct elements of &,, intersect in a set of measure zero we have

> 2 WXra)=
n=n(r) IeD™ n=n(r)

(8150 stn (1)) = (Y15 Yn(r))
Therefore Z;O:"(r) w(E,) = oo as required.
Proposition 3.4. Let 0 : N — R>( be decreasing. Then
Q

n,m=n(r) n=n(r) n=n(r)

Z Z w(Xr1,9) = 0o if and only if Z Z wW(Xr,9) =00

Z u(EnﬂEm):O(M(Xyl, WYn(r)) ( Z o(n dlmH(X ( Z 0(n dlmH >2>)

(3.18)

Proof. Let I € D™ and X;g € &,. When calculating u(X; ¢ N E,,) there are two cases that naturally
arise, when m > n +n(I,0) and when n < m < n + n(I,0). Let us start with the case where n < m <
n+n(I,0). Since the rank of the cylinder X7 ¢ is at least m, there exists at most one Xy 9 € &, such that
X16N Xy 9 # 0. Moreover this J must be of the form J = (i1,...,%n, 21, .., 2Zm—n). These observations

give rise to the following useful bound on (X g N E,,) for n <m <n+n(I,0):

W XroNEy) =pu(XreNXie)

< pu(X0)

= (Diam(X ;)0(m))4m ) (By (3.11))
= (Diam(X)Diam(X ., ..., _))0(m)) ™) (By (3.5))
= (X)X (o)) O () 08 O (By (3.6))
< XD (X oy o)) O () B2 ) (

= O(p(Xp)f(n)ims (X)ym=m) (By (3.7)).

We have shown that if n < m < n+n(l,0) then
(X1 0 Epn) = O(u(Xp)0(n) "m0 C0ym =),

Now let us consider the case where m > n 4+ n(I,0). In this case

XroNE, = {XJ,Q :J € D™ and (j17...7jn+n(1,0)) = (il,...,in,zl,...,zn([’g))}.

Thus we obtain the following bounds

M(Xjﬁg N Em) = Z /UI(XJ,G)

JG/DWL
(J1s s Tntn(1,0))=1(21,--,2n(1,0))

12

Because 6 is decreasing)
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= E ILL(XI(ZI7~~szn(1,6))K’9)
KeDm—n—n(6,I)

= Z (Diam(XI(Zl ,,,,, Zn(l.e))K)e(m))dimH(X) (By (3'11))
KeDm-n-n(6.1)

= (Diam(X 7 4))0(m))dim# () > Diam(X g )dima (X) (By (3.5))
Kepm—n—n(0.1)

= (X r.9)0(m)dima (X) Z W Xk) (By (3.6))
Kepm—n—n(0.)

= (Diam(X1)0(n)6(m))dims (X) (By (3.11))

= (X 1)0(n) i )G () timan (X (By (3.6)).

We have shown that if m > n + n(Z,0) then
(X190 Epy) = p(X7)0(n)dime (g () dima (X), (3.20)
Combining (3.19) and (3.20) we obtain the bound
H(X10 1) Bun) < O(u(X0)0(0) 5 O™ (X )05 COp(my B 30) - (3.01)

Importantly this bound holds for all m > n.
This implies the following

Q
> WE.NEy)=2

Q
>
n,m=n(r) n=n(r) n=n(r) m=n+1
Q
>

Q-1 Q

Q-1 Q
=2 p(En) +2 Y > > (X1 NEy)
n=n(r) n=n(r) IeD™ m=n+1
(8150 stn () =(Y15- Yn(r))
Q Q-1 Q :
=2 3 wE)+0( Y > D2 pX)on) Oy
n=n(r) n=n(r) IeD" m=n-+1
(P15 ()= (Y15 Yn(r))
Q-1 Q
ro( Y 3 S a(Xo() e Og(m) a0, (3.22)
n=n(r) IeD" m=n+1

(8150 stn () =(Y15- - Yn(r))

We now counsider each of the three terms appearing in (3.22) individually. For the first term we have

Q Q
Z WEn) = Z Z w(Xy,..., yn(r))fﬁ)
n=n(r) n=n(r) [eDn—n(r)
Q .
= Yy (Diam(Xy, ) 0)0(n) ) (By (3.11))
n=n(r) IeDn—n(r)
Q .
= Z Z (Diam(X(ylw“fyn(r)))Diam(XI)e(n))dlmH(X) (By (3.5))
n:n(r) IeDn—n(r)
Q .
XM(X(y17"'7y7L('r'))) Z g(n)dlmH(X) Z N(XI) (By (3.6))
n=n(r) IeDn—n(r)

= (X gy i) Y Om) 0.

n=n(r)
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Thus we have shown that

Q Q
S (B = 1K) S O C0, (3.23)
n=n(r) n=n(r)

We now focus on the second term in (3.22):

