Local Dimensions of Self-similar Measures
Satisfying the Finite Neighbour Condition

KATHRYN E. HARE & ALEX RUTAR

ABSTRACT. We study sets of local dimensions for self-similar measures in
R satisfying the finite neighbour condition, which is formally stronger than the
weak separation condition but satisfied in all known examples. Under a mild
technical assumption, we establish that the set of attainable local dimensions
is a finite union of (possibly singleton) compact intervals. The number of
intervals is bounded above by the number of non-trivial maximal strongly
connected components of a finite directed graph construction depending only
on the governing iterated function system. We also explain how our results
allow computations of the sets of local dimensions in many explicit cases.
This contextualizes and generalizes a vast amount of prior work on sets of
local dimensions for self-similar measures satisfying the weak separation
condition.
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1. INTRODUCTION

A natural question when studying Borel probability measures on the real line, in
particular those which are not absolutely continuous with respect to Lebesgue
measure, is to quantify the singularity of the measure. The Hausdorff dimension
of the measure provides one coarse measurement. A more fine-grained approach
is through the local dimensions of the measure y at points x in its support, namely,
the quantities

1 B
dimg, () = lim "28#BET)).
r—0 logr

In this paper, we are interested in determining properties of the set of attainable
local dimensions for a given measure.

Our focus is on the invariant measures associated with an iterated function
system (IFS) of similarities on R, also known as self-similar measures. These
measures are simple to describe (see (3.1) for the definition), yet exhibit rich and
complex behaviour. Historically, such measures have been of great interest.

Investigation of the sets of local dimensions of self-similar measures is related to
multifractal analysis, in which one studies dimensional properties of the level sets
of the local dimension function. A heuristic relationship, known as the multifractal
formalism [ ], implies (when it is satisfied) that the set of local dimensions is
a closed interval. The multifractal formalism holds if the IFS satisfies the classical
open set condition (OSC) and there are simple formulas for the endpoints of the
interval of attainable local dimensions | ; ]. But when the OSC falils to
hold, the situation is much more complicated and less is known.

In [ ], Hu and Lau discovered that when pu is the 3-fold convolution
of the classical middle-third Cantor measure, the set of local dimensions of u
consists of a closed interval along with an isolated point. Generalizations of this
example were studied in [ ; ], for example, while Testud [ ]
gave an example of a Cantor-like measure, but with some of the similarities in the
IFS having negative contraction factors, whose set of local dimensions was the
union of two disjoint (non-trivial) intervals. Another much studied family of self-
similar measures which fail the OSC are the Bernoulli convolutions. These are the
measures associated with the IFS {pz, pxr + 1 — p} where 1/2 < p < 1. (See [ ]
for more background on Bernoulli convolutions.) It was shown by Feng [ ]
that when p is the reciprocal of a simple Pisot number, such as the Golden mean,
the set of local dimensions of the corresponding uniform Bernoulli convolution is,



FNC LocAL DIMENSIONS 3

again, a closed interval. However, all biased Bernoulli convolutions (regardless
of the choice of p) and unbiased Bernoulli convolutions with contraction ratio
greater than the reciprocal of the Golden mean have an isolated point in their set
of local dimensions | ]. We refer the reader to §5 for more discussion on these
important examples.

Convolutions of the middle-third Cantor measure and the Bernoulli convolu-
tions with contraction factor the reciprocal of a Pisot number are all examples of
self-similar measures associated with IFSs that satisfy the weak separation condi-
tion (WSC) [ ]. This separation condition is similar to the open set condition
but allows exact overlaps [ ]. For such measures, the second author recently
established the existence of a directed transition graph that encodes the local
behaviour of the measure, and related the multifractal analysis of the measure
with connectivity properties of the graph [ ]. One corollary of this earlier
work is that when the transition graph is strongly connected, the set of attainable
local dimensions of the measure is a closed interval.

In this paper, we significantly extend this local dimension result beyond the
strongly connected case to obtain a more thorough understanding of sets of at-
tainable local dimensions. We specialize slightly to the case where the transition
graph is finite, which we call the finite neighbour condition. This separation
condition is closely related to the generalized finite type condition defined by
Lau and Ngai [ ]. The finite neighbour condition is equivalent to the weak
separation condition when the support of the measure is an interval [ ]. Our
main contribution is to establish under the finite neighbour condition, and a weak
technical assumption, that the set of local dimensions is a finite union of (possibly
singleton) intervals. Moreover, the number of intervals is bounded above by the
number of non-trivial maximal strongly connected components of the transition
graph.

