UNIVERSITY OF JYVASKYLA UNIVERSITAT JYVASKYLA

DEPARTMENT OF MATHEMATICS INSTITUT FUR MATHEMATIK
AND STATISTICS UND STATISTIK
REPORT 126 BERICHT 126

RECURSIVE SET CONSTRUCTIONS AND
ITERATED FUNCTION SYSTEMS:
SEPARATION CONDITIONS AND DIMENSION

MARKKU VILPPOLAINEN

JYVASKYLA
2010






UNIVERSITY OF JYVASKYLA UNIVERSITAT JYVASKYLA

DEPARTMENT OF MATHEMATICS INSTITUT FUR MATHEMATIK
AND STATISTICS UND STATISTIK
REPORT 126 BERICHT 126

RECURSIVE SET CONSTRUCTIONS AND
ITERATED FUNCTION SYSTEMS:
SEPARATION CONDITIONS AND DIMENSION

MARKKU VILPPOLAINEN

To be presented, with the permission of the Faculty of Mathematics and Science
of the University of Jyvaskyla, for public criticism in Auditorium 5212,
on August bth, 2010, at 12 o'clock noon.

JYVASKYLA
2010



Editor: Pekka Koskela

Department of Mathematics and Statistics
P.O. Box 35 (MaD)

FI-40014 University of Jyvaskyla

Finland

ISBN 978-951-39-3927-4
ISSN 1457-8905

Copyright (© 2010, by Markku Vilppolainen
and University of Jyvaskyla

University Printing House
Jyvaskyla 2010



ACKNOWLEDGEMENTS

I would like to thank all the people who made this work possible. First and
foremost, I wish to express my sincere gratitude to my supervisor and co-author,
Antti Kédenmaki, for the excellent and inspiring guidance I received throughout
the work. To my second co-author, Tapio Rajala, I am deeply grateful for the
fruitful and enjoyable collaboration. I extend my gratitude to Christoph Bandt
and Jeremy Tyson, who pre-examined this work, for their valuable comments. I
would also like to thank Pertti Mattila for kindly accepting to be the opponent
during the public examination of my thesis.

[ am also grateful to the Department of Mathematics and Statistics at the
University of Jyviaskyla for the excellent conditions it has provided for my graduate
studies.

Finally, to my wife Pirjo and to my parents I give my deepest appreciation for
their continuous patience and support.

Jyvaskyla, June 2010
Markku Vilppolainen

iii



LIST OF INCLUDED ARTICLES
This dissertation consists of an introductory part and the following three articles:

[A] A. Kdenméki and M. Vilppolainen, Separation conditions on controlled Moran
constructions, Fund. Math. 200 (2008), 69-100.

[B] A. Kédenmaiki and M. Vilppolainen, Dimension and measures on sub-self-affine
sets, Monatsh. Math., to appear.

[C] T. Rajala and M. Vilppolainen, Weakly controlled Moran constructions and it-
erated function systems in metric spaces, Preprint 2010. (arXiv:1003.0349)

The work presented in this dissertation has been carried out at the Department
of Mathematics and Statistics of University of Jyvaskyla during the period 2007—
2010. The author of this dissertation has actively taken part in the research of the
articles.

iv



1. INTRODUCTION

This thesis examines fractal properties of sets and measures. The origin of
fractal mathematics goes back to the early works of Cantor [4]. He showed that a
nonempty perfect subset of the real line is uncountable. At that time, fractal type
behavior were seen in many examples, which, however, were considered to be only
pathological counterexamples for some property. For example, the Weierstrass
function is an example of a continuous and nondifferentiable function. The later
development of geometric measure theory gave the necessary tools for studying
these kinds of objects. A nice overview for the beginning of fractal mathematics
can be found in the book of Edgar [5].

Mainly because of Mandelbrot’s intuition [12], fractals started to be seen as
models of real world phenomena instead of pathological examples. Although there
is no generally accepted definition for the term “fractal”, the fundamental idea
behind this notion is self-similarity: small pieces of a set appear to be similar to the
whole set. The mathematical class of (strictly) self-similar sets was introduced by
Hutchinson [9]. The idea goes back to Moran [15] who studied similar constructions
but without mappings. A mapping f: R? — R? is called a similitude if there is
s > 0, the ratio of f, such that |f(x) — f(y)| = s|z — y| whenever z,y € R, If
the ratios of the similitude mappings fi, ..., fi are all strictly less than one, then
a nonempty compact set £ C R? is called self-similar provided that it satisfies

E=fi(E)U---U fr(E).