Q-1 Q
> > > (X 1)0(n) s (X)ymen
n=n(r) IeD" m=n-+1

(1, ﬂ'n(r)):(yh 7y71.(7))

= X (s Z > Z ()i (X0 ym—n (By (3.4))

n=n(r) Jepn—n(r) m=n+1

Q-1 Q
:N(X(y1,...7yn(r))) Z o(n)mmH(X) Z U(XJ) Z ,men
n—n(r) JeDn—n(r) m=n+1
:O(M( (y1,e--s yn(r)) Z 0(n dlmH(X))‘ (3.24)
n=n(r)

In the last line above we used the fact that v € (0,1) to conclude that Y9 _ 417" can be bounded
above by a constant independent of n and @. We now turn our attention to the third term in (3.22):

Q-1 Q
> > S a(X 0oy g ()t )
n=n(r) IeD™ m=n+1
(415 ain(r)):(y17 ;y'n.('r))
(X i) Z > Z () XV () i (0 (By (34))
n= n(r) JeDn—n(r) m=n+1
Q
X (o) Z o)) N (X)) Y fm) im0
JeDn—n(r) m=n+1
Q
( . ynm) Z (n dlmH(X) Z g(m)dimH(X)
n=n(r) m=n+1
Q 2
:O(u(X(yl,...,yW)))( > 9(")dimH(X)) ) (3.25)
n=n(r)
Substituting (3.23), (3.24), and (3.25) into (3.22) we obtain
Q Q Q 2
> BN ) = O(1(X o) (22 000 4 (3 0m)me9)7))
n,m=n(r) n=n(r) n=n(r)

as required.
O

Proof of statement 2 from Theorem 1.4. By Proposition 3.4 and (3.23) there exists a C' > 0 such that

(Egzn(T) u(En))?

can be bounded below by

(X ) Q O (n)dims (X) 2
(X (g1 socyme)) 2ommn(r) 0(10)

. . 2 :
X ) ( Sty O ) 4 (S ()t 3))7)

(3.26)
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It is a consequence of our approximating function 6 satisfying the divergence condition (1.5), that for @
sufficiently large

Q
Z 9 dlmH(X > 1,

n=n(r)
and therefore
Q Q )
Z o(n)dimH(X) <( Z e(n)dimH(X)) '
n=n(r) n=n(r)

Taking limits in (3.26) we obtain

(Zg:n(r):u(E”))z > (X(yh \Yn 7‘)))

lim sup (3.27)
Qo0 32y BB 1 Epy) 2C
By Proposition 3.3 we may apply Lemma 3.2. Applying Lemma 3.2 and (3.27) we obtain
. :L’L(X(ylu..,’qn(,‘)))
1 E,) > ———
p(limsup E,) > °C
Thus we may conclude that (3.14) holds and we have completed our proof. O

4 Proofs of Theorem 1.6 and Theorem 1.8

The critical part of the proof of Theorem 1.4 was obtaining estimates for p(Xr 9 N E,,) when n < m <
n+n(I, ). Indeed this was the only point in our proof where the decreasing assumption on 6 was used.
To weaken the monotonicity assumptions used in the proof of Theorem 1.4, we need new methods to
obtain bounds on u(Xje N Ey,) for n < m < n + n(l,0). The hypothesis appearing in Theorem 1.6
and the condition appearing in Theorem 1.8 provide different methods for bounding (X7 ¢ N Ey,) for
n<m<n+n(l,0).

4.1 Proof of Theorem 1.6

Let z € X, y € X and r > 0 all be as in the proof of Theorem 1.4. As in the proof of Theorem 1.4,
to prove Theorem 1.6, it suffices to show that (3.14) holds. The first step in proving Theorem 1.6 is to
prove the following more general analogue of Proposition 3.4.

Proposition 4.1. For any 0 : N — (0,1/2) we have

i ,U/(EnmEm):O<N(X(y1 ..... . ( Z f(n dlmH(X)+ i e(n)dimH(X)log (ﬁ)
n,m=n(r) n=n(r) n=n(r)
L3 o)), )
n=n(r)

Proof. The quantity n(1,0) can be taken to be the smallest N € N for which
Diam(X;(s, . -vy) < Diam(X1)0(n).
It is a consequence of (3.5) that for each N € N we have
Diam(Xr(s,.....)) = O(Diam(X )sN).

