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Abstract

In this paper we study random iterated function systems. Our main result gives sufficient
conditions for an analogue of a well known theorem due to Khintchine from Diophantine
approximation to hold almost surely for stochastically self-similar and self-affine random
iterated function systems.
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1 Introduction

Khintchine’s theorem is an important result in number theory which demonstrates that the
Lebesgue measure of certain limsup sets defined using the rationals is determined by the conver-
gence/divergence of naturally occurring volume sums. Inspired by this result, the first author
studied fractal analogues of Khintchine’s theorem where the role of the rationals is played by a
natural set of points that is generated by the underlying iterated function system [2, 3, 4, 5].
The results of [5] demonstrate that for many parameterised families of overlapping iterated
function systems, we typically observe Khintchine like behaviour. The results of [5] also demon-
strate that by viewing overlapping iterated function systems through the lens of Diophantine
approximation, we obtain a new meaningful framework for classifying iterated function systems.

In this article we consider analogues of Khintchine’s theorem for random models of attractors.
In particular, we investigate Khintchine type results for random recursive fractal sets, a natural
class of randomly generated sets commonly used as a model for self-similar and self-affine sets.
Our main result shows that under appropriate hypothesis for our random recursive model, we will
almost surely observe Khintchine like behaviour. To state our main result in full it is necessary
to properly formalise our model and introduce several other notions. To motivate what follows
we include the following easier to state theorem that is a consequence of Theorem 3.4.



Theorem 1.1. Let t1 and ty be two distinct real numbers. Fix r1 and ro satisfying 0 < r1 <
re < 1 and let n be the normalised Lebesque measure on [ri,73]. Let r:= (Ta)aeug‘;l{m}” be a
sequence of real numbers enumerated by the finite words with digits in {1,2}, such that each 7,
is chosen independently from [r1,r2] according to the law n. For each T we define a projection
map IL,. : {1,2}N — R? given by

) k—1
Hr(b) = thk . H rb1...bj-
k=1 7j=1

Let b € {1,23N and assume log?2 > — f:f logrdr. Then for almost every r the set

{x cR?: |z —IIp(a;...amb)| < forim. ai...ay, € UfflAn}

2m.m
has positive Lebesgue measure.

Here and throughout we write i.m. as a shorthand for infinitely many. We emphasise that our
main result also covers higher dimensional random iterated function systems that may contain
affine maps.

2 Background

In this section we recall some background results from fractal geometry and Diophantine ap-
proximation. We also detail our motivating problem in the deterministic setting and provide
some background on random models for iterated function systems.

2.1 Fractal Geometry

Given a finite set of contractions ® = {¢; : R? — R%};c 4 there exists, by a well know result due
to Hutchinson [19], a unique non-empty compact set X C R? satisfying

X = éi(x).
€A

This set X is called the attractor of ® and ® is commonly referred to as an iterated function
system or IF'S for short. When each element of the IFS is an affine map we refer to the attractor
as a self-affine set. Similarly, when each element of the IFS is a similarity, i.e. there exists
r; € (0,1) such that |¢;(x) — ¢5(y)| = 5]z — y| for all z,y € R?, we say that the attractor is a
self-similar set. For a self-similar IFS ® we define the similarity dimension dimg(®) to be the
unique solution to » ;. 477 = 1. The similarity dimension is always an upper bound for the
Hausdorff dimension of X. For self-affine sets there is a similar upper bound for the Hausdorff
dimension defined in terms of the affinity dimension; see [15] for its definition. The additional
structure of affine maps or similarities makes questions on the attractor more tractable and the
two classes are the most studied types of attractor.

A classical problem from fractal geometry is to determine the metric and topological prop-
erties of self-similar sets and self-affine sets; see [12, 13]. To make progress with this problem
one often studies the pushforwards of dynamically interesting measures onto the attractor. This
approach has resulted in many significant breakthroughs; see e.g. [6, 17, 18, 22, 31, 35, 30]
and the references therein. Many important conjectures in this area can be summarised by
the statement: either an IFS contains an exact overlap,! or the corresponding attractor and

'We say that ® contains an exact overlap if there exists two words (a1,...,an) and (b1,...,by,) such that

$ay 0+ 0 Pa,, = Ppy; O -0 Py,



the dynamically interesting measures supported upon it exhibit the expected behaviour. These
conjectures have been verified in certain special cases, see [17, 32, 33, 35, 38]. Part of the mo-
tivation behind this paper is to obtain a deeper classification of iterated function systems that
goes beyond the exact overlap versus no exact overlap dichotomy.

2.2 Diophantine approximation

Given a function ¥ : N — [0, 00), we can define a limsup set in terms of neighbourhoods of the
rationals. Let

J(¥) = {xGR: ’m—g‘ < ¥(q) for im. (p,q) € Z XN}.

The Borel-Cantelli lemma implies that if 3 02, ¢ - ¥(q) < oo, then J(¥) has zero Lebesgue
measure. Interestingly, a theorem due to Khintchine shows that a partial converse to this
statement holds.

Theorem 2.1 ([21]). If ¥ : N — [0,00) is decreasing and
qg=1

then Lebesgue almost every x € R is contained in J(V).

An example due to Duffin and Schaeffer [11] shows that one cannot remove the monotonicity
assumptions from Theorem 2.1. This lead to the famous Duffin and Schaeffer conjecture that
was recently proved by Koukoulopoulos and Maynard [24].

Results analogous to Khintchine’s theorem which show that the measure of a limsup set is
determined by the convergence/divergence of some naturally occurring volume sum are present
throughout Diophantine approximation and metric number theory (see [8]). For our purposes,
the important aspect of the above is that by studying the metric properties of the sets J(V¥) for
those VU satisfying Zgil q-V(q) = 0o, one obtains a quantitative description of how the rational
numbers are distributed within the real numbers. In particular, the example due to Duffin and
Schaeffer of a ¥ for which 2211 q-V(q) = oo, yet J(¥) has zero Lebesgue measure, reveals
certain subtleties in the geometry of the rational numbers.

2.3 Overlapping iterated function systems from the perspective of metric
number theory

Khintchine’s theorem provides a quantitative description of how the rationals are distributed
within R. The motivation behind the work discussed below comes from a desire to obtain an
analogous quantitative description for how an iterated function system overlaps.

Given a finite set A we let A* = (72 | A" denote the corresponding set of finite words. Given
an IFS {¢;}ica and a word a = (a1 ...a,) € A*, we let ¢a := g, © -+ 0 ¢g,. We also let |a]
denote the length of a word a. Now suppose we have an IFS ®, a function ¥ : A* — [0, 00), and
z € X, we define the following analogue of the set J(¥):

We(z, W) := {x €R?: |z — ¢a(2)| < ¥(a) for im. a € A*} .
For the set Wg(z, ¥) the role of the rationals is played by the images of z obtained by repeatedly

applying elements of the IFS. Proceeding via analogy with Theorem 2.1, it is reasonable to expect
that there exists a divergence condition on volume sums which implies that being contained in



W (z, V) holds almost surely with respect to some measure. One particular instance of this
could be formalised as follows: Let H® be the s-dimensional Hausdorff measure. Is it true that

SN W)t (X) = oo =y ) (W (2, ¥)) = 1) (x)? (2.1)
n=1acA"

The existence of a general class of ¥ for which (2.1) holds demonstrates how well the images
of z are spread out within RY. Studying those ¥ for which (2.1) holds provides a quantitative
description of how an IFS overlaps.

In a series of recent papers, the first author established that for many IFSs we do observe
Khintchine like behaviour, i.e. (2.1) holds for some suitable class of U, see [2, 3, 4, 5]. Related
results had appeared previously in papers of Persson and Reeve [29, 30], and Levesley, Salp,
and Velani [25]. In [2] it was shown that whenever ® is an IFS consisting of similarities and
satisfies the open set condition, then an appropriate analogue of Theorem 2.1 holds?. See [1] for
some further related work. The more challenging and interesting case is when the underlying
IFS satisfies dimg(®) > d, or the equivalent inequality for the affinity dimension. Loosely
speaking, when these inequalities are satisfied it is possible for a better rate of approximation
to hold generically. It was shown in [5] that for many parameterised families of IFSs for which
dimg(®) > d holds for each member of the family, or the equivalent inequality for affinity
dimension, an analogue of Khintchine’s theorem holds generically. To detail this analogue we
introduce the following notation which we will use throughout.

Given a set B C N, we define the the upper density of B to be

= 1<j<n:j€B
d(B) :zlimsup#{ =J=nije }

n—00 n

Given € > 0, let

Ge = {g:N—>[O,oo):Zg(n):oo,VBgNs.t.d(B)>1—£}.
neb

We also define
¢= J G (2.2)

€€(0,1)

For example, it can be shown that the function g(n) = 1/n is contained in G.

Let A € (0,1) and O be a d x d orthogonal matrix. For any t = (t1,...,t44) € R*44 we
can define an iterated function system @y := {¢;(z) = XA+ Oz + t;};c 4. We let Xy denote the
corresponding attractor of ®¢. The following theorem follows from [5, Theorem 2.6, Corollary
2.7] and demonstrates that Khintchine like behaviour typically occurs within this family.