Then E = Uijzl fio fi(E) = Ui,mzl frno fio fj(E) and so on, showing that a
self-similar set E consists of smaller and smaller pieces which are geometrically
similar to E.

The self-similar sets provide a natural starting point for various generalizations.
One possibility is to look at self-affine sets which are defined using affine mappings
in place of similitudes. As a phenomenon, self-affinity often occurs in nature
and this is one reason for the large interest in their mathematical properties.
Another possibility to generalize self-similar sets is to break the rigidity of iterated
function systems and look at nested classes of sets allowing more flexibility for the
sizes and shapes of the offsprings. These kind of constructions are termed Moran
constructions.

The main objective of this dissertation is to study different separation conditions
on various Moran constructions in order to specify circumstances under which the
dimension of a generalized self-similar set can be determined. Inseparably, there
is the question whether the constructed set carries a natural measure. Hausdorff
measures are the traditional candidates for such measures: in ideal situations, they
serve as suitable substitutes for the natural volume function given by the Lebesgue
measure on a Euclidean space. Thus we study mainly the Hausdorff dimension
and give results concerning the positivity and finiteness of the Hausdorff measure
of the constructed set in the appropriate dimension. Our main tool is a simplified
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version of the so-called thermodynamic formalism, which associates the concept of
pressure with the dimension of a dynamically constructed set.

By the fundamental result of Schief [17], the open set condition and the positivity
of the t-dimensional Hausdorff measure are equivalent on self-similar sets, where
t is the zero of the topological pressure. In [A, Corollary 3.10] and [C, Theorem
4.9], we prove an analogous result for a class of Moran constructions. We also
remark that [C, Theorem 4.9] gives a positive answer to the question of Balogh
and Rohner [1, Remark 6.2].

In [B] we define and study, applying symbolic dynamics, certain dynamically
defined subsets of a self-affine set (without assuming any separation conditions)
and show that for a typical sub-self-affine set, the Hausdorff and the Minkowski
dimensions coincide and their common value is the zero of an appropriate topo-
logical pressure (provided that the affine mappings used in the construction have
suitably small contracting ratios). See [B, Theorem 5.2] in particular. This gives
a partial positive answer to the question of Falconer [§].

As a final step, adapting the theory developed for Moran constructions, we
construct in [C, Theorem 5.4 sets that give an answer to the open questions
proposed by Balogh, Tyson, and Warhurst [2, Remarks 4.9 and 4.10] concerning
the comparison of the Riemannian and sub-Riemannian Hausdorff dimension in
Carnot groups.

2. SETTING AND BASIC NOTIONS

We use the following notation: Let I be a finite set with cardinality x := #1 > 2.
Put I* = |J72, I" and > = I". For each i € I*, there is n € N such that
i = (i1,...,i,) € I". We call this n the length of i and we set |i| = n. The
length of elements in I*° is infinite. Moreover, if i € I* and j € I* U I*°, then by
the notation ij we mean the element obtained by juxtaposing the terms of i and
j. For i € I*, we call the set [i] := {ij : j € >} a cylinder set of level |i|. If
jeI*UlI® and 1 <n < |j|, we define j|, to be the unique element i € I" for
which j € [i]. If j € I* and n > [j| then j|, = j. We also set 1™ = ifj;j_1. We
say that the elements i, j € I'* are incomparable if [1] N [j] = 0.

Defining

' . Q—min{k—liﬂk#ﬂk}’ i
i—jl= 0 T
) 1=
whenever i,j € I, the couple (I*°]-|) is a compact metric space. We call
(I°°,]-]) a symbol space and an element i = (iy,is,...) € I*® a symbol. If there is
no danger of misunderstanding, let us also call an element i € I* a symbol. Define
the left shift o by setting

0(i1,’i27 .. ) = (iQ,ig, .. )
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It is easy to see that ¢ is a continous transformation on the symbol space. By the
notation o (iy,...,1,), we mean the symbol (is,...,4,) € I""1. Observe that to be
precise in our definitions, we need an “empty symbol”, that is, a symbol with zero
length.

Definition 2.1. Let M be a metric space. A collection {X; : i € I*} of compact
subsets of M is a weakly controlled Moran construction (WCMC) provided that
there exist a constant D > 1 so that for every i, j € I* the following four conditions
hold:

(W
(W
(W
(W

1) Xi C X,

2) max;erm diam(X;) < D! for some n € N,
3) diam(X;;) < D diam(X;) diam(Xj),

4) dlam(X ) > D~ diam(X;-).