Where « € (0,1) is some constant independent of I and z. Combining these two statements we can prove

the following bound
n(I,0) = 0(1og (%)) (4.2)
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In the derivation of (4.2) we use the fact that 6 only takes values in the interval (0,1/2). This assumption
means we don’t need to worry about constants or log(6(n)~!) being negative. Applying (4.2) we have

n+n(1,0)
> w(X1 0 E) (L 0)u(X10) = O(1u(X10) log (ﬁ)). (4.3)

m=n+1

By similar arguments to those given in Section 3, we can combine properties (3.4)—(3.8) with (4.3) to

prove
n+n(I,0)

> (X100 Ep) = O(u(X1)0(n) ™ X 10g (ﬁn))). (4.4)

m=n+1

We now obtain an analogue of (3.22):

Q Q Q-1 Q
Z WE, N ER) =2 Z p(En) +2 Z Z p(Ey N Epy)
n,m=n(r) n=n(r) n=n(r) m=n+1
Q Q-1 Q
= Z M(En)+ Z Z Z N(XIﬁﬁEm)
n=n(r) n=n(r) IeD™ m=n+1
(ilf“"in(T)):(ylf“wyn(r))
Q Q-1 n+n(1,0)
cy s Sy
n=n(r) n=n(r) IeD™ m=n+1
(i15e s ()= (Y15 Yn(r))
Q-1 Q
+ > > XN En)
n=n(r) IeD™ m=n-+n(1,0)+1
(il ----- in(r)):(yl ----- yn(r))
Q Q-1 ' 1
= > M(En)+0( > > u(X1)0(n) ™™ Tog (7))
0(n)
n=n(r) n=n(r) - 1eD"
(7’1f""zn(v')):(ylf‘“vyn(m)
Q-1 Q ' ‘
ro( X > S aXn)Bm) gm0
n=n(r) IeD"™ m=n+n(I,0)+1
(il7"')in(1‘)):(y17"')yn(7‘))
(4.5)
S S ) 1
dimpg (X
< Y uE)+o( 3 (X 1)6(n)dime log(m))
n=n(r) n=n(r) - IeD™
(i1 sin ()= (Y1, Yn(r))
Q Q ) _
o XX S s ). g
n=n(r) IeD" m=n

(815 stn (1)) = (Y15 Yn(r))

In (4.5) we used the bounds given by (4.4) and (3.20). We now focus on the three terms in (4.6)
individually. By identical arguments to those given in Proposition 3.4, we have the following bounds for
the first and third term:

Q Q
> B =< (X)) >, On) 0 (@7
n=n(r) n=n(r)
S S i i i . 2
Z Z Z M(XI>9(n)d1mH(X)9(m)d1mH(X) = M(X(y1 7777 yn(r>))( Z e(n)dlmH(X)) )
n=n(r) IeD"™ m=n nem(r)

(11,0t () =Y, Yn(r)
(4.8)
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It remains to bound the second term:

Q-1

> ) (X 1)8(n) " () log (ﬁ)

n=n() ~Iepr
(i15ee) n(r)):(yl yn(r))

1) Z 3 (XJ)G(n)dimH(X)log<ﬁ) (By (3.4))

n—= n'r JeDn— n(r)
Q-1

- 1

- dimg (X
=~ u(X(ylw-,yn(T))) _Z( )9(") w(X) log (m) (4.9)
Substituting (4.7), (4.8), and (4.9) into (4.6) we obtain (4.1). O

Equipped with Proposition 4.1 we are now in a position to prove Theorem 1.6.

Proof of Theorem 1.6. We assume that #(n) — 0 as n — oco. Consequently, dividing by a positive
constant if necessary, we may assume that 6 satisfies the hypothesis of Proposition 4.1. The case where 6
does not converge to 0 is easily dealt with. Under this assumption it can be shown that W (6, z) is always
a set of full ;4 measure for any z € X. We omit the details of this fact.

Proposition 4.1 and (4.7) implies that there exists a C' > 0 such that

(Zgzn(r) 1(En))?
Zfim:n(r) w(En N Eny)

can be bounded below by

(X 1y ( DA H(n)dimH(X))2
(Zn n(r) O(n )dimH(X)‘f'Zg:n(T) O(n)dima (X) log( ) (Zn n(r) 0(n )dimH(X)>2)

For @ sufficiently large

(4.10)

Q

> o) tma0 >

n=n(r)

and therefore

Q
Z e(n)dlmy(X)<( Z 9 dlIIlH X))

n=n(r) n=n(r)

We take the limsup in (4.10). It is a consequence of the above remark and our additional assumption
(1.7), that there exists a C’ > 0 such that

Q
~ (i) #(En))? X))
lim sup o) > = .
Qo0 Zn,m:n(r) :U(En N Em)

Importantly C” is independent of y and r. Proposition 3.3 still holds for this choice of 6, so we may apply
Lemma 3.2. Applying Lemma 3.2 we may conclude that

p(limsup E,) > ol

Thus (3.14) holds for any 6 satisfying (1.7) and we have completed our proof. O
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4.2 Proof of Theorem 1.8

Assume that y € X and r > 0 are all as in the proof of Theorem 1.4. We will show that for any z
satisfying an additional condition, whenever 6 satisfies (1.5) then (3.14) will hold.