Theorem 2.2. Fix A € (0,1/2) and O a d x d orthogonal matriz. Suppose % > d. Then
for Lebesque almost every t € R#A4 for any g € G and z € Xy, the set

al) \ 1/
{xERd:|x—¢a(z)]§ < 9(la)) ) fori.m.aEA*}

(#A)

has positive Lebesgue measure.

Suitable analogues of Theorem 2.2 hold with different rates of contraction and with similar-
ities replaced by affine maps (see [5, Theorem 2.6]).

2This result in fact holds whenever ® consists of conformal maps.



The utility of studying IFSs using ideas from Diophantine approximation is emphasised by
an observation made in [5]. Consider the parameterised family of IFSs given by

x+1 T+t r+1+t

oy = {¢1(a:) = ga da(w) = ——, ds(w) = ——, da(w) = T}

Here t € [0,1] and the attractor of ®; is [0,1 + ¢]. For ¢t € [0,1] and a probability vector
P = (p1,p2,p3,pa) we let pp; be the self-similar measure corresponding to p and ®; (see [13] for
the definition of a self-similar measure). It was shown in [5] that there exists ¢,¢' € [0, 1] such

that for any probability vector p we have dim pp; = dim pp = min{%7 1}, and the
set of p for which it is known that pp; is absolutely continuous equals the set of p for which
Lp is known to be absolutely continuous. However there exists W for which Wg, (2, ¥) has full
measure within [0, 1+¢] for all z € [0,1+¢] and W, (2, ¥) has zero measure for all z € [0, 1+1'].
In other words ®; and & are indistinguishable in terms of the properties of their self-similar
measures, but their overlapping behaviours can be distinguished using the language of the sets

We(z, V).

2.4 Random models for iterated function systems

The main results of [5] hold for several families of parameterised IFSs. In the absence of
a general result for parameterised families of IFSs, it is natural to study suitable random
analogues that mirror the key properties a family exhibits. This approach benefits from small
random perturbations that “smooth out” the parts that are intractable in a deterministic
approach. This was employed in [22] by adding random translations to the deterministic
linear parts to determine the almost sure dimensions of their random attractors, as well as
finding conditions for absolute continuity. A complementary approach was taken in [27] which
randomised the linear part while keeping the translates fixed. It further assumed that the
linear parts were similarities and that the randomisation is uniform for all cylinders in that
level of the construction (knows as random homogeneous or 1-variable attractor, see [37]). A
similar model was considered in [20], where the authors determined the dimensions of random
self-affine sets. In this paper we randomise the linear part at every stage using the random
recursive model, where we allow the linear parts to be both self-similar and self-affine. Theorem
3.4 is the main result of this paper. It gives sufficient conditions for a random model to ensure
that an analogue of Khintchine’s theorem holds almost surely.

Notation. For two real valued functions f and ¢ defined on some set S, we write f < ¢ or
f = O(g) if there exists C' > 0 such that |f(z)| < C-g(z) for all z € S. We write f < gif f < g
and g < f.

Let A be a finite set and ¢ € A. Given a finite word a € A* we let |a|; := #{1 < k <
|a|] : a = i} denote the number of occurrences of the digit i in a. Moreover, given two words
a,b € A* we let a A b denote the maximal common prefix of a and b, assuming such a prefix
exists. If no such prefix exists, a A b is the empty word.

3 Owur random model and statements of results

In this paper we will consider the stochastically self-similar (and self-affine) model which is is
also known as the random recursive or co-variable model. It is one of the most important models
of randomness in fractal geometry and was introduced, independently, by Falconer [14] and Graf
[16] and has subsequently attracted a lot of attention, see e.g. [26, 34, 37] and the references
therein. To define this randomisation rigorously, we first define random functions f, indexed by



a € A*. Each f, is chosen independently from all other b # a following a distribution that only
depends on the last letter of a.

Let My C R denote the set of invertible d x d matrices with real entries satisfying |A]| < 1,
where ||.|| denotes the usual operator norm. We write Sy for those elements of M, that are also
similarities, i.e. are a scalar multiple of an orthogonal matrix. For each ¢ € A we let €; be a
subset of My with operator norm uniformly bounded away from 1. Moreover, for each i € A we
let n; denote a Borel probability measure supported on €2;. We define a product measure indexed
by the elements of A* such that the distribution corresponding to the coordinate a € A* depends
only on the last letter [(a) := a|5. That is, we set 7 = [[,c 4+ i(a) s the product measure on the
product space Q = [[,c 4+ Q(a)- Thus, a particular realisation w € €2 is a collection of matrices
in My indexed by a € A*, where each entry is distributed according to its respective 7).

We will make the distinction between w € 2 as a realisation chosen with law 7, and the
linear component it defines at a particular index by writing A, a(x) := (w)a - « for the linear
function given by the random matrix indexed by a. We will often write A, for A, o when the
choice of w is implicit. Note that A, is distributed with law 7;(4), the distribution corresponding
to the last letter of a. By definition, this function is independent from Ay, for all b € A* with
b # a.

Let {t;}ic.4 be a finite collection of distinct translation vectors in R, that isi # j = |t;—t;| #
0. For every w € ) we define a random contraction f, 5 for every finite word a € A* to be

foa(®) = Aya(z) + li(a)-

We emphasise that although the distribution of A, » only depends on the last letter of a, the
exact realisation depends upon a and is independent of all b # a. We will often omit the
realisation w from f, » when it is clear from context. Given w € Q and (ai...a,) € A* we
denote the corresponding concatenation of matrices as follows:

Aw,al...an = Aw,a1 0--+0 Aw,a1...an-
For a finite word a = (a1,...,a,) and w € Q we let

¢w,a(x) = fw,a1 ©---0 fw,al...an (x)

Given w € Q we define the projection map II, : AN — R? via the equation
Hw(a) = lim ¢w,a1...ak (0)
k—o0

Notice that 0 can be replaced with any element of R%. In addition, given a finite word a € A*
and w € ), we define the projection map Il 5 : AN 5 R? to be

Hw,a(b) = lim fw,abl ©:-+0 fw,abl...bk (0)
k—o00
Notice that for any a € A4* and b € AN we have

11, (ab) = wa,a(Hw,a (b) ) :

In what follows we refer to the tuple ({€;}ica, {mi}ica, {ti}ica) as a random iterated function
system or RIFS for short. For any w € € its unique random attractor is defined to be

F,:= | Mu(a).

acAN



F,, is a non-empty compact set for all w € Q. By definition, the set F, is stochastically self-
similar in the sense that
Fw =d U fﬂ,i(FTi)
€A
holds in distribution, where w, k, 71, ..., 7% 4 are independently realisations in (£2,7).
Given ¥ : A* — [0,00), b € AN, and w € €, our random analogue of the deterministic set
W (z,¥) is defined to be

W, (b, ) := {:c e R%: |z — II,(ab)| < ¥(a) for im. a € A*} .

3.1 An auxiliary family of sets

Directly studying the sets W, (b, ¥) for a general ¥ is a challenging problem. Instead, we study

properties of an auxiliary family that we can then use to deduce results about general W, (b, ¥).

This auxiliary family is defined below using dynamically interesting measures on AYN. As such

it is necessary to introduce some definitions describing important properties of these measures.
The cylinder set associated with a finite word a =ay...a, € A* is

[a] ;== {b € AV : by = a, for all 1 < k < n}.

Let 0 : AN — AN o(ajay...) = azas... denote the usual left shift map. Given a probability
measure m supported on AN, we say that m is o-invariant if m([a]) = m(c—!([a])) for all finite
words a € A*. We call a probability measure m ergodic if 071(4) = A implies m(A4) = 0 or
m(A) = 1. Given a o-invariant, ergodic probability measure m, we define the measure theoretic

entropy of m to be
) o i~ a8 logmlal)
k—o0 k

Note that this limit always exists. We say that a probability measure m is slowly decaying if

m ..
Cm = essinf inf (o1, ap4))

o o o)

If m is slowly decaying, then clearly for every a in the support of m we have

m([ag, ..., ak41])
w(or, . ap) ="

for all £ € N. Specific examples of slowly decaying measures include Bernoulli measures, and

Gibbs measures for Holder continuous potentials (see [10]). If m is a slowly decaying probability
measure with ¢, defined as above, then for each n € N we define the level set

Ly ={ac A" :m([a1,...,a)5)]) < cp <m([a1, ..., aa-1])}- (3.1)

The elements of Ly, are disjoint and the union of their cylinders has full m measure. It
follows from the slowly decaying property that cylinders corresponding to elements of Ly
have comparable measure up to a multiplicative constant. Note that when m is the uniform
(ﬁ, cel ﬁ)—Bernoulli measure the set Ly, is simply A™.