WCMC is a generalization of the notion termed controlled Moran construction
(CMC) in [A]. In the definition of a controlled Moran construction we likewise
use compact sets and require that (W1) and (W2) are satisfied, but instead of
conditions (W3) and (W4) we assume the following stronger condition:

(C1) for every i, j € I* we have

_ diam(X;;)
D' < - <D.
~ diam(X;) diam(Xj) —

We define a projection mapping w: [°*° — X by the relation

(1)} =) Xa,

for i € I*°. Tt is clear that 7 is continuous. The compact set F = 7(I*°) is called
the limit set (of the WCMC).

Now assume that the metric space M is complete and that for each i € I there
is a contractive injection f;: M — M. By the contractivity of a function f we
mean that there is a constant 0 < s < 1 such that | f(z) — fy)| < s|x —y| whenever
x,y € M. The collection {f; : i € I} is then called an iterated function system
(IFS). As shown in [9, §3], an elegant application of the Banach fixed point theorem
implies the existence of a unique compact and nonempty set £ C X for which

E= Ufz(E

i€l
Such a set E is called an invariant set (for the corresponding IFS).

Given an IFS {f; :i € I}, we set f; = f;, 0---o f; foreach i = (iy,...,3,) € I"
and n € N. We are interested in situations where the set collection {f;(F') : i € I*}
is a WCMC for some F' C M. Let us call an IFS weakly tractable if there exists a
compact set ' C M and a constant C' > 0 such that the collection {f;(F') : i € I*}
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is a WCMC and for each i € I* we have
|fi(z) = fi(y)] < Cdiam(fi(F))\w — 9

whenever z,y € F. If the collection {f;(F)}ics+ can be chosen to be a CMC, we
call the weakly tractable IF'S simply tractable.

The basic example of a weakly tractable (but not necessarily tractable) IFS on
a Euclidean space is the affine IFS. By definition, an IFS {f;: RY — R%},c; affine
if for each ¢ € I there is a non-singular contracting linear transformation 7; and
a translation vector a; such that f; = T; + a;. The invariant set E of an affine
IF'S is called self-affine. Observe that the composed mappings f; are also affine:
fi = Ti +a; where T; = T, 0---0T; and a; € R?. We say that Tj is the
linear part of f;. The image T}(B) of the closed unit ball B = B(0,1) C R? is a
d-dimensional ellipsoid. The lengths of the principal semiaxes of this ellipsoid are
the singular values of T;. Equivalently, the singular values, denoted henceforth
by a1 (T3), ..., aq(T;), are the square roots of the eigenvalues of 7375, where T} is
the transpose of T;. We adopt the usual convention that a(7}) > as(Ti) > -+ >
ayq(T;). Note that aq(7;) is the operator norm of 7j, which is more commonly
denoted by ||7;||. For 0 <t < d, we set

SOt(Ti) =0 (Ti) e 'al(Ti)aH-l(Ti)t_l? (2'1)

where [ is the unique integer such that [ < ¢t < [+ 1. For completeness, we let
Q! (Ty) = |det(T3)|" for t > d. The function t — ¢'(T}) defined on nonnegative
reals is then called the singular value function of the linear transform Tj.

To see that an affine IFS { f; };cs is weakly tractable, choose a constant R > 0 so
large that the ball F := B(0, %) C R? contains f;(F) as a subset with every i € I.
Then we have diam(fi(F')) = Ray(T;) and thus

fi(@) = fi(y)] = |Ta(z — y)| < aa(Ty)|zx — y| = R~ diam(fi(F))|z - y|
for any x,y € R? and i € I*. Also notice that
diam(fs(F)) = Rl|Ts; o Ty || < RITy|[IIT57 ]| < max | T,| diam(fy5(F))

for each i € I* and j € I.