As in the proof of Theorem 1.6 we need to control u(X; e N Ey,) for n < m <n+n(l,0). We start
with a simple observation. Let I € D" and J € D™ for n < m < n + n(I,0). Consider the words
I := (i1, oo yin, 21, - - - Zn(I)g)) and Jg := (J1, -+, Jmy 21y - -5 Zn(J’e)). If XroNXyp # () then either Iy is
a prefix of Jy, or Jy is a prefix of Iy, i.e.,

I@Z (jl,...,jm,zl,...,zn(l’e),(m,n)) (4.11)
or
Jg == (il, e ,in, ATERE ,Zn(‘]’g)Jr(m,n)). (4.12)
If (4.11) holds then
(Zlv ceey zn(I,O)—(m—n)) = (Zm—n+17 SERE) Zn(I,G))' (413)

Alternatively, if (4.12) holds then

(215 Zn(7,6)) = (Bm—nt1s- s Zn(J,0)+(m=n))- (4.14)

Consequently, we see that the nonempty intersection of Xy and X ;g implies some nontrivial relations
for the coding (z;). This leads to the following definition.

We say that z has a leading block coding if there exists a sequence (z;) € DN, such that (2;) is a coding
of z and there exists [ € N such that the initial word (z1, ..., z;) appears only finitely many times in (z;).
Our first step in the proof of Theorem 1.8 is the following proposition.

Proposition 4.2. Suppose z has a leading block coding and 8(n) — 0 as n — co. Then

Q

5 B 0{ur ) 3 o0 (32 oaytonco)))

n,m=n(r) n=n(r) n=n(r)

Proof. Replicating the arguments used in the proof of Proposition 3.4, it suffices to show that

Q-1 n+n(I,0)
Z Z Z :U’(XI,O N Em) = O( ( (y1,-.- 77/77,(1‘)) Z 0 dlmH ) (415)
n=n(r) IeD™ m=n+1 n=n(r)

(T2, 8 () )=(Y15Yn(r))

Assume that (z1,...,2;) appears only finitely many times in the coding (z;). Since 6(n) — 0 we must
have n(I,0) — oo as |I| — oo. It follows that for n sufficiently large, if X; 9N X9 # 0 and (4.14) occurs,
then

(217 ) Zl) = (Zm7n+1a B Zm7n+l)~

This can only occur finitely many times by definition. Suppose X; ¢ N X9 # 0 and (4.13) occurs, then
ifn<m<n+n(l,0)—1 we have

(Zh AR Zl) = (Zm7n+1; ) Zm7n+l)~

Which can only occur finitely many times by definition. As there at most [ — 1 values of m satisfying
n+n(l,0) -1 <m <n+n(l,0), it follows that

sup sup #{mEN n<m<n+n(l,¢) and X;9NE,, 79@}

neNIeDn
Therefore,
Q-1 n+n(1,0) Q-1
Sy Sem-o(S 0y )
n=n I1eD" m=n-+1 IeD"™

)
(1150l ()= (Y150 Yn(r)) (Zl7'“a7f.n(7‘)):(y17~~ayn(7‘))
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Q-1
:O(M(—X(yl,--.y"(m)) Z Z M(XJ)G(n)dimH(X))

n=n(r) JeDn—n(r)
Q .
= O(“(X(yh---,yn(r))) Z a(n)dlmH(X))

n=n(r)

The proof of the second equality above follows from the same arguments used in the proof of Theorem
1.6. Thus we have proved (4.15) and our proof is complete.
O

By an analogous argument to that given in the proof of Theorem 1.4, we may combine Proposition
4.2 with Lemma 3.2 and Proposition 3.3, to conclude that if z has a leading block coding and 6 is any
function satisfying #(n) — 0 as n — oo and (1.5), then (3.14) holds and consequently ;1 almost every x
is an element of W (@, z). As we previously remarked upon, the case where 6 does not converge to 0 is
easily dealt with. Under this assumption we always have that W (6, z) is a set of full u measure for any
z € X. Summarising the above, we have the following result.

Proposition 4.3. Suppose z has a leading block coding and 6 : N — R>¢ satisfies (1.5), then p almost
every x is an element of W (6, z).

To prove Theorem 1.8 we need to prove that the set of z with a leading block coding has full Hausdorff
dimension.

Proposition 4.4. dimy({z € X : z has a leading block coding}) = dimp (X).