Given b € AV, a slowly decaying probability measure m, w € 2, and ¢ : N — [0,00), we let

Uy(b,m, g) := {x e R?: |z — T, (ab)| < (m([a])g(n))"/? for some a € Ly, for i.m. n} .

The sets U, (b, m, g) are the auxiliary sets that will allow us to deduce metric statements about
certain W, (b, ¥) for particular choices of ¥ (see Corollary 3.5 below). The property of those ¥



that allows us to use the sets U, (b, m, g) is described in the following definition. Given a slowly
decaying probability measure m and g : N — [0, 00), we say that a function ¥ is equivalent to
(m, g) if

U(a) = (m([a])g(n))"/*

for all a € Ly . A natural class of ¥ to consider are those for which ¥(a) only depends upon
the length of a. For such a ¥ if we were to take m to be the uniform Bernoulli measure then
we can always find a function g such that ¥(a) = (m([a])g(n))*/?. As such our definition of
equivalent allows us to study this natural class of functions as well as more exotic choices of V.

If > ° , g(n) < oo then it can be shown that U, (b, m, g) has zero Lebesgue measure for any
choice of b, m, and w. As such, to prove a Khintchine type theorem it is necessary to include a
divergence assumption for the function g. In our results, the divergence assumption will be that
g is an element of G (see (2.2)).

3.2 Statement of results

To state our main result we require the following definitions.

Definition 3.1. We say that our random iterated function system is non-singular if there
exists C' > 0 such that for all i € A, x € U,eqll,(AY), and balls B(y,r), we have

n(AeQ; : A-x e B(y,r) <C-r

Definition 3.2. We say that a random iterated function system is distantly non-singular if

. . ing; |ti—t;
there exists C' > 0 such that for all i € A, x € |J o u(AY), and y € R?\ B(0, %M)’
we have

n(AeQ; : A-xeB(y,r) <C-rd

Note that the distantly non-singular condition only considers balls that are not “too near” the
origin, whereas the non-singular condition considers any ball. Thus, being distantly non-singular
is a weaker condition than being non-singular. We will use the distantly non-singular condition
when dealing with similarities, and the non-singular condition when dealing with affinities. In
the latter case we will use an equivalent formulation that is provided by the following lemma.
It allows us to consider more general sets then just balls.

Lemma 3.3. A random iterated function system is non-singular if and only if there exists C' > 0
such that for alli € A, x € Uyeall, (AY), and Borel set E C R?, we have

We omit the proof of Lemma 3.3 which follows from a simple covering argument.
Given a RIFS ({;}ica, {nitica; {ti}ica) and a probability measure m on AN we associate
the quantities

V() =~ [ log(| Det(4))) di(4)

and
A, m) =y m([d]) - N (mi).
icA
We call A\(n, m) the Lyapunov exponent of our RIFS with respect to m. We will make the running
assumption throughout this paper that A'(n;) € R and that the logarithmic moment condition

log/ exp (slog | Det(A)|) dn;(A) = log/ | Det(A)|*dn;(A) < oo (3.2)
Q; Q;

8



is satisfied for all i € A and s € R with |s| sufficiently small. This assumption is made solely
for the purpose of using Cramér’s theorem on large deviations in the proof of Theorem 3.4, and
other suitable generalisations may be made. In particular, this assumption is trivially satisfied if
there exists ¢ > 0 such that | Det(A)| > ¢ > 0. We also note that the moment condition directly
implies X' (n;) € R.

We are now in a position to state our main result.

Theorem 3.4. Let ({Q}ica, {ni}ica, {ti}ica) be a RIFS and assume one of the following:
A. Assume Q; C Sy for alli € A and that the RIFS is distantly non-singular.

B. Assume Q; C My for all i € A and that the RIFS is non-singular.

Suppose m is a slowly decaying o-invariant ergodic probability measure such that Jm) .

) A(n,m)
Then the following statements hold:

1. For any b € AN, for n-almost every w € Q, for any g € G the set U, (b, m, g) has positive
Lebesgque measure.

2. For any b € AV, for n-almost every w € Q, for any ¥ : A* — [0,00) the set W, (b, ¥) has
positive Lebesque measure if there exists g € G such that U is equivalent to (m,g).

When restricting to Bernoulli probability measures, the second statement from Theorem 3.4
implies the following corollary.

Corollary 3.5. Let ({}ica, {ni}ica,{ti}ica) be an RIFS and assume one of the following.
A. Assume Q; C Sy for all i € A and that the RIFS is distantly non-singular.

B. Assume Q; C My for all i € A and that the RIFS is non-singular.

Let (pi)ica be a probability vector satisfying % > 1. Then for any b € AN, for
icaPi i

n-almost every w € €1, the set

Hfil Pay,
|

1/d
z€RY: |z — T, (ab)| < < ) forim. ae A

has positive Lebesgue measure.

By the compactness of F, it follows that U, (b, m, g) is a subset of F,, whenever m([a])g(|al) —
0 as |a| — oo. Therefore Theorem 3.4 immediately implies the following result which can be
seen to generalise the work of Peres, Simon, and Solomyak [27] for 1-variable RIFS in R and the
work of Koivusalo [23].

Corollary 3.6. Let ({i}ica, {ni}tica,{ti}tica) be a RIFS and assume one of the following:
A. Assume Q; C Sy for all i € A and that the RIFS is distantly non-singular.

B. Assume Q; C My for all i € A and that the RIF'S is non-singular.

If there exists a slowly decaying o-invariant ergodic probability measure m satisfying )\}Eémn)l) > 1,
then for n almost every w € ) the set F,, has positive Lebesque measure.



h(m)

The condition Nom) 1 appearing in the above statements is natural and similar conditions

appear throughout the fractal literature. We emphasise that there exist RIFS and m for which

}Zn m < 1 implies that F,, has zero Lebesgue measure almost surely, and therefore U, (b, m, g)
has zero Lebesgue measure for many natural choices of g.

The rest of the paper is organised as follows. In Section 4 we prove several technical results
that will enable us to prove Theorem 3.4 in Section 5. In Section 6 we demonstrate how Corollary
3.5 follows from Theorem 3.4. In Section 7 we detail some examples of RIFSs that satisfy either
assumption A or assumption B from the statement of our results. Finally in Section 8 we make
some concluding remarks.

4 Technical results

In this section we prove a number of technical results that will enable us to prove Theorem 3.4.
In the first subsection we prove Proposition 4.2. This proposition allows us to assert that for 7
almost every w € (), for n sufficiently large there exists a large subset Emvn,gl(w) contained in
Ly, for which each element satisfies good determinant bounds and good measure decay bounds
that are described in terms of a parameters €; > 0. In the second subsection we prove Lemma
4.3. This lemma provides a good upper bound for the probability that two projections are close
to each other. In the final subsection we recall some general results from [5] and [9] which can
be used to ensure that a limsup set has positive Lebesgue measure.

4.1 Constructing van@

Given a RIFS and a slowly decaying o-invariant ergodic probability measure m, recall that the
Lyapunov exponent of our RIFS with respect to m is

=> m([DN(n;) = = _m([i] /log|Det(A)]d77,-(A),
icA €A i

and the entropy of m is given by

) -t~ Sncr () g m(lal)

n—o00 n

The Shannon-McMillan-Breiman theorem tells us that for m-almost every a € AN we have

lim —logm([ay,...,an]) — h(m).

n—00 n

We will combine this statement with Egorov’s theorem to obtain uniform estimates on the
measures of cylinders. The first step in our proof of Proposition 4.2 is the following proposition
which states that for n almost every w there is a large subset of AN on which we have good
determinant bounds.

Proposition 4.1. Fiz a RIFS and a o-invariant ergodic probability measure m. Then for any
g1 > 0, there exists C = C(m,n,e1) > 0 such that for n almost every w € §, there exists
N = N(w) € N such that®

—n(A(rm)+1) 1
m (a e AN |Det( w,ar..an)| € (fjc, Ce”(’\(”’m)gl)> for all n > N) 12

3The lower bound of 13/16 is arbitrary and can be replaced by any value less than 1.

10



Proof. We fix a RIFS, a o-invariant ergodic probability measure m, and let ¢; > 0. Let g5 =
ga(e1) > 0 be sufficiently small such that

£9 <1 + Z)\/(m>> < é€1. (4.1)

i€A
By an application of the Birkhoff Ergodic theorem and Egorov’s theorem, there exists C; =
Ci(m,e2) > 1 such that if we let

. { " en(m([i))—e2)
m:=4Jqac L

- < el@lizl < openMmli+e2) for all i e A, n e N}
1

then
m(Xn) > —. (4.2)

For each n € N, let
Yuni={acA":a1...a,) N Ey # 0}

be the words of length n with “good” digit frequencies.

We split the remainder of our proof into two parts. In the first part we obtain an exponential
upper bound for the probability that for a specific a € ¥y, the determinant of Ew,a behaves
poorly. In the second part we use this bound to show that for almost every w € 2, there exists
a large subset of AN upon which the determinant behaves well.