Finally, we introduce a principal class of tractable IFSs in a general metric space
M. We say that the IFS is semiconformal if the corresponding invariant set has
positive diameter and there are constants D > 1 and 0 < s, <5; < 1,1 € I*,
such that 5; < Ds; and

s;d(w,y) < d(fi(z), fi(y)) < 5id(z,y) (2.2)

for any z,y € M and i € I*. If we can choose s; = §; for each i € I (implying
that the mappings of the IFS are contractive similitudes), we call the invariant
set self-similar. Note that in this special case we can choose (and assume that)
s; =53 = }_3;, for each i = (iy,...,4,) € I" with n € N.
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In the Euclidean setting, we get a standard semiconformal IF'S by choosing each
fi to be a contractive ' conformal mapping defined on an open set Q C R
provided that the mappings do not share a common fixed point and there exists a
closed and nonempty X C () satisfying

A cx.

iel
In this case we say that the restrictions of the mappings f; to X form a conformal
IFS. Tt can be deduced from the well known bounded distortion principle that each
conformal TF'S is semiconformal. See, for example, [13, Remark 2.3]. Observe that
the converse does not necessarily hold. For example, the semiconformal IFS con-
structed in [11, Example 2.1] is not conformal. Moreover, there are many metric
spaces with no usable differentiable structure to be linked with the metric (and
hence having no direct analogue of a conformal mapping) but for which semicon-
formal IFSs make perfect sense. For an easy example, consider the snowflaked
Euclidean spaces (R? d*) where 0 < s < 1 and d(z,y) = |v — y|*® for 7,y € R%
On these spaces, an IFS is semiconformal if and only if it is semiconformal with
respect to the standard Euclidean metric.

We call a CMC {Xj; };¢;+ semiconformal if the relative positions of the construc-

tion pieces vary within uniform bounds, by which we mean that there exists a
constant C* > 1 such that

diSt(Xhi, Xh_]) < diSt(in, Xk_])
dlam(Xh) - dlam(Xk)
for all h,i,j,k € I*. It is obvious that if F is a self-similar set determined by a

similitude IFS {f;}icr, then {fi(E)}icr is a semiconformal CMC with C* = 1
More importantly, we have the following result.

Lemma 2.2 ([A, Lemma 5.2]). If {f; : ¢ € I} is a semiconformal IFS and a
compact set A with positive diameter satisfies f;(A) C A for every i € I then
{fi(A) : i € I*} is a semiconformal CMC. In particular, a semiconformal IFS is
tractable.

We get most of our results concerning the semiconformal IFSs by studying the
metric features of the corresponding semiconformal Moran constructions.

3. PRESSURE

Assume that (i) > 0 for each i € I*. We say that these numbers are submul-
tiplicative weights if the following two assumptions are satisfied:

(S1) ¢(ij) < »(1)y(3) for all 1,5 € I7,
(S2) max;em (i) — 0 as n — oo.

Assume further that for each fixed ¢ > 0 we are given submultiplicative weights
Yi(i), 1 € I*, and ¥g(i) = ¢o > 0 for each i € I*. Then we call the indexed
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collection ¢ = {¢y(1) : 1 € I*}1>0 a submultiplicative scheme provided that there
furthermore exist constants 0 < a <@ < 1 < b such that

b=a 0y (1) < thyps(i) < BP0y (4) (3.1)
for all t,0 > 0 and i € I*. See also [10, §2]. We define the pressure of a submulti-
plicative scheme 1 to be the function P,: [0,00) — R given by

— i 1 S\ 1 .
Py(t) = lim Glog » (i) = inf Tlog D (1),
ieln ieln
The limit appearing above exists and satisfies the latter equality by the standard
theory of subadditive sequences. Condition (3.1) implies that

0 < —dloga < Py,(t) — Py(t+0) < —dloga

for t > 0 and 6 > 0, indicating that P, is Lipschitz continuous and strictly
decreasing with lim;_,o, Py(t) = —oo. In particular, noting that P,(0) = ¢y > 0,
the pressure has a unique zero PJI(O) > 0.

For a WCMC (or a CMC) {X;}ic/+ we define the topological pressure P by
choosing ¢,(1) = Ddiam(X;)" for i € I* in the definition of P,(t) above, with
D as in (W2)-(W4). The constant D can obviously be replaced by any other
constant, so we have

P(t) = lim +log Z diam(X; )"
e ieln
for all t > 0. A simple application of Holder’s inequality shows that the topological
pressure is a convex function. Note that (W4) is an essential condition for the
continuity of P at 0 and for bounding the topological pressure from below. Without
(W4) it may happen that P(t) = —oo for all t > 0 (see [C, Remark 2.4]).

In the CMC case, the topological pressure is very closely linked with the growth

rate of the sum ), _,, diam(X;)" as n — oo.

Lemma 3.1 ([A, Lemma 2.1]). Given a CMC, we have
D—tenP(t) < Z diam(Xi)t < DtenP(t)
ieln
for alln € N and t > 0.