Proof. Let Y := {z € X : z has a leading block coding}. Let N € N and let us fix a digit i € D. Consider
the word iV = (i,...,4i) € DV and the IFS {QS[}IGDN\{,LN} with corresponding attractor X*¥. For any
€ > 0 we can pick N sufficiently large that

dimpg (X) — e < dimg (X)) < dimy (X). (4.16)

Now consider the set ¢;2n (X)), where i2N € D2V is the word consisting of 2N consecutive i’s. Every
element of ¢;2n (X)) has a coding that begins with i" and for which 2" occurs only finitely many times.
This is because every sequence in (D™ \ {i"V})Y cannot contain the word i?". Therefore ¢;2n (X*V) C Y.
Since ¢;2n~ is a bi-Lipschitz map it follows from (4.16) that

dimpg (X) — e < dimp (v (XPV)) < dimy (X).

Consequently,
dlmH(X) —e< dlmH(Y) < dlmH(X)

Since € is arbitrary we must have dimy (Y) = dimg(X) as required. O

Combining Proposition 4.3 and Proposition 4.4 we may conclude Theorem 1.8.

5 The mass transference principle and some applications

Suppose ¥ : D* — R is such that Y~ >/ pn (I)dima(X) < 0o, then by Theorem 1.4 we know that
HIme () (W (W, 2)) = 0 for any z € X. Under this assumption it is natural to ask what is the Hausdorff

dimension of W (¥, z). In this section we obtain a partial solution to this question by employing the
mass transference principle introduced by Beresnevich and Velani [4]. We end this section with some
applications of this result.

5.1 The mass transference principle

The first result of this section is the following theorem.

Theorem 5.1. Let ® be an iterated function system with attractor X.
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1. Let ¥ : D* = R>q and s > 0. Suppose

> wI) <o,

n=11eDn
then H*(W (¥, z2)) =0 for all z € X.

2. If ® is a conformal iterated function system satisfying the open set condition and § : N — R>g is a
decreasing function that satisfies (1.5), then

HdimH(X)/t(W((Diam(X[)g(‘ID)t,Z)) _ /HdimH(X)/t(X>
forallze X andt > 1.

Taking t = 1 in the above we observe that statement 2 from Theorem 1.4 is a consequence of Theorem
5.1. Tt is in fact the case that the opposite implication is true. Theorem 1.4 implies Theorem 5.1. This
is because of the mass transference principle. We now briefly detail this technique.

Let X C R? and assume that X is Ahlfors regular. Given s > 0 and a ball B = B(x,r), we let
B* = B(z,r*/ 4mua (X)) The following theorem is a simplified version of Theorem 3 proved in [4]. Tt will
allow us to prove that Theorem 1.4 implies Theorem 5.1.

Theorem 5.2. Let X be as above and (B;);2, be a sequence of balls in X with radii tending to zero. Let
s > 0 and suppose that for any ball B in X we have
HImu () (B A limsup By ) = HI™e(X)(B),
l—o0
Then, for any ball B in X
H?(B Nlimsup B;) = H*(B).
l—o0

We now prove Theorem 5.1 using Theorem 5.2.

Proof of Theorem 5.1. The proof of statement 1 is analogous to the proof of statement 1 from Theorem
1.4 so we omit it.

Suppose P is a conformal iterated function system satisfying the open set condition. Assume 6 : N —
R>o is a decreasing function satisfying (1.5). Let z € X, ¢t > 1, and (B;)72; be an enumeration of the
set of balls {B(¢;(2), (Diam(X1)0(|1]))")}rep~. It follows from the definition that (BldlmH(X)/t)fi1 is an
enumeration of the set of balls { B(¢;(z), Diam(X1)0(|I|))}rep=. In which case, by Theorem 1.4 we know
that

HAmu (X (B A lim sup BldimH(X)/t) = Hdimn (X)(p)

l—o0

for any ball B. Applying Theorem 5.2 we may conclude that
Hdima /t(B Nlimsup B;) = 7—ldimH(X)/t(B)7
l—o00

for any ball B, and
U W (Diam(X1)0(1]))", 2)) = HEma GO/ ().
O

Statement 2 from Theorem 5.1 implies a lower bound for the Hausdorff dimension of certain limsup
sets. It is a consequence of statement 1 that this bound is in fact optimal and implies the following result.

Corollary 5.3. If ® is a conformal iterated function system satisfying the open set condition and 0 :
N — R is a decreasing function that satisfies (1.5), then

. . dimpg (X

dim (W (Diam(Xp)o(|1]))', 2)) = 222X

forallze X andt>1

We leave the proof of Corollary 5.3 to the interested reader.
Remark 5.4. One would like to improve Theorem 5.1 to a more general statement that covered arbitrary
dimension functions. Such a result appeared in [17]. However, since the radii of our balls take the
restrictive form Diam(X7)6(|I]), we cannot prove such a general statement. In the more general case,
the analogue of the normalised ball B® does not take a form we can work with.
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5.2 Applications

We now include some applications of Theorem 5.1. Before giving these applications it is useful to build
some general theory.