Part 1: \Det(gw,a)\ is regular with high probability. Let us temporarily fix some element
a=aj...ap € Xy, We want to obtain a good upper bound for the probability that

~ (e_n(k(nvm)—"al)

’Det<Aw,a1...an)‘ ¢ Cy 7C’2e”()\(777m)81)> 7

for some C > 0. Since the determinant is multiplicative, and Ay 4, ..q, is independent of Ay, 4,...a;
for i # j, we can break up the determinant into the #.A different contributions coming from each

of the probability measures n;. This means that there exists #.4 words by, ...,bx4 consisting
solely of the digits 1,...,#.A respectively, such that

=, [ | Det(Ap,)]

€A

| Det (A, )

and

|b2|l = |b2| = |((L1 .. an)ll for all 7 € A.

Moreover, for each element of the word b; the corresponding matrix is chosen independently
with respect to the probability measure ;. Therefore it follows from Cramér’s theorem on large
deviations and our assumption (3.2), that for each ¢ € A there exists p; = p;(e1,71;) € (0,1) and
C3 = 03(61,771') > 0 such that

1 (w | Det(Ap,)| ¢ <6—|bi|<xf<m>+az>’e—|bz-|<x(m->—az>)) < CyplPi.

Given the finiteness of A and the fact that a € X, which implies a lower bound for |b;| in
terms of a constant times n, one can derive a uniform exponential bound in n. In particular,
there exists p = p(e1,n, m) € (0,1) and Cy = Cy(e1,n, m) such that

n (w .| Det(Ap,)| ¢ <e_‘bi|()‘/(77i)+52), e_‘bil()‘/("")_gz))) < Cyp™ for all i € A.

11



For each a € X, consider the event

E, = {wE Q : J]IDet(Ap,)| ¢ (H il m)ren) TT emIbid >)}
icA icA icA
Clearly, if w € Ej, then |Det(21\bi)\ ¢ (e"bi‘(’\/(ni)+62), e"b”(’\'(”i)_”)) for some 7 and therefore
n(Ea) <HA-Cyp".
Let Cy = Ca(n) > 0 be such that

Co > max {e—#Alog Ci 3, )\'(m)’ et Alog C13 7, X(Ui)} ) (4.3)

Manipulating the lower bound we obtain that for each a € ¥, ,, we have

T e oA i+en) = nea T e~V ()

€A ieA
> e ne2 H e~ (m:)(n(m([i])—e2)—log C1)
€A
> e#AlogCyZi N (n3) exp <—n (52 _ Z )\,(T]z)(m([z]) _ 52))>
€A
ZCEIGXP<—TL<€2+>\ 7, m +€2Z)\ m)) by (4.3)
€A
> C;le—n()\(n,m)—&-&) by (41)

The following upper bound for each a € ¥, ,, is proved similarly

Hf'b' (1) —e2) (7 < ¢~ nANmm)—<1)

We conclude that for each a € ¥, ,, the event
B = {w € : |Det(A, )| ¢ ( SLemn(Amm)+en) |y o=n(Anm)- >)}
satisfies E], C E, and so n(E}) < n(Ea) < #ACyp". In summary, we have shown that
n (w e : |Det( a)l ¢ ( SlemnAmm)ten) o pmn(Anm)—e )) < #AC " (4.4)
for all a € Xy 5.

Part 2: Constructing a large subset of A" on which the determinant is regular. Let
ez > 0 and 6 € (0,1) be such that

pf~! < 1and @ :=e*30 < 1. (4.5)

Combining the Shannon-McMillan-Breiman theorem, Egorov’s theorem, and (4.2), we may as-
sert that there exists C5 = C5(m,e3) > 0 such that if we let

efn(h(m)+€3)

Yni=2XnN {a e A O <m([ar...an)) < 056_"(h(m)_53) for all n € N}
5
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be the set of sequences with “good” digit frequency and “good” measure decay, then

14

PO —.

Again we define the level sets by
Ymn i ={ace A" i far .. an) N X5 # 0}

and we note that 33, C ¥, for all n. Therefore (4.4) also applies to elements of ¥, .
Using the measure bounds coming from the definition of X}, we have the following upper
bound for the cardinality of 37

#55 < Cgen(hlmFes), (4.7)

We can bound the expected number of words

Bun(w) :=qa€Xy, : |Det(Aya)l ¢ Tacle n(A(n,m)—e1

that do not have good Lyapunov exponent using (4.4):

~ o= n(\Gm)+e1)
/ # B p(w) dn —/ #<lac Zﬁw | Det(Ay.a)| ¢ —a ,Cge*”()‘(”’m)*“) dn
Q Q 2

~ —n(A(n,m)+e1)
- Z / X ’Det(Aw a)’ §é 6—’ 026*71()\(77,1“)*51) dn
Q ' Cb

aexy
<Cy#A Z p"
aeXy

SCypA- P #G
By Markov’s inequality, we have

N (w: #Bun(w) > #55 , - 0") SCatA- p #5507 (#5007
SCy#Ap"0".

Therefore by (4.5)

Z N (w: #Bun(w) > #35,, - 0") < oc.

neN
It follows from the Borel-Cantelli Lemma that for n-almost every w € ) there exists N = N(w) €
N such that

#Bmn(w) < #35, - 0" (4.8)

for all n > N. It follows now from the definition of X7, |, that for  almost every w, there exists
N € N such that for all n > N,

m U [a1...an] | < Cye M=) 4B (w)
a1...0n €Bm,n(w)
< Cren(h(m)—e3)) | #X 0" by (4.8)
< (C5)2enR(m)=23)) gnlh(m)+e5) g (4.7)

13



IN

(05)2627’163 Hn
(Cs)*(0")" by (4.5).

IN

Replacing N with some larger value if necessary, we may assume that

> m U a1 an] | <D (C5)*(0)" < 1/16
n=N n=N

a1...0n € B n(w)

holds for n-almost every w € €. Therefore, for n-almost every w we have

w(U U el <o

n=N al..-aneBm,n(w)

Combining this inequality with (4.6) we see that for n-almost every w, for N sufficiently large
we have

m(sv U U laeal >1%.

n=N aj...an GBm,n (W)

Finally, we observe that if

o
aEE;\U U a1, an]
n=N al..,anGBm,n(W)

then a satisfies
e—(A(n,m)+e1)

| Det(Awar,...an)| € < )

’ Cle—n(/\(nym)—ﬂ))

for all n > N. This completes our proof. O

We now adapt Proposition 4.1 into a meaningful statement regarding the level sets Ly .
Instead of dealing with Ly, , directly it is useful to restrict to the following large subset upon
which we have strong measure decay estimates. For any slowly decaying o-invariant ergodic
probability measure m and €; > 0, we can use the Shannon-McMillan Breiman theorem and
Egorov’s theorem to choose Cy(m,e1) > 0 such that the set Ly 5o, C L defined as follows

e—k(h(m)+e1)
Lone, :=3a€ Ly, : - <m([ar...a]) < Coe kM) =e1) for all 1 < k < |a
2
(4.9)
satisfies
m( (J [al|>15/16. (4.10)

aeLm,n,sl

Proposition 4.2. Fiz a RIFS and o slowly decaying o-invariant ergodic probability measure
m. Then for any €1 > 0, there exists C = C(m,n,e1) > 0 such that for almost every w € €,
glere exists Ny = Ni(w) € N and Ny = No(w) € N such that for all n > Ny there exists
Lane (W) € Linne, satisfying:

1. For each a € Emm,el(w) we have

—n(A(n,
| Det(Ay )| € (6((2:“)“) Cen(/\(mm)a))

for all Ny < n < |al.
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2. #me’sl = " for alln > Ns.

Proof. Let w belong to the full measure set whose existence is asserted by Proposition 4.1. Let
N; = Ni(w) denote the large N whose existence is also guaranteed by this proposition. Since
m is non atomic, we may choose Ny = No(w) sufficiently large such that for all n > N, each
a € Ly, satisfies |a] > Ny.

By Proposition 4.1 we have m(H (w)) > 13/16, where

efn(/\(nvm)“"sl)

H(w) = {a € AV: | Det(Auy 0| € <
Cy

,C’le_”(’\(”’m)_al)> for all n > Nl}

and C7 > 0 is the constant guaranteed by Proposition 4.1.
For n > Ny define

Lonne, (W) :={a € Lone, : [a] N H(w) # 0}

Notice that Property 1. is immediately satisfied by Ly, (w). To see that Property 2. holds
notice that m(H (w) N UaeLy ., [a]) > 12/16 follows from from the bounds m(Uacr,, ., [a]) >
15/16 and m(H (w)) > 13/16. Our cardinality bound now follows because m([a]) < ¢}, for each
A€ Lype (w). O

4.2 Transversality estimates

To prove Theorem 3.4 we need the following transversality lemma that bounds the probability
that two points in the attractor are close. This is the only part in the proof where we use our
non-singularity assumptions.

Lemma 4.3. Let ({Qi}ica, {ni}tica, {titica) be a RIFS and assume one of the following:
A. Assume that Q; € Sy for all i € A and that the RIFS is distantly non-singular;
B. Assume that ; € My for all i € A and the RIFS is non-singular.