Now assume that {T;+a; : i € I} is an affine IFS on R¢ with associated singular
value functions ¢(73), i € I*, as defined in (2.1). According to [19, Corollary
V.1.1] and [7, Lemma 2.1}, we have

©'(Tiy) < ©'(T1)'(T5)

for all ¢ > 0 and 1i,j € I*. Furthermore, by taking a = min;c; ay(7;) and @ =
max;c; a1(T;) we get

gOt(Ti)Qé‘il S (,OH_(S(Ti) S got(Ti)a‘”i'
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for all ,0 > 0 and i € I*. Thus {¢"(T3)}i>0 is a submultiplicative scheme. We
denote the corresponding pressure by P,, so that

P,(t) = lim Llog Y~ /(T
Recalling the definition of the singular value function, the following lemma is
easy to believe.

Lemma 3.2 ([B, Lemma 2.1]). Given an affine IF'S, the pressure P, is convex on
the connected components of [0,00) \ {1,...,d}.

Lastly, we note that for a semiconformal IFS, the pressure is naturally defined
as the topological pressure for the corresponding CMC, see Lemma 2.2.

4. MEASURES ON THE SYMBOL SPACE AND DERIVATIVE OF THE PRESSURE

We denote the collection of all Borel probability measures on I*° by M(I°).
We set M, (1) = {u € M(I*®) : u is o-invariant }, where the o-invariance of u
means that p([i]) = p(c7'([i])) = Y,c;p([ii]) for all i € I*. Observe that if
1 € My (1), then p(A) = p(o~'(A)) for all Borel sets A C I° by [3, Theorem
5.4]. Furthermore, we set &,(I®°) = {u € M;(I*°) : uis ergodic}, where the
ergodicity of u means that u(A) =0 or u(A) = 1 for every Borel set A C I*° with
A = o71(A). Recall from [20, Theorem 6.10] that the set M, (I>°) is compact and
convex with ergodic measures as its extreme points.

If p € M,(I®), then we define the entropy of u by setting

h(1) :—hm Z 1) log p([1])-

ieln

Here we postulate 0log0 = lim, o, xlogx = 0 for convenience. In addition, if
{t4(1) : 1 € I*}4>0 is a submultiplicative scheme, then for every ¢ > 0 we define
the t-energy of u by setting

Af(p) = lim 5> pu([i]) log i (4).
ieln

The existence of the above limits is guaranteed by [10, Lemmas 2.3 and 2.2].
Given a pressure P, corresponding to a submultiplicative scheme 1, it follows
easily that

Py(t) > h(p) + Ay (1)

for all 4 € M,(I*°) and t > 0. We call a measure u € M,(I*) a t-equilibrium
measure (for the scheme {(1)}) if

Py(t) = h(p) + Ay ().

The existence of an ergodic t-equilibrium measure is shown in [10, Theorem 4.1].
Observe also that the proof of [B, Theorem 3.3] easily generalizes into more general
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submultiplicative schemes than just the one we obtain from the singular value
function.

We call a measure p € M, (1) a t-Gibbs measure (for the scheme {¢4(i)}) if
there exists a constant ¢ > 1 such that

cte M Oyy(i) < p([i]) < ce POy (1) (4.1)

for all i € I*. It follows immediately from the right-hand side inequality of (4.1)
that a t-Gibbs measure is always a t-equilibrium measure. Note that in some
situations it is more natural to call t-Gibbs measures t-semiconformal.

The following theorem shows that if a t-Gibbs measure is ergodic, then it is the
only t-equilibrium measure. Observe that in [B] the result is proved in the case
when the submultiplicative scheme is the one obtained from the singular value
function, but the same proof works in the general case.

Theorem 4.1 ([B, Theorem 3.6]). Suppose that {iy(i) : i € [*}>0 s a sub-
multiplicative scheme. If t > 0, ¢ > 1 and p € M,(I>®) satisfies u([i]) >
cte P My (1) for all i € I*, then any t-equilibrium measure is absolutely con-
tinuous with respect to pu. Moreover, if u lies in the convex hull of a countable
family of ergodic t-equilibrium measures, then the closure of the convex hull is pre-
cisely the set of all t-equilibrium measures. In particular, if p is itself an ergodic
t-equilibrium measure, then it is the only t-equilibrium measure.