Our research generalizes and contextualizes the prior analysis of sets of local di-
mensions for overlapping iterated function systems satisfying the weak separation
condition. We should emphasize that, in contrast with much of the earlier work on
this problem, we do not require the IFS to have similarities with commensurable
contraction factors. Moreover, we are not aware of any examples of self-similar
measures in R, satisfying the weak separation condition, to which our results do

not apply.

1.1. Organization of the paper. The main content of the paper is separated into
two conceptual components: analysis of a graph-theoretic symbolic case, and
specialization to self-similar measures.

First, in §2, we introduce a general weighted matrix product system. This
symbolic formalism can be thought of as a weighted generalization of the matrix-
valued functions on shift space studied by past authors [ ; ; I
Under an irreducibility hypothesis similar to [ ], and using modified versions
of the techniques contained therein, we establish in Theorem 2.10 that the corre-
sponding sets of Lyapunov exponents form a closed interval. We also establish
in Proposition 2.13 the density of Lyapunov exponents at special types of paths
for which local dimension computations are particularly straightforward; this is
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useful in the computation of sets of local dimensions for specific examples.

In §3, we review the details of the transition graph construction from [ ]
with a particular focus on self-similar measures ;1 on R that satisfy the finite
neighbour condition (see Definition 3.6). This construction establishes the existence
of a finite directed graph such that infinite paths in the graph correspond (almost)
injectively to points in the support of 4. In fact, this directed graph construction is
our motivation for studying the general matrix product systems. The y-measure of
a rich set of intervals (generating the topology on the support of 1) is determined
by products of non-negative matrices. The weights in the matrix product system
allow us to handle non-equicontractive IFS.

Then, in §4, we apply the results from the symbolic case to the study of the
sets of local dimensions for these measures. The relevant transition graph can
be decomposed into finitely many non-trivial strongly connected components,
which we refer to as maximal loop classes. Any infinite path in the graph is
eventually in exactly one maximal loop class, so maximal loop classes correspond
to particular subsets of the support of ;.. Under a technical assumption - that
each maximal loop class satisfies either a simplicity or irreducibility hypothesis
(see Definition 3.10) - we relate the local dimensions at points corresponding
to a maximal loop class to the Lyapunov exponents of the associated matrix
product system. This allows us to establish in Corollary 4.8 that the set of local
dimensions at points corresponding to such a maximal loop class forms a closed
interval. Consequently, in Corollary 4.11 we deduce that the set of attainable local
dimensions of the measure is a finite union of intervals, some of which could
be degenerate, with the number of intervals bounded above by the number of
maximal loop classes. The same results hold for upper local dimensions as well.

Lastly, in §5, we illustrate these ideas with examples, including those men-
tioned above.

1.2. Some questions.

1. We do not know if every self-similar measure in R that satisfies the weak
separation condition also satisfies our formally stronger finite neighbour
condition, or if every measure satisfying the finite neighbour condition
satisfies the required technical assumption. If not, it would be of interest to
extend the analysis.

2. Our results establish that the sets of local dimensions and sets of upper
local dimensions coincide. However, the set of lower local dimensions can
be different, as seen in Remark 4.9. In that example, the set of lower local
dimensions is still, however, a finite union of intervals corresponding to
maximal loop classes. It is of interest to determine if similar results hold for
sets of lower local dimensions.

1.3. Notation. The reals R are a metric space with the usual Euclidean metric,
and N is the set of natural numbers beginning at 1. The set B(xz, ) is a closed ball
centred at x with radius r. Given a set £ C R, we write diam(F) = sup{|z — y| :
z,y € E}.
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Given a set X, we write #X to denote the cardinality of X. Given two real-
valued functions f(z), g(z) defined on some index set Z, we write f = g (resp.
[ < g) if there exists some ¢ > 0 such that f(z) > cg(z) (resp. f(z) < cg(z)) for
eachze Z. Wesay f <gif f=gand f < g.

If M is a square matrix, we denote by sp M the spectral radius of M. All
matrices in this document are non-negative.

2. GRAPH-DIRECTED MATRIX PRODUCT SYSTEMS

2.1. Basic definitions. Let G be a finite directed graph with vertex set V' (G) and
edge set E£(G). We will assume that G is strongly connected, which means that
there is a directed path connecting any two vertices. Each vertex v has a dimension
d(v) € N, and to each edge e = (v1,v2) we associate a non-negative d(vy) x d(v)
transition matrix T'(e) and a weight W (e) € (0, 1). We let

Amax = max d(v).