Letb € AY and a,a’ € A* be two distinct words such that neither one is the prefix of the other.
Then for any C >0 and s >0 and all 0 < e < s,
e—n(ste)

/QX[O,T}(‘Hw(ab) - Hw(a/b)‘) "X (w : Det(A\w,aL--an) S ( C

,Ce”(5€)> foralll <n < |a|>

—~ e—n(s+e)
x| w: Det(AMa/lma;L) € T,Ce*”(sfg) for all1 <n <|a|| dn
= (’)(Td .C - eIaAa’I(er&)).
(4.11)

Proof. We split our proof into two parts.

Proof under assumption A. First, assume that |aAa’| > 1, i.e. that a and a’ share a common
prefix. Note that by assumption we also have |aAa’| < min{|al, |a’|}. Let ¢ and ¢’ be the unique
words such that ab = (aA a’)cb and a’'b = (a A a’)c’b. We emphasise that c¢b and ¢’b must
have distinct first letter. We highlight the following inequality

. e—n(ste)
X |w : Det(Aya..an) € T,Ce_"(s_a) , V1 <n <|a|
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n e niete) —n(s—e) /
X |w t Det(Ayar..ar) € T,Ce , V1<n<la|

—lana’|(s+e) ,
<x ( Det(Aw ara’) € <eC’ Cle—lana |(s—s)>>

This implies

e—n(s—i—s)

xm,mm(aw—Hw<a'b>\>-x( Det(Auan. an>e< . ,Ce-"<s-f>),vlsns\a\>

N e—n(s—i—s)
x| @i Det(Aypar) € [ —5—Ce"7 ), VI <n < fa|

lana’|(s+e) ,
< x(w : U,(ab) —I,(a'b) € B(0,7)) - x (cu Det(Aw ana’) € (‘30706—|a/\a |(8_8)>>

= x(w : Ty anar(€b) — Ty, anar (D) € (Ayanar) " (B(0,7)))

e—lana’|(s+e) ,
X | w Det(Aw ana’ ) c T’ C€—|a/\a [(s—¢) )
(4.12)

Since A, apa’ is by assumption A a similarity, its contraction rate is Det(A%a/\a/)l/ @ Therefore,
(4.12) can be bounded above by

X1 = X(w : Ty anar (€b) — Iy anar (€'b) € B(0, 1 - OV delarl(ste)/dy), (4.13)
We remark that the iterative definition of the random maps give the identity
1_[Lu,a/\a’ (Cb) = Aw,a/\a’cl (Hw,aAa’cl (U(Cb))) + tey-

Write 7* = min;; [t; — ¢;]. Since cb and c'b differ in their first letter we have [t;, —t| > ™.
Note that

1=x(w : [Avanae Mwanare, (0(eb)))] <r7/4) - x(w : |Ay arare, Muanarey (o('D)))] < 77/4)
+x(w : [Avanare, Mwanare, (0(eb)))] = 17/4) - x(w : |Ay arare, (Mwanare (0(c'D)))| < 77/4)
+xX(w ¢ [Auanae; Mwanae (0(eb)))] <77/4) - x(w 1 [Ay anare, Mu,anare, (0(c'b)))| = 17/4)
+x(w : [Avanare Mwanare, (0(eb)))] 2 17/4) - x(w : |Ay arare; (Mwanarey (0('D)))| = 77 /4)

=1 X< Xe T Xe F X< XS X xS
We use this identity to split write (4.13) as four summands
X1 = X1 X< Xe + X1 Xz Xe+ X1 X< X5 X1 X Xs
The first of these summands is

X1 X< Xe = x(w i I anar (cb) — II, apar (c'b) € B(O, 7 - Cl/de|a/\al|(s+5)/d))
x(w s |Aw,aAa’61 (Hw,a/\a’q (o(cb)))| <r*/4)
X(w : "4<M,z1/\a’c’1 (I_Iw,a/\a’c’1 (J(C/b)))’ < T*/4)
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Since we are interested in asymptotic behaviour with respect to Crel2 @|(s+e) _ (0 we can
without loss of generality, assume that r - C'/ delana’l(ste)/d o gx /8. In which case we have
X1 X< - X< = 0. This is because, if x1 - x< - X» = 1 then we would have

T*/Q <‘t01 - tcﬁ’ - |AUJ,a/\a/Cl (H%a/\alcl (U(Cb)» - Aw,a/\a’c/l (I_IL/.),a/\a/c’1 (U(C/b)>)|
S‘Aw,a/\a’cl (Hw,a/\a’cl (U(Cb))) + tcl - Aw,a/\a’c’l (Hu.),a/\a’c’1 (U(C/b))) - tc’1|
=|IL, ana(cb) — I, anar (c'b)| < /8,

which is not possible.
Summarising the above, we have shown that the left hand side of inequality (4.11) satisfies

~ —n(s+e)
/ X[O,r}(‘Hw(ab) - Hw(a/b)‘) X (W : Det(Aw,ay,...a,) € (eca Ce_n(s_a)> , V1<n < ]a])
Q

R e—n(ste) n(s—e) ,
X (wiDet(Ayar,..ar) € T,Ce ,V1<n<|a'|| dn

S /(Xl X=X X1 X< Xlz +X1-X>- Xlz)dn + 0@t C- e|aAa’|(S+s)).
Q

It remains to appropriately bound the above integral. Manipulating this integral we have
/Q(Xl‘X> Xe F X1 X< XS X xs xS )dn.
= /Q(QXI Xz Xe XX 'Xlz)dn (By symmetry)
< 2/(X1 - X>)dn

Q
:2/ O xz)d ] na

HdeA* Ql(d) deA*
= 2/ X(w : Hw,a/\a’ (Cb) - Hw,a/\a’(clb) S B(O, r- Cl/d@la/\a/‘(SJrE)/d))

[Tacax Qua)

X Avarae [uanae; (0(cb))| = 7*/4)d T na.
deA*

= 2/ X(w : Aw,a/\a’cl (Hw,a/\a’cl (U<Cb))) € B(Hw,a/\a’(c,b) - tcl,T : Cl/de\a/\a’\(s-‘ra)/d))
[Taeax Qua)

X(w t [Avanare (Wwanare, (0(cb)))| = r/4) d H Ta-
deA*

As stated above, there is no loss of generality in assuming that r-C1/ delana’|(ste)/d o px /8. There-
fore, if |A¢,J7a,\z,1/cl1 (I anare, (0(cb)))| > 7*/4 and A, apare; Mw.anae, (0(c'b))) € B(Il, ana’(c’'b) —
tey, - CHdelar@l(s+€)/d)) then we must have [II, apar(€'b) — L., | > 7*/8. Using this fact and then
Fubini’s theorem, we may bound the integral above by

2/ / X(@ Ay anate; Moanare, (0(c'b))) € B(llyana (€'b) — te,, 1 - O/ delarI(+2)/d))
HdEA*\{al\a’cl} Ql<d) ch

X(w - |HW,a/\a’ (C,b) —tey| > 77/8) dnapare, d H Nd-
deA*

Notice that the inner integrand is the probability that the image of a certain point under the
linear part of the map associated with a A a’cy lies in a certain ball away from the origin. By
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our distantly non-singular assumption, this probability is bounded above by a constant times
the volume of the ball. Therefore we obtain the upper bound

J;

deA*\{ana’cy} Ql(d)

: X(w : |Hw,a/\a’ (C,b) - tc1| > T*/S) dna/\a’cl d H Tid

deA*
d#ana’c;

< 2/ ot Ce\a/\a’\(s-‘ra) d H Nd
HdEA*\{a/\a’cl} Q) deA*
dlana’
< 20'Crielaral(ste)

where C’ > 0 is the constant given by the distantly non-singular condition. This shows the
correct upper bound when |a A a’| > 1. The proof where |a A a'| = 0 follows along similar
lines, noting that this implies the first letters of a and a’ differ and we can directly apply the
distantly non-singular condition.

Proof under assumption B.

The proof under assumption B is similar to the proof under assumption A. However, since
we are no longer dealing with similarities, the set (gw,a/\a/)*l(B(O, 7)) in (4.12) is not a ball but
rather an ellipse. Writing F,, ara’ = (Ew7a/\a/)_1(B(0,r)) we obtain

/ X(w : Hw,a/\a’(Cb) - Hw,a/\a’(clb) € Ew,a/\a’)
Q
= —lana’|(s+e) ,
X (u.) : Det(Ayana) € (‘30706—|3Aa |(S—s)>> dn

= / X(w : Aw,a/\a’q (Hw,a/\a’cl (U(Cb))) € Hw,a/\a/(c/b) - tc1 + Ew,a/\a’)
Q

. e—lana’l(s+e) _jana|(s—2)
‘X |w : Det(Ayana) € ?,Ce dn

as an upper bound for the left hand side of (4.11). The proof then follows by an analogous argu-
ment where we appeal to Fubini’s theorem, the conditions imposed by the second characteristic
function, and Lemma 3.3 which allows us to handle the more general case of ellipses instead
of balls. It is a consequence of our stronger assumption that the RIFS in non-singular that we

do not need to include the initial conditioning argument that was necessary under assumption
A. O

4.3 General results

To prove Theorem 3.4 we will use the following results from [5] and [9].
Given r > 0, we say that a set Y C R is an r-separated set if |z — 2| > r for all distinct
2,2 €Y. Given a finite Y € R% and r > 0 we let

T(Y,r) :=sup{#Y’': Y CY and Y’ is an r-separated set}.