In [B, Example 6.2], we show that a t-equilibrium measure is not necessarily
unique. The same example also shows that there exists a non-ergodic t-Gibbs
measure. In [B, Example 6.4], we show that if a t-equilibrium measure is unique,
it is not necessarily ¢-Gibbs.

We may construct a related measure Mfﬁ by applying the familiar Carathéodory
method of producing Borel measures for various metric spaces. Given a submulti-
plicative scheme {¢,(i) : 1 € [*};>0 and A C I, we set

M}, (A) = inf{zwt(i) .ccrAc il = n}

ieC ieC
for all n € N. Then we define
M{Z(A) = lim ben(A)

n—oo

Theorem 4.2 ([C, Proposition 2.8]). Suppose that {iy(1) : i € [*}1>0 is a sub-
multiplicative scheme and t > 0. Given A C I with Mj(A) > 0, there exists a
measure p € M(I1%°) so that 0 < pu(A) < oo and

p([1]) < ()
forall i € I*.

In the WCMC case, with 1 as the associated topological pressure, we denote the
Borel measure M by M*. In [C, Lemma 2.7], we show that M*(I*°) > 0 whenever
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P(t) > 0. Observe that as we do not know whether the measure p of Theorem 4.2
is o-invariant, it is not necessarily a t-equilibrium measure. In the CMC case, the
situation is quite a bit more satisfactory.

Proposition 4.3 ([A, Proposition 3.2]). Given a CMC, there exists a unique er-
godic t-Gibbs measure py for allt > 0. In particular, if P(t) =0, then there exists
a constant ¢ > 1 so that

¢ tdiam(X;)" < u([i]) < ediam(X;)!
for all 1 € I*.

The existence of a t-equilibrium measure allows us to study the differentiability
of the pressure. If the ergodic t-Gibbs measure exists, then we are able to determine
the derivative. Observe that we consider only the submultiplicative scheme given
by the singular value function.

Theorem 4.4 ([B, Lemma 4.2 and Theorem 4.4]). Given an affine IFS, the pres-
sure P, is differentiable except for at most countably many points of (0,d). Fur-
thermore, if t € (0,d) \ N and there ezists a measure € E,(1>°) so that p([i]) >

c e RPeWt(TL) for all i € I*, where ¢ > 1 is a constant, then the derivative
P(t) exists.

In [B, Example 6.5], we exhibit a non-differentiable pressure.

5. SEPARATION CONDITIONS AND DIMENSION RESULTS

We will focus mainly on the Hausdorff dimension and measures of compact
sets. Let M be a separable metric space. Let 0 < s < oo and E C M. The
s-dimensional Hausdorff measure of E is defined as

H(FE) :=lim mf{z diam(A;)°: F C UA and supdiam(A4;) < (5}.

410 S

The 0-dimensional Hausdorff measure H° is defined to be the counting measure.
The Hausdorff dimension of a set E C M is dimy(E) := inf{s : H*(E) = 0}. It is
a basic fact that H'(F) = oo for 0 < t < dimyg(F) and H'(E) = 0 for t > dimy(E).

Another dimension we consider is the (upper) Minkowski dimension, which is
defined for £ C M as

—log N(E
dimy (E) = limsup —log N(E,1)
rl0 IOgT
where N(E,r) = min {k e NU{oo}: 4 c UL, B(xl-,'r’)}. The basic relation
between these two dimensions is that dimy (E) > dimy(E) for all £ C M.
In the following results, the main theme is to find how the pressure and/or the

separation conditions are related to the size (i.e. dimension or measure) of the
limit set or the invariant set.



14

Proposition 5.1 ([C, Proposition 2.6]). Given a WCMC, if P(t) < 0 for some
t >0, then dimy(FE) < t.

Recall that given an affine IFS, it follows from [7, Theorem 5.4] that P,(t) < 0
implies dimy (E) < ¢.

Given contractive affine mappings f; = T} + a; with linear parts T;: R? — R?,
i€l=1{l,...,k}, we call any nonempty compact set £ C R? satisfying

E c|Jfi(E) (5.1)
iel
sub-self-affine. This gives a generalization of a self-affine set. Sub-self-affine sets
include many interesting examples, such as sub-self-similar sets, graph directed
self-affine sets, unions of self-affine sets, and topological boundaries of self-affine
sets. The general form of a sub-self-affine set F C R? satisfying (5.1) is

E = FEg,=m,(K)

where K # () is any compact subset of I satisfying o(K) C K, and the projection
Tq: I — R with a = (ay, ..., a,) is given by m,(1) = Y oo, Ti|,_, a4, for i € I,
See [B, §2].