Let E be some subset of R%. We call a function H : E — R a height function on E. We say that
an IFS ® respects E and H if the following two conditions hold:

e ¢(x)e Eforallz € F and ¢ € ®.
e There exists C > 1 such that H(¢(x)) < CH(z) for all z € E and ¢ € .

Proposition 5.5. Let ® be a conformal iterated function system satisfying the open set condition and H
be a height function on a set E. Suppose ENX # 0 and ® respects E and H, then for any | > 0 we have

dimH(X)({x eX:|lz—e|l <H(e)" forim. ec E}) > 0.
Proof. Fix ®, H, E and . Let a € EN X. We will prove that
W (Diam(X7)", a) C {x €EX:|lz—e|<H(e) ! forim. ec€ E} (5.1)

for some suitable choice of t > 1. Our result will then follow from Corollary 5.3. Since each element of
® is a contraction there exists v € (0, 1) such that

Diam(X1) < 4 Diam(X) (5.2)
for all I € D*. Since ® respects E¥ and H we have
H(¢r(a) < CVH(a) (5-3)

for all I € D*. Let us now choose t sufficiently large that

1 !
n iy t
(v"Diam(X))" < (C’”H(a)) ) (5.4)
for all n sufficiently large. As a consequence of (5.2), (5.3) and (5.4) the following inclusions hold for |I|
sufficiently large

B(¢r(a), Diam(X1)") € B(61(a), (47! Diam(X))") € B(ér(a), (CVH(a))™") € B(¢r(a), H(¢1(a)) ™).
These inclusions along with the fact ¢r(a) € E for all I € D* imply (5.1). O

Proposition 5.5 allows us to deduce the existence of elements within our attractor X that are “very
well approximable,” where the definition of “very well approximable” may be defined in a way that
is independent from our attractor X. In the next section we give two applications which exhibit this
phenomenon.

Note that in the proof of Proposition 5.5 we didn’t require the full strength of Corollary 5.3. One can
prove this result by combining elementary arguments with the mass transference principle. Therefore,
Proposition 5.5 and the applications below should be interpreted as consequence of the mass transference
principle within the setting of IFS’s, rather than as a consequence of approximation regularity.

5.2.1 A problem of Mahler

A classical theorem due to Dirichlet states that for any « = (ay,...,aq) € R? and Q € N, there exists
(p1,...,pqa) € Z4 and 1 < ¢ < Q% such that

1
| < Z
jpax lao —pil < 5
This theorem implies that for any (o, ..., aq) € R? with at least one o irrational, there exists infinitely
many (p1/q,-..,pa/q) € Q% such that

1

= giti/d

Pi
q

max
1<i<d

oy —
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We call a € R? very well approzimable if there exists 7 > 1+ 1/d for which there exists infinitely many

(P1/4,---,pa/q) € Q satisfying )
max |q; — —| < —. (5.5)
1<i<d q qT
We call o Liouwille if it satisfies (5.5) for all 7 > 1+ 1/d. Tt is well known that the set of very well
approximable numbers has Lebesgue measure zero, and the set of Liouville numbers has Hausdorff

dimension zero. In [5] the following assertion was made and attributed to Mahler.

’ Di

There exists very well approzimable numbers, other than Liouville numbers, in the middle third Cantor set.

This assertion was proved to be correct in [17]. Related work appears in [9]. Applying Proposition
5.5 we now obtain a more general version of this result. We call ® a rational iteration function system
if each element of ® is a similarity of the form ¢;(z) = %m + (Z?'iw.., le) where p;,q; € Z and

@i, 01,0, 054,04 € Z.

Theorem 5.6. Let ® be a rational iterated function system satisfying the open set condition, then X
contains very well approximable numbers that are not Liouville.

Proof. By Proposition 5.5 and the fact that the Liouville numbers have Hausdorfl dimension zero, it
suffices to show that X N Q% # () and ® respects Q¢ and H. Where H : Q¢ — N is the height function
defined to be H((%, cey 5—3)) = lem(qy, - - -, qq), where in this expression each p;/g; is assumed to be in
its reduced form and lem denotes the lowest common multiple.

To see that X N Q% # (), we remark that for any ¢; € ® the unique fixed point satisfying ¢;(z) = z is
contained in X. Proving that this fixed point is contained in Q% follows immediately from the definition
of a rational iterated function system.