Now suppose that we have a metric space 2 and X is some compact subset of R?. Suppose that
for each n € N there exists a finite set of functions {f;,, : @ = X }ﬁ:"r For each w € ) we let

Yo(w) :={fin(w) ﬁznl‘
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Moreover, given ¢ > 0,s > 0, and n € N, we let

Ry,

T (Y (w), S/d)
B(e,s,n) = {wGQ:R >c}.

The following proposition was proved in [5].

Proposition 4.4. Let w € Q and g : N — [0,00). Assume that the following properties are
satisfied:

e There exists v > 1 such that
o There exists ¢ > 0 and s > 0 such that

neN
w€eB(c,s,n)

Then

N 1/
{:c ERY: |z — fi(w)] < <g}(%n)) forim. (I,n) € {1,..., Ry} X N}

has positive Lebesgue measure.
We will also use the following lemma which follows from Lemma 1 of [9].

Lemma 4.5. Let (z;) be a sequence of points in R and (r;), (1) be two sequences of positive
real numbers both converging to zero. If r; < r} then

L(x:x € B(xj,rj) forim. j) = L(zx : & € B(xj,r};) for i.m. j).

5 Proof of Theorem 3.4

In this section we will prove Theorem 3.4. We begin by remarking that it is a consequence
of Lemma 4.5 that Statement 2. follows from Statement 1. To prove Theorem 3.4 it therefore
suffices to prove Statement 1.

For the rest of this section we fix a RIFS satisfying either assumption A or assumption B,

we fix m a slowly decaying o-invariant ergodic probability measure such that /\}E;mnz) > 1, and

b € AN is fixed. We also let £; > 0 be sufficiently small such that

h(m) — A(m,n) — 21 > 0. (5.1)

Such an €1 > 0 must exist because of our assumption that /\}(Lr(nm%) > 1.
Let us fix a parameter 0 < g9 < 1/2. By Proposition 4.2 we may fix a large N| = N{(n) € N
and Nj = Nj(n) € N such that for a set of w with 7-measure at least 1 — g¢, there exists

Ly ne (W) € Ly e, for each n > N that satisfies the following:

1. For each a € Ly .z, (w) we have

e_n()‘(n7m)+£1)

—n(A(n,m)—e1)
Cl y Cl € )

| Det(Au,ay,...an)| € (
for all N{ <n < |al.
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2. #Lmpe (W) = e

We denote the set of w for which these properties hold by €. By construction (') > 1 — .
We will show that the conclusion of Statement 1. from Theorem 3.4 is satisfied by almost every
element of . Since ¢q is arbitrary this will complete our proof.

Note that since Ni only depends upon 7 we can in fact strengthen Property 1. on the set .
By letting C7 depend upon €', we can replace Property 1 with the following stronger statement:

3. For each a € Em,wl (w) we have

e—n()\(mm)-&-&) . .
| Det(A w,ar,man)| € ((j17(jle (A(n,m)—e1)

forall 1 <n <|al.

_ The following proposition tells us that for a typical w € Y there are not too many (a,a’) €
L ne (W) X Lygpe (w) for which II,(ab) and II,(a’b) are close. The proof is based upon
arguments given in [5], which in turn are an appropriate adaptation of arguments due to [7] and
[28].

Proposition 5.1. Let ' be as above. For any s > 0 and n > N} we have

/ #{(a, a’) € Zm,nm (w) x zm,n,a(w) : [, (ab) — Hw(alb)’ < ﬁv a# al}

#Lmn

Proof. We begin by observing that
~ ~ s
# {(a7 a') € Linng (W) X Lin e, (w) : |y (ab) — I, (a'b)| < a# a'}
- 3 X071 (T () — TLofal))).
#L

lTl

(a,8’)€Lm,n,eq (W)X Lm,n,eq ()

a#a’
By Property 3. above we know that for any w € ' each a € Em,n,gl(w) satisfies
e~ n(A(nm)+e1)

|Det( war,ean)| € <C17C1€_n()‘(77’m)_€1)> (5.2)

for all 1 <n < |a|. Therefore we have the following upper bound for our counting function
~ ~ 5
# {(a, a') € Lyyne, (W) X Linne, (w) 1 [y (ab) — I, (a'b)| < — 7 @ + a’}
7 Ln,n
< > X[, ([Tlu(ab) — I, (a’b)|) - x(w : a satisfies (5.2))
#IL

d
n

1/
m,
(a,a’)€Lm,n,eq XLm,n,eq

a#a’
-x(w : a’ satisfies (5.2))

Recall that Ly, ., was defined in (4.9). Notice that we are now summing over all pairs in
Ly ne, X Lnne, such that a # a’. In particular the terms in this sum no longer depend upon
w. Since m([a]) < #L, for each a € Ly, we have

#{(a,a) € zm,n,a (w) x Zm,n,m (w) : I (ab) — I,(a'b)| < ﬁ’ aa'}
m,n d
/’ #Lm,n "
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Hlmo 3w [ o (Mab) ~ b))
(aya/)GLm,n,(leLm,n,el m,n

a#a’
- x(w : a satisfies (5.2)) - x(w : a’ satisfies (5.2)) dn
|al

HIne 3> 3 wlahm(a) | xo s (Tolab) - TLB)

aGme,,El k=0 a’€Lm,n,eq
lana’|=k

- x(w : a satisfies (5.2)) - x(w : & satisfies (5.2))dn.

The integrals appearing in the sum above are in a form where we can apply Lemma 4.3. Applying
Lemma 4.3 and the definition of Ly, ¢,, we see that we can bound the above by

|a] dcl ek(A(nm)+er1)

oo 35 3 3 mlahm(al)) =

a€lm n,ey k=0 a’€Lmn,eq
lana’|=k

|al

<5t Y m@)Y ¥ w A(nm)+=1)

aethn’al k= 0 a’ ELmnEl
lana’|=k
|a
< Z Zm )ekAmm)+er)
aELm,n,sl
|a
< Z Ze—k ) k(A(nm)+e1)
a€lmn,eq
|a
< Z m([a])Ze—k(h(m)—k(mm)—%l)
aeLm,n,sl k=0
<5t Y m(la)
aeLm,n,sl
d

< s”.

In the penultimate line we used that > 2, e F(Mm)=A(mm)=2e1) oo This is a consequence of
the definition of 1. Since all constants are universal, the proof follows. O

We now show how Proposition 5.1 can be used to construct a large separated subset of
projections for a large set of n for almost every w € €.
For each n € N and w € ' we let

Yn(W) = {Hw(ab) }aEZm,n,€1 (w) )

Moreover, given s > 0, w € ', and n > N} we let

CP(s,w,n) := {(a, ') € Lonne, (W) X Lyyne, (W) : [T, (ab) — I, (a’b)| < 51 a7 a’} .
#Lo 0

Recall that T(Y,r) is the maximal cardinality of r-separated subsets of Y. We will need the
following technical result.
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Lemma 5.2. For any w € ' and n € N} we have

#Em,n,al (W) S T (Yn(UJ), Sl/d) + # CP(87 W, ’I’l)
#L

m,n

Proof. We start by observing that

Lonne, (w) = {a € Lane, (w) : | (ab) — IL,(a'b)| > %/d va' # a}
4L

m,n

U {a € Emyn,gl(w) :3a’ # a s.t. |1, (ab) — I, (a’b)| < Sld}
#Luln

is a disjoint union. Notice also that the set of images corresponding to those a belonging to the
first set in this union is —%,;-separated. Therefore

m,n

4 {a € Lune, (w) 1 [T, (ab) — IT,(a’b)| > %/d\m' ” a} <T <Yn(w), 81/d> .
# L #Luin

Similarly, for the second set in this union we have

{a € Lune, (w): 3’ # a s.t. |, (ab) — I1,(a'b)| < Sld} < # CP(s,w,n).
# Ly,

m,n

This follows because the map (a,a’) — a from CP(s,w,n) to this set is surjective. The desired
inequality now follows. O

Given n € N and w € ' let
Y, (w) := {1, (ab) }aeLm,, -

Notice that Y,,(w) C Y, (w) therefore T(Y, (w),r) < T(Y, (w),r) for any r > 0. Givenc > 0,s > 0,
and n € N we also let
IK}%<W)7%5%7g)

B(e,s,n) = weQ:
( ) #Lmn

>c

Recall that we define the upper density of a set B C N to be

= 1<j<n:j€eB
d(B) ::limsup#{ =jsnije }

n—00 n

Proposition 5.3. The following equality holds
n ﬂ U {weQ :d(n:weB(c,s,n)>1—¢} | =n(Q).
e>0¢,5>0

Proof. Let € > 0 be arbitrary. Notice that by Proposition 5.1 and Markov’s inequality, for any
¢ > 0 we have
c-nweQ : #CP(s,w,n) > c#Lnn,) = O(s%)
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for any n > NJ. Therefore, since # Ly, < #Em,m (w) we can choose ¢, s > 0 such that
n(w e Q' : #CP(s,w,n) > c#zm,nﬂ(w)) < e.