Theorem 5.2 ([B, Theorem 5.2]). Suppose Ty,...,T.: R? — R? are invertible
linear mappings with ||T;|| < % foreachi €I ={1,...,k}, and K C I*® is as in
the definition of Ef . Then for some t € [0,d] we have

dimH(EK’a) = dimM(EK’a) =t
for H™-almost every a € R,

Observe that [B, Theorem 5.2] also shows the existence of an invariant Borel
probability measure p with spt(u) C Ek, of full dimension. Moreover, we show
in [B] that there exists a natural pressure for sub-self-affine sets such that in the
situation of Theorem 5.2 above, the dimension of the sub-self-affine set is the zero
of this pressure for a typical choice of translation vectors aq, ..., a,.

Falconer [8] asked if dimyg(F) = dimy(F) for all sub-self-similar sets £. The-
orem 5.2 gives a partial positive answer to this question. The question remains
open for sub-self-similar sets which do not satisfy the open set condition and are
constructed by using exceptional (in the sense of Theorem 5.2) translation vectors.

For a CMC (with E as the limit set), we have the following related result.

Theorem 5.3 ([A, Theorem 4.3]). If a CMC is semiconformal and t = dimy(E),
then dimy(E) =t and HY(E) < 0.

Simple examples of self-affine carpets (see e.g. [6, Example 9.11]) show that in
the WCMC case dimy(E) < dimy(E) might happen. Observe that these kind of
carpets are typical examples of exceptional cases in Theorem 5.2. Given a WCMC,
it is also possible that H'(E) = oo when ¢ = dimy(FE), see [C, Example 3.2] and
[B, Example 6.4].
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It is natural to expect more precise results if we know more about the relative
positions of the construction pieces. Given a WCMC, define for r» > 0

Z(r)={ieI":diam(X;) <r < diam(X;-)}
and if in addition x € F, set
Z(x,r)={1i€ Z(r): X;N B(x,r) # 0}.

It is often useful to know the cardinality of the set Z(x,r). We say that a WCMC
satisfies the finite clustering property if sup,c g limsup, o #2 (x,r) < oo. Moreover,
if sup,cp sup,-o #Z(x,r) < oo then the WCMC is said to satisfy the uniform finite
clustering property.

Definition 5.4. We say that a WCMC {Xj; : i € I*} satisfies the ball condition
if the following holds for some 0 < § < 1: For each z € E there is r, > 0 such
that, given any positive r < r,, we can find a collection {B(z;,dr) : 1 € Z(x,r)}
of mutually disjoint balls with max;cz (s, dist(zs, X;) < 7.

We note that the ball condition implies the finite clustering property if the
WCMC is defined on a doubling metric space, see [C, Remark 3.6(iv)]. Recall
that a metric space is doubling if there exists a constant N € N such that every
ball B(x,2r) can be covered with N balls of radius r. If the underlying doubling
space is connected, these two separation conditions are in fact equivalent. Since
connected spaces are uniformly perfect, this follows by the next proposition. Recall
that a metric space M is uniformly perfect if it contains at least two points and
there exists a constant C' > 1 such that for each € M and for each r > 0 the set
B(z,r)\ B(z,r/C) is nonempty whenever the set M \ B(z,r) is nonempty.

Proposition 5.5 ([C, Proposition 3.5]). Given a WCMC, if the underlying met-
ric space is doubling and uniformly perfect, then the finite clustering property is
satisfied if and only if the ball condition holds.

We will see that the ball condition is a natural replacement for the familiar open
set condition used in self-similar constructions. The following proposition together
with Proposition 5.1 shows that finite clustering is a sufficient condition to guaran-
tee dimy(F) = dimy(E) in the setting of weakly controlled Moran constructions.

Proposition 5.6 ([C, Proposition 3.1]). Assume that for a WCMC the finite clus-
tering property holds and P(t) = 0. Then H'(E) > 0. Moreover, H'(E) < oo if
and only if M'(I*) < 0.

For certain controlled Moran constructions, we have a nice reverse implication of
Proposition 5.6. The following theorem generalizes a fundamental result of Schief
[17, Theorem 2.1] into a natural setting. For the purposes of this exposition, we
say that a CMC {X;}i¢/+ is tractable if with some C' > 0 we have

diSt(Xhi, XhJ) S C dlam(Xh) diSt(Xi, XJ)
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for all h, 1, j € I*. See [A, p. 80| for a more general definition of this notion. Most
notably, a tractable IFS defines a tractable CMC (see [A, Lemma 5.1]).