Let X denote the set of all infinite paths (e;)°, in G and let X* denote the set
of all finite paths in G. A path is a cycle if it begins and ends at the same vertex.
The length of a finite path is the number of edges it contains. We say a path
n € ¥* is a prefix of a (finite or infinite) path v if v = 1y’ for some path +'. Given

v = (en)i2, € X, we write y|n = (ey,...,e,) € ¥* to denote the unique prefix of
length n.
Givenn = (ey,...,e,) € X*, we write

W(n) =Wi(e)---W(en)
and if n € ¥* has length atleast 1,7~ = (ey, ..., e,_1). For convenience, let
Winin = min{W(e) :e € E(G)} >0, W = max{W(e):e € E(G)} < 1.
If n is the empty path, we say W (n) = 1. Similarly, we write
T(n)=T(e1)---T(e,) forn = (e1,...,e,) € X"
We equip X with the topology induced by the metric
d(v,€) = inf{W(n) : n a prefix of v and ¢}.

With this topology, ¥ is a compact totally disconnected metric space.
We refer to this data as a graph-directed matrix product system or, in short, a matrix
product system. Typically, we will denote this by G.

Definition 2.1. Given an infinite path v = (e;)%2, € ¥, we define the lower Lya-
punov exponent by

o clog [T (er) - T(en) |
A(gy P)/) - hglllgolf lOg W(el) Ce W(en) )
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The upper Lyapunov exponent is defined similarly; when the values coincide, we call
this value the Lyapunov exponent of the path ~, and denote it by A\(G, 7). Typically,
we omit writing G when it is clear from the context.

For any ¢ > 0, denote
Ye={neX:Wn) <t<W(n ), [THn)| >0},

which is the set of paths with non-zero transition matrix and weight approximately
t.

2.2. Irreducible matrix product systems. It is clear that the geometric properties
of the metric space X are determined completely from the edge weights. However,
in order to say meaningful things about products of matrices and Lyapunov
exponents, we require a stronger form of irreducibility than the graph G being
strongly connected.

Definition 2.2. We say that the matrix product system is irreducible if there exists
a finite family of paths H C ¥* such that for any vertices vy, vo, 1 < i < d(v1), and
1 < j < d(vy), there exists a path v € ‘H from vertex v; to v, such that 7'(y); ; > 0.

Remark 2.3. Equivalently, for each 1 < i,j < m = #V/(G), define M, ; = T'(e) if
there is an edge e from vertex v; to v;, and let M, ; = 0 otherwise. The matrix
product system is irreducible if and only if the block matrix

Ml,l e Ml,m
M — : ‘. . E
Mm,l e Mm,m

is irreducible, i.e. there exists some r > 0 such that ), _, M* is a strictly positive
matrix.
Of course, irreducible systems are necessarily strongly connected.

Remark 2.4. Our irreducibility criterion is very similar to the one assumed by
Feng [ ]. However, since our weights depend on the edge rather than the
source vertex, we find it more natural to speak of infinite paths in a graph rather
than words in a sequence space. One may equivalently think of the graph as a
subshift of finite type determined by a weighted adjacency matrix.

For the remainder of this section, unless otherwise stated, our matrix product
system is irreducible.

Irreducibility is essential for obtaining the following estimates, which we will
use frequently.

Lemma 2.5. There are constants A, B > 0 such that for any paths ny,n, € ¥*, there
exists some y € H such that nyyns is a path and

AT )INT M)l < 1T ()l < BT (o) [T (n2)]]
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Proof. By the irreducibility assumption, for any v;,v, € V(G), 1 <@ < d(vy),
and 1 < j < d(vq), there exists a path v = (v, v2,4, j) € H from v; to v, such that
T('Y)i,j > (. Let

C= min{T(’y(vl,vg,i,j))m 1 U1,V € V(G), 1 S 7 S d(vl), 1 S j S d(?}g)}

If 11,7, are arbitrary paths, by the pigeonhole principle, there exists some
kyi, j ¢ such that i, T(m)es = [T(m)] and di,, T(n2)j0 = ||IT(n2)|. Assume

ends at vertex vy, 7, begins at vertex vy, and take v = y(v1, v9, 4, j) € H. Then n;yn
is a path and

T mm )| 2 TOm )T ()T )y >~ IT()|[ T ()

max

The lower bound follows by taking A = C/d

max*

To obtain the upper bound, we simply note that

1T (mm) | < 1T o) [T (IIT (2l
and it suffices to take B = max{||T'(7)|| : v € H}. O

In the following lemma, we do not formally need the irreducibility hypothesis: it
suffices to know that if 1 is any path in G, then T'(n) is not the zero matrix.