Therefore by Lemma 5.2, for this choice of ¢, s we have

m,n

n (w cqQ T (Yn(w), 51/d> > #Lmne, (W) (1 — c)> > () — e
41,

for any n > NJ. Using this inequality and apply Fatou’s lemma we have

//d (n : T (Yn(w), #;1/d> > #zmm,gl(w)(l - c)) dn

v
| #{1<n<N:T (Yn(w), #Li/i) > HLpne (W)(1—c)}
= ¥ o
S 3@ T (Y 5 ) 2 #lmna )1 - )
S |, v i
>n(Q) —e. (5.3)

We now show that this implies that the occurrence of a large separated set for a set of n with
high upper density has large probability. That is, we will prove the inequality

n <w cQ :d (n :T (Yn(w), %/d > H#Lpne (W1 —c) | >1—e| >n() - e (5.4)
#Lwn
Assume for a contradiction that

n (w eY:d (n : T (Yn(w), Sl/d> > #zmm,al(w)(l — c)) <1- ﬁ) > /e
#L

m,n

As the density is always bounded above by 1 we have

| <n T (Yn(w), #Sl/d> > e, (@)(1 - c)> an

<n (w e :d <n :T (Yn(w), S1/d> > H L (W)(1 — c)) <1- ﬁ) (1—+/¢)
#Lun

+7 <w e :d <n : T (Yn(w), s1/d> > # L (W)(1 — c)) >1- ﬁ) . (5.5)
#Lun

The second term on the right hand side of (5.5) is equal to

n(Q) —n (w cq:d (n :T (Yn(w), Sl/d> > #Em,n751(w)(l - c)) <1- \/E> .
#L

m,n

Therefore the right hand side of (5.5) can be bounded above by

() — Ven (w cQ:d (n : T (Yn(w), 81/(1> > H L (W)(1 — c)) <1- \/§>

# Lnin
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<) —e.

Where in the final line we used our underlying assumption. However, this contradicts (5.3).
Therefore (5.4) holds.

We have proved that for any € > 0 we can chose ¢, s > 0 such that (5.4) holds. In particular,
letting e, — 0 with €5 < ¢ and picking appropriate sequences si, ¢ we may conclude that

n U {weQ :d <n : T <Yn(w), #I;Sl/d> > H L (W)(1 — c)) >1—¢} | =n).

c,s>0 m,n

Recall that € > 0 was arbitrary. Therefore taking the intersection over all € > 0 we have

() U {wGQ’:d(n:T(Yn(w),#LSI/d) z#im,n,gl(w)u_c)) >1—¢} | =n().

e>0¢,5>0 m,n
(5.6)
Because T <Yn(w), #le/d> <T <Y7;(w), #Sl/d> and #Ly, < #Em’n, there exists K > 0
such that 7 ’
s ~ s #HLnn(l—c)
#Lmn #Lmn
Therefore by (5.6) we have
n m U {we®:d(n:we B~ s,n)) >1—¢} | =n().
e>0¢,>0
This completes our proof. ]

With Proposition 5.3 we are now in a position to prove Statement 1 from Theorem 3.4.

Theorem 8.4, Statement 1. Let us fix
wE ﬂ U {weQ :dn:we B(c,s,n)) >1—¢}.
e>0¢,5>0

Let g € G be arbitrary. By definition there exists £ > 0 such that g € G.«. By the definition
of Gz« we can choose ¢ > 0,s > 0 such that

> gln) =
n:weB(c,s,n)

Moreover, notice that #Ly, < c,". Therefore the two assumptions of Proposition 4.4 are
satisfied and so the set

1/d
{x € R?: |z —TI,(ab)| < <7%fl(zn) ) for some a € Ly, for i.m. n}
m,n

has positive Lebesgue measure. Recall that #L,! =< m([a]) for any a € Ly . Therefore Lemma
4.5 implies that U, (b, m, g) has positive Lebesgue measure for any g € G. By Proposition 5.3 it
follows that for almost every w € Q' the set U, (b, m, g) has positive Lebesgue measure for any
g € G. Since n(Y) > 1 — €, and ¢y was arbitrary, it follows that for almost every w € €, for
any g € G the set U, (b, m, g) has positive Lebesgue measure. This completes our proof. ]
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6 Proof of Corollary 3.5

We now show how Corollary 3.5 follows from Theorem 3.4. The proof is essentially the same as
the proof of Corollary 2.3 from [5]. We include the details for completion.

Proof of Corollary 3.5. Let us fix a RIFS such either assumption A or assumption B is satisfied.
Let us also fix a probability vector (p;);c4 such that % > 1.
By Theorem 3.4, to prove our result it suffices to show that if we let ¥ : A* — [0,00) be

— H‘]j:‘l Pay,
. |a‘ .
the Bernoulli measure corresponding to (p;)ic.A-

Let g(n) = %, then using the well known identity

given by U(a)

, then W is equivalent to (m, g) for some g € G. Here we let m denote

Y1
ZE =log N + O(1),

n=1

it can be shown that g € G. For any a € A* we have

(Tiréijlpz’)‘al <m([a]) < (Il%&}i(pz’)‘al- (6.1)

Using (6.1) and the fact each a € Ly, ,, satisfies m([a]) < ¢}, we may deduce that
la|] <n
for any a € Ly . This implies

12 pa, _ m([a))

~

—~

|al n

for any a € Ly . Therefore W is equivalent to (m,g) for our choice of g. This completes our
proof. O

7 Examples

In this section we detail some examples of RIFSs to which our results can be applied. The
first example is stochastically self-similar and is distantly non-singular, whereas the second is
stochastically self-affine and non-singular.

Example 7.1. For each i € A assume that there exists 0 < r;” < rj < 1 such that

Qi :={\-0:Xe[r;,r and O € O(d)}.
Here O(d) is the set of d x d orthogonal matrices. Note that Q; C Sy for all i € A. For each
1 € A we define a measure n; on ); according to the law where A and O are chosen independently
with respect to the normalised Lebesgue measure on [r; 7] and the Haar measure on O(d)
respectively. For any 2 € R? we define the map P, : ; — R? given by P,(A) = Az. It can be

shown that the pushforward measure (P;).7; is the normalised Lebesgue measure on the annulus
d —
{y e R vy |lf| < llyll < r)"[l=ll}-

Note that (P,),n; is absolutely continuous with respect to the Lebesgue measure on R%. More-
over, for any ¢ > 0, there exists C = C(e) > 0 such that for any z satisfying ||z| > e, the
Radon-Nikodym derivative of (P, ).n; is uniformly bounded above by C.
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Now let us fix a collection {¢;};c4 of distinct translation vectors and let rg := m#{iyl_t"

If [|z]| < rp and r < 79 then for any y € R\ B(O,%W) we have {A € ; : A(z) €
B(y,r)} = 0. Therefore
ni(AeQ; : A(z) € B(y,r)) =0. (7.1)

If ||z|| < ro and 7 > ro, we can choose C; > 0 sufficiently large in a way that only depends upon
ro such that
ni(AeQ; : A(z) € B(y,r)) < Cyr? (7.2)

for all y € R?. If ||x|| > ro then it follows by our above remarks regarding the Radon-Nikodym
derivative that there exists C > 0 independent of = such that

ni(A€Q © Ax) € By,r)) = ((Po)eni)(B(y,r)) < Cor? (7.3)

for all y € R% and r > 0.

Combining (7.1), (7.2), and (7.3) we see that the RIFS ({£;}ic.a, {ni}ica, {ti}ica) is distantly
non-singular. We need to check that the logarithmic condition (3.2) holds for |s| sufficiently
small. We see that

Tj' s +)\s+1 (. )s+1
10g/ | Det(A)|*dn;(A) = log/ ! —dr = log (ry) (ry)
of -

T (i =ri ) (s+1)

which is finite for all s > —1. Therefore (3.2) holds for all |s| < 1.
Now by an appropriate choice of parameters, it is straightforward to construct many slowly
decaying o-invariant ergodic probability measures m such that h(m) 1. Therefore Theorem

Aln,m)
3.4, Corollary 3.5, and Corollary 3.6 can be applied to this random model.

Example 7.2. For each i € A let Z; be a compact subset of My such that each A € Z; satisfies
|Az|| > c;||z|| for all z € R? for some ¢; > 0. Also assume that for each i € A there exists a
Borel probability measure v; supported on Z;. For each i € Alet 0 <7, < r? < 1 and

Qi ={A=X-0OB:\¢c[r;,r],0 € 0O(d), and B € Z;}.