Theorem 5.7 ([A, Corollary 3.10]). For a tractable CMC, the following conditions
are equivalent:

(

(2) The uniform finite clustering property.

(3) HY(E) > 0, when P(t) = 0.

(4) With t = P~Y(0), there exist constants ro > 0 and K > 1 such that

K" <H'|p(B(z,r)) < Kr'
whenever v € E and 0 < r < ry.

Note that although Theorem 5.7 is proved in [A] only in the Euclidean setting,
the arguments used in the proof are valid in a general metric space.

We say that an IFS satisfies an open set condition (OSC), if there exists a
nonempty open set U C {2 such that

fi(u)ycu

for all ¢ € I and
LU)NfU) =0

as 1 # j. Any such open set U is called feasible. Furthermore, if a feasible set
intersects F, then we say that the IFS satisfies a strong open set condition (SOSC).

At the first glance, it seems that for a semiconformal IFS the OSC is easier to
check than the ball condition. However, there are cases when it is much more
convenient to consider the ball condition rather than the OSC. See [A, Example
6.5]. Observe that by [17, Corollary 2.3] (or more generally [16, Corollary 1.2] or
[A, Proposition 5.6]) a feasible set in [A, Example 6.5] is quite intricate.

Proposition 5.8 ([A, Proposition 5.6]). If a semiconformal IFS in RY satisfies
the OSC and dimy(E) = d, then the invariant set E is the closure of ils interior.
Moreover, in this case any feasible open set is a subset of E.

We say that a semiconformal IF'S is properly semiconformal if there is an essen-
tial open set W & M such that for each z € W there is 7, > 0 so that

B(fi(z),s;7) C fi(B(z,r))

forallz € W, 0 <r <r,, and i € I*. Here W is an essential open set if the
closure of W is the whole space M and W N E # (). Observe that this condition
is automatically satisfied if M = R? or the mappings of the IFS are bijective.

The following theorem summarizes the main implications shown for a semicon-
formal IFS. It also gives a positive answer to the question posed in [1, Remark 6.2].
Note that by the ball condition and the finite clustering property of a semicon-
formal TF'S {f;}ic; we mean the respective conditions for the semiconformal CMC
{fi(E)}ier+ determined by the invariant set F.
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Theorem 5.9 ([C, Theorem 4.9]). For a properly semiconformal IFS in a complete
doubling metric space, the following are equivalent:

(1) The ball condition.

(2) The finite clustering property.
(3) The open set condition.

(4) The strong open set condition.

(5) HY(E) > 0 for t = P7Y(0).

In [C, Example 4.5], we show that the assumption of proper semiconformality is
essential. Namely, we exhibit a similitude IF'S in a complete doubling metric space
satisfying the OSC, but which does not satisfy the SOSC nor the ball condition,
and P(dimp(E)) > 0. This example apparently gives a counterexample to [1,
Theorem 3.1] as the theorem is lacking the required assumption of bijectivity.

It remains an open question whether or not the strong open set condition and
the ball condition are equivalent for a semiconformal IFS defined in a complete
doubling metric space (without the assumption of proper semiconformality).

In a general complete metric space, the OSC ceases to imply any bounds for
the size of the invariant set. As shown in [18, Example 3.1], the invariant set of
a similitude IFS in a complete metric space might consist of a single point, even
when the OSC is satisfied. The SOSC, however, continues to be relevant. The
following result generalizes [14, Theorem 3.3| from a self-similar case to a more
general setting. See also [A, Proposition 4.9].

Proposition 5.10 ([C, Proposition 4.12]). If a semiconformal IFS {f;}icr defined
on a complete metric space satisfies the SOSC, then with respect to the invariant
set B we have dimy(E) = P~71(0) and

dimy (fi(E) N f;(E)) < dimg(E)
whenever ilj.

We end this introduction by giving a natural topological prerequisite for the
validity of the dimension formula dimy(FE) = P~1(0). Together with Proposition
5.10, the following result implies that the SOSC, unlike the OSC, well deserves to
be called a separation condition also in the general setting.

Proposition 5.11 ([C, Proposition 4.13]). Assume that E is the invariant set of
a semiconformal IFS {fi}icr such that P(dimy(E)) = 0. Then fi(E) N f;(E) is
nowhere dense in E whenever ilj.
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