We now show that ® respects Q? and H. Clearly any element of ® maps Q% to Q%. It remains to

show that we satisfy the required growth condition. Fix T = (%, cee z%) € QL Let y =lem(y1, ..., Ym),
by an abuse of notation we write T = (“—yl, ceey xy—‘”) We observe the following
— biT1 PiTd Qi1 Qid
) = (T3 DY (G )
(@) a;y a:y bi 1 bi.a
_ (bi,ﬂ?ﬂl + a; 14y biapiTa + ai,sz‘?J) (5.6)
bi 1q:y T bi,aq:y '
Each term in (5.6) can be rewritten to have denominator g;y - H?Zl b; ;. Therefore
d
H($:(7)) < qiy - [ [ bis-
j=1
Taking C' = sup;ep gi - H;l:l b; ; we have
H(¢i(x)) < CH(T),
for all T € Q% and ¢; € ®. Thus ® respects Q¢ and H. O]

5.2.2 Approximating badly approximable numbers by quadratic irrationals

For our next application we prove that there exist badly approximable numbers that are “very well
approximated” by quadratic irrationals. We start by recalling what it means to be badly approximable
and give an overview of approximation by algebraic numbers.

We call z € (0,1) badly approzimable if there exists x(x) > 0 such that

K(x)
7
Every z € (0,1) \ Q has a unique continued fraction expansion, that is a unique sequence (a,(z)) € NV
such that

‘x72‘> for all (p,q) € Z x N.
q

1 ) 1
T = = lim
1 n— oo 1

a+ ————— ar +
ax+ T ot

22



We refer to the sequence (a,,) as the partial quotients of z. Badly approximable numbers are characterised
by their continued fraction expansion. It is well known that x is badly approximable if and only if its
sequence of partial quotients is bounded [5].

We now detail some of the background behind approximation by algebraic numbers. What follows is
taken from [5]. The height of an algebraic number «, denoted by H(«), is the maximum of the moduli of
the coefficients of its minimal polynomial. For example, we have H(y/2) = 2 since the minimal polynomial
of /2 is 22 — 2. The degree of an algebraic number «, denoted by deg(c), is the degree of the minimal
polynomial.

Given z € R and n € N, we define w,,(z) to be the supremum of the real numbers w for which there
exists i.m. real algebraic numbers o with deg(«) < n satisfying

0<|r—al<H() "

We then let

w(zx) := limsup wn(a:)
n—00 n

We will not use the quantity w(x). We merely remark that it can be used to give a classification of the real
numbers in terms of how transcendental they are. This classification is known as Koksma’s classification
[16]. The following result describes the generic behaviour of wy,(z).

Theorem 5.7. Lebesgue almost every x € R satisfies w,(x) = n for each n € N.

For a proof of Theorem 5.7 see [5]. The proof of this theorem is originally due to Sprindzuk [20, 21].
For our applications we will only require Theorem 5.7 when n = 2.

We call z € R quadratically very well approzimable if wa(x) > 2. We call z € R quadratically Liouville
if we(x) = co. It is a consequence of a result due to Kasch and Volkmann [14] that the set of quadratically
Liouville numbers has Hausdorff dimension zero. The following theorem demonstrates that there are badly
approximable numbers that are quadratically very well approximable but not quadratically Liouville.

Theorem 5.8. Let D C N be a finite set that contains at least two elements and Xp := {x € (0,1) \
Q : (a,(z)) € DV}. Then Xp contains numbers that are quadratically very well approzimable but not
quadratically Liouville.

Proof. We start our proof by remarking that Xp can be identified with the unique attractor for the IFS
b = {¢;}icp where ¢;(z) = %ﬂ Moreover, this ® is a conformal iterated function system satisfying
the open set condition. Therefore we can use Proposition 5.5. Let E be the set of quadratic irrationals.
We know by the aforementioned result of Kasch and Volkmann that the set of quadratically Liouville
numbers has Hausdorff dimension zero. Therefore to complete our proof it suffices to show that we satisfy
the remaining hypothesis of Proposition 5.5. Namely we need to show that E N Xp # () and ® respects
E and H. We have EN Xp # () since every eventually periodic (a,) € DV is the continued fraction
expansion of a quadratic irrational. It remains to show that ® respects E and H. Fix a € E with minimal
polynomial az? + bz + c¢. Then H(a) = max{|al,|b], |¢|}. A simple calculation shows that ¢;(«) is a root
of the polynomial

(ai® — bi + ¢)2® + (b — 2ia)x + a. (5.7)
Therefore ¢;(«) is either a quadratic irrational or a rational number. However, if ¢;(«) is rational then
it can be shown that « is also rational, a contradiction. Therefore each element of ® maps F to E and
it remains to show we satisty the growth condition. Since ¢;(«a) is a quadratic irrational, (5.7) cannot be
factorised into two linear factors. Consequently, (5.7) can be written in the form nM (z), where n € Z\{0}
and M (z) € Z[z] is the minimal polynomial of ¢;(«). It follows that

H(ps()) < max{|ai® — bi + c|,|b — 2ial, |a|}

< max{(la| + [b] + [e])%, ([b] + 2|al)i, |al}

< 3i’H(a).
Taking C' = max;ep{3i?} we have

H(¢i(a)) < CH(a)

for all i € D and o« € E. Therefore ® respects F and H and our proof is complete. O]
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6 The overlapping case and further directions

We conclude this paper by proving that whenever our IFS contains an exact overlap there are no approx-
imation regular pairs. We also include some discussion of the overlapping case and suggest some future
directions.