P01

We define a measure 7; on ; by choosing A, O, and B independently with respect to the
_l’_

normalised Lebesgue measure £ on [r; , "], the Haar measure m on O(d), and v; respectively.
Let {t;}i;c.4 be a finite set of distinct vectors. We assume {¢;}ic4 and {€2;} are such that there
exists 6 > 0 for which
B(0,8) N | M (A") = 0.
we

This property is satisfied for example if each ¢; satisfies ||¢;|| = 1 and each A € U;c4€; satisfies
|Al < 1/2.

We now show that if the above conditions are satisfied then the RIFS is non-singular. Let
us fix an ellipse £ and z € U,I1,(AY). By Fubini’s theorem

ni(AeQ; : Alx) e E) = /Z(E x m)((r,0) : r-OBx € E)dv;(B). (7.4)

By construction Bz is a point with norm ||Bz|| > ¢d. Therefore by the same reasoning as given
in Example 7.1, by considering appropriate pushforwards it can be shown that an analogue of
(7.3) holds, i.e. there exists C' > 0 independent of x and ¢ such that

(Lxm)((r,0):r-OBx € E) <C-Vol(E)
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for any B € Z;. Substituting this bound into (7.4) we obtain

Hence our RIFS is non-singular. The logarithmic condition (3.2) holds for this RIFS for all |s|
sufficiently small by analogous reasoning to that given in Example 1. Therefore Theorem 3.4,
Corollary 3.5, and Corollary 3.6 can be applied to this random model.

We conclude by remarking that to show that a RIFS is non-singular it is sufficient to show
that the pushforward measure (P,),n; is absolutely continuous for all z € U,IT,(AY) and i € A,
and that the Radon-Nikodym derivative can be bounded above by some constant independent
of x and 4. This is the technique we have used in Example 2.

8 Final discussion

Remark 8.1. In a random recursive model one usually expects the threshold quantities to be
defined in terms of the arithmetic average of random variables, as opposed to the geometric
average that is the expected behaviour in 1-variable models. Here, this means that one naively
suspects the Lyapunov exponent to be

N() = Tog | [Det(A)dn(4)

instead of

V() = [ tog | Det()]dni ().

(3

While we cannot exclude the possibilities that our work could be improved, the near optimal
usage of large deviations in our work suggests that the second Lyapunov exponent is the correct
one to use. This is unexpected and could be explained by us requiring level specific information
on worst cases, as opposed to “eventually averaging” of behaviour of the descendants of each
node.

Acknowledgements

ST was funded by the Austrian Science Fund (FWF): M-2813.

Part of this research was conducted while the authors met at the Number Theory and
Dynamics conference at the CMS, Cambridge University, in March 2019. We wish to thank the
organisers and university for the pleasant research environment.

References

[1] D. Allen, B. Bardny, Diophantine Approzimation on Fractals: Hausdorff measures of shrink-
ing targets on self-conformal sets, Mathematika, (to appear).

[2] S. Baker, An analogue of Khintchine’s theorem for self-conformal sets, Math. Proc. Cam-
bridge Philos. Soc., 167(3), (2019), 567-597.

[3] S. Baker, Approximation properties of B-expansions, Acta Arith., 168, (2015), 269-287.

[4] S. Baker, Approzimation properties of S-expansion II, Ergodic Theory Dynam. Systems, 38
(2018), no. 5, 1627—1641.

27



[5] S.Baker, Overlapping iterated function systems from the perspective of metric number theory,
Mem. Amer. Math. Soc. (To appear).

[6] B. Barany, M. Hochman, A. Rapaport, Hausdorff dimension of planar self-affine sets and
measures, Invent. Math., 216, (2019), 601-659.

[7] I. Benjamini, B. Solomyak, Spacings and pair correlations for finite Bernoulli convolutions,
Nonlinearity 22(2), (2009), 381—393.

[8] V. Beresnevich, D. Dickinson, S. Velani, Measure theoretic laws for lim sup sets,
Mem. Amer. Math. Soc., 179(846), (2006).

[9] V. Beresnevich, S. Velani, A note on zero-one laws in metrical Diophantine approzimation,
Acta Arith. 133(4), (2008), 363--374.

[10] R. Bowen, Equilibrium states and the ergodic theory of Anosov diffeomorphisms, Second
edition. Lecture Notes in Mathematics, 470. Springer-Verlag, Berlin, 2008. viii+75 pp. ISBN:
978-3-540-77605-5.

[11] R. J. Duffin, A. C. Schaeffer, Khintchine’s problem in metric Diophantine approzimation,
Duke Math. J., 8, (1941). 243-—255.

[12] K. Falconer, Fractal geometry. Mathematical foundations and applications, Third edition.
John Wiley & Sons, Ltd., Chichester, 2014. xxx+368 pp. ISBN: 978-1-119-94239-9.

[13] K. Falconer, Techniques in fractal geometry, John Wiley & Sons, Ltd., Chichester, 1997.
xviii+256 pp. ISBN: 0-471-95724-0.

[14] K. Falconer. Random fractals, Math. Proc. Cambridge Philos. Soc., 100, (1986), 559-582.

[15] K. Falconer, The Hausdorff dimension of self-affine fractals, Math. Proc. Cambridge Phi-
los. Soc., 103, (1988), 339—350.

[16] S. Graf. Statistically self-similar fractals, Probab. Theory Related Fields, 74, (1987), 357
392.

[17] M. Hochman, On self-similar sets with overlaps and inverse theorems for entropy,
Ann. Math., 180, (2014), 773-822.

[18] M. Hochman, On self-similar sets with overlaps and inverse theorems for entropy in RY,
Mem. Amer. Math. Soc. (To appear).

[19] J. Hutchinson, Fractals and self-similarity, Indiana Univ. Math. J. 30 (1981), no. 5, 713-747.

[20] E. Jarvenpéa, M. Jarvenpad, M. Wu, W. Wu, Random affine code tree fractals: Hausdorff
and affinity dimensions and pressure, Math. Proc. Cambridge Philos. Soc. 162, (2017), 367
382.

[21] A. Khintchine, FEinige Sdtze iber Kettenbruche, mit Anwendungen auf die Theorie der
Diophantischen Approzimationen, Math. Ann. 92, (1924), 115-125.

[22] T. Jordan, M. Pollicott, K. Simon, Hausdorff dimension for randomly perturbed self affine
attractors, Comm. Math. Phys. 270(2), (2007), 519-—-544.

[23] H. Koivusalo, Dimension of uniformly random self-similar fractals, Real Anal. Exchange,
39, (2013/14), 73-90.

28



[24] D. Koukoulopoulos, J. Maynard, On the Duffin-Schaeffer conjecture, Ann. of Math., 192,
(2020), 251-307.

[25] J. Levesley, C. Salp, S. Velani, On a problem of K. Mahler: Diophantine approzimation and
Cantor sets, Math. Ann. 338(1), (2007), 97--118.

[26] L. Olsen. Random geometrically graph directed self-similar multifractals, Pitman Research
Notes in Mathematics Series, 1994.

[27] Y. Peres, K. Simon, B. Solomyak, Absolute continuity for random iterated function systems
with overlaps, J. Lond. Math. Soc., 76, (2006), 739-756.

[28] Y. Peres, B. Solomyak, Absolute continuity of Bernoulli convolutions, a simple proof,
Math. Res. Lett. 3(2), (1996), 231--239.

[29] T. Persson, H. Reeve, A Frostman type lemma for sets with large intersections, and an
application to Diophantine approzimation, Proc. Edin. Math. Soc., 58(2), (2015), 521—542.

[30] T. Persson, H. Reeve, On the Diophantine properties of A-ezpansions, Mathematika, 59(1),
(2013), 65-86.

[31] M. Pollicott, K. Simon, The Hausdorff dimension of \-expansions with deleted digits,
Trans. Amer. Math. Soc., 347(3), (1995), 967—983.

[32] A. Rapaport, Proof of the exact overlaps conjecture for systems with algebraic contractions,
Ann. Sci. Ec. Norm. Supér. (to appear).

[33] A. Rapaport, P. Varju, Self-similar measures associated to a homogeneous system of three
maps, arXiv:2010.01022.

[34] P. Shmerkin, V. Suomala, Spatially independent martingales, intersections, and applica-
tions, Mem. Amer. Math. Soc., 1195, 2018.

[35] P. Shmerkin, On Furstenberg’s intersection conjecture, self-similar measures, and the L%
norms of convolutions, Ann. of Math., 189(2), (2019), 319-391.

[36] B. Solomyak, On the random series >, =A™ (an Erdds problem), Ann. of Math., 142(3),
(1995), 611-625.

[37] S. Troscheit, On the dimensions of attractors of random self-similar graph directed systems,
J. Fractal Geom., 4, (2017), 257-303.

[38] P. Varju, On the dimension of Bernoulli convolutions for all transcendental parameters,
Ann. of Math., 189(3), (2019), 1001-1011.

29