Understanding the structure of overlapping attractors is a classical problem. For & a conformal
iterated function system we always have dimgy (X) < dimg(X). We also trivially have the upper bound
dimg (X) < d where d is the dimension of the ambient Euclidean space. These two bounds imply

dimpy (X) < min{dimg(X), d}. (6.1)

Determining conditions under which we have equality in (6.1) is an active area of research, see [10, 18]
and the references therein. There is a standard way of constructing examples for which we have strict
inequality in (6.1). We construct an IFS in such a way that there is an exact overlap, i.e., there exists
I,J € D™ such that ¢; = ¢;. This means we can remove one of these maps from our IFS and still be
left with the same attractor. This new IFS has a strictly smaller similarity dimension which can lead to
a strict inequality in (6.1). It is conjectured that exact overlaps are the only mechanism by which we can
have strict inequality in (6.1). Interestingly, as far as the author knows, the only known condition which
can result in a pair (®,z) failing to be approximation regular is when there is an exact overlap. This
result is proved in the following theorem.

Theorem 6.1. Let ® be a conformal iterated function system containing an exact overlap. Then there
are no approzimation reqular pairs.

Proof. Suppose that I,.J € D* are such that ¢; = ¢ ;. Let us fix z € X. It suffices to construct a function
6 : N — R such that we have divergence in (1.4), yet

dim g (W (Diam(X)3ms.e(X)/ dimua (X9 1)) 7)) < dimg (X). (6.2)

Note that in (6.2) we have included the subscript ® in the similarity dimension. This is to emphasise the
dependence on ®. This dependence will be important in what follows.

Let 6(|I]) = 1 for all I € D* so our approximating function is simply U(I) =
Diam/(Xy)dims.e(X)/dima(X)  The summation in (1.4) reduces to
Z Z Diam/(Xp)dims.e (X)),
n=11eDn

It is a consequence of Bowen’s equation and (1.3) that this series diverges. It remains to show that (6.2)
holds.

The attractor X is also the attractor for the iterated function system ®F := {¢I}16Dk\{J}. This
follows by iterating (1.1) and using the fact that we have an exact overlap. ®* is a conformal iterated
function system, so we can consider it’s similarity dimension dimg ¢« (X). As a consequence of the exact
overlap we have

dimg gr (X) < dimg,¢(X).
Now let us choose € > 0 such that
dimg ¢ (X)
dim g (X)
Replicating arguments from the proof of statement 1 from Theorem 1.4, we can show that for any p > 0
there exists M € N sufficiently large such that we have the following bound

dimg g (X) < (dimg (X) — €) (6.3)

. dimg g (X) > dimg g (X) , .
MO Diam(0) T ) < 3 T Diam( R 000

n=M IeD"
J is not a subword of I

(6.4)
It is a consequence of (6.3) and (1.3) that the second summation on the right hand side of (6.4) tends
to zero exponentially fast. Therefore the right hand side converges and M can be chosen to make this

. (lims,(I,(X)
summation arbitrarily small. It follows that He™ )™ (W (Diam(X ) ™ u ™  z)) = 0, and since p is
) dimg g (X)
arbitrary we must have H4™# () =¢(W(Diam/(X;) @ | 2)) = 0. Thus (6.2) holds and our proof is
complete. ]
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Theorem 6.1 and the discussion at the start of this section give rise to several natural questions.

1.

Is the only condition under which an IFS fails to be approximation regular when there is an exact
overlap?

Can one relate the approximation regularity properties of a conformal IFS to other nice properties
of the attractor? For example, can it be related to equality in (6.1)? Can it be related to the
absolute continuity of certain natural measures supported on X?

Another natural direction to pursue is to consider more general attractors. In particular, one can
ask what is the analogue of the above theory in the setting of self-affine sets, IFS’s consisting
of infinitely many contracting maps, and for randomly defined attractors. We currently have no
results in this direction. We expect that for a self-affine set the analogue of the divergence condition
(1.4) would have to take into account the rotations that might be present with the IFS. This was
something we didn’t have to consider for conformal iterated function systems.

We believe that approximation regularity can be used as an effective tool to measure how much an
attractor overlaps. It is possible however that such an approach is to blunt and a more subtle approach
is required. Expecting the divergence of certain sums to be the deciding criteria in determining whether
a limsup set has full measure/Hausdorff dimension could be wishful thinking. Instead of looking solely
at the divergence of certain sums, one should perhaps put a greater emphasis on determining those
approximating functions ¥ for which W (¥, z) is of full measure/Hausdorff dimension.

Acknowledgements. The author would like to thank the anonymous referee whose comments improved
the exposition of this article.
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