Lemma 2.6. There are constants A, r > 0 such that for any t1,t5 € (0,1), m; € 3y,, and
Ne € Xy,, there are paths ¢ and 1) such that n¢natp € 34,1, and

1T (mena) | < AT )T ()] -

Proof. Take r = min{W (n) : n € H}. By the irreducibility hypothesis, there
exists some ¢ € H such that ||T'(n1¢m2)|| > 0.

Moreover, for any path n with ||T'(n)|| > 0, there exists an edge e such that ne is
a path and || T'(ne)|| > 0. Since t,t, W, 2 > W (niéns) > titor, repeatedly applying
this observation, there exists ¢ such that n;¢ne1) € %4,4,,. Note that W (y) > rW2, .
Thus [|T(ména)l| < AT (m)[l [T () || where

A =max{||[T(n)] :n € E(G),W(n) = rWg;,} - max{[|T(n) : n € H|}

as required. O

Lemma 2.7. There are constants A, B > 0 such that for any path n € ¥*, there exists
some ¢ € H such that n¢ is a cycle and

AT <spT(ng) < BTl

Proof. Let C be the minimal strictly positive coefficient of any 7'(¢) for ¢ € H.
Suppose T'(n);, is the maximal coordinate of T'(n). Get ¢ € H such that n¢ is a
cycle and 7'(¢)s; > C > 0. Then
C
dz..

max

Tr T(ne) > Tng)ii = T 1)L (P)ei > || T(n)|
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Since the trace of a matrix is the sum of its eigenvalues,

Tr(T(1¢)) < dinaxsp T(n9).
Thus with A = C/d3 ., we have sp(T(n¢)) > A||T(n)]-

max’/

Conversely, we have

sp(T'(n9)) < ([T(no) || < N TIHIT@) < BITH)]
where B = max{||T(y)|| : v € H}. O

2.3. Attainable Lyapunov exponents. The main goal of this subsection is to
determine the possible values of Lyapunov exponents of paths in the matrix
product system.

We begin with notation. Put

2.1)

1 T 1 T
Omin(G) = apin := lim min eIV | (77)“, Omax(G) = Qmax = lim max el LRGN H <77>H
t—0nex:  logt t—0nex;  logt
We will first show that a,,;, and oy, are well defined and take real values. This
will use the following standard submultiplicativity result, which is a slightly
modified version of, for example, | , Theorem 7.6.1].

Lemma 2.8. Let f: (0,1) — R be measurable and suppose there exists ¢ > 0 and r > 0
such that f(titar) < c- f(t1) f(t2) for all t1,ts € (0,1). Then

s f(t) _ . log f(t)

t1—>0 logt t>0 logt

Note the similarity of the following lemma with [ , Lemma 2.3].
Lemma 2.9. The limits defining oumin and auay exist and take real values.

Proof. We will first prove that the limit

f e g [T Jogmaxes, |7(1)]

t—=0nex:  logt t—=0 logt
exists. Set f(t) = max,ey, ||T(n)|. Let t1,t; > 0 be arbitrary. If n € X;,,w,,., we
may write 7 = m7m9y where n; € 3, and 7 € 3, and W (y) > W2, . In particular,
with ¢ = max{||T(¥)|| : W(¢)) > W2}, we have || T(n)|| < ¢||T(m)[|[|T'(n2)]l and
therefore f(t1toWnin) < ¢ f(t1)f(t2). Applying Lemma 2.8 with ¢ as above and
r = Wmin, we have our desired result.

We now show that lim,_,o max,es, “42001 exists. Set g(t) = minyes, | 7(n)l|. Let
t1,t2 > 0 and let n; € ¥, and 7, € ¥, be arbitrary. Note that 7,7, need not be a
path, and even if it were, it need not hold that 1,7, € ¥;,+,. By Lemma 2.6, there
exists some ¢,r > 0 (not depending on 7, and 7,) and paths ¢ and ¢ such that

n1¢n2y is an admissible path in ¥, ;, and

(2.2) g(rtvty) < c[[Tn)| 1T ()]l -
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Now taking the minimum over all n;, € %, and 7, € ¥, yields g(rtit2) <
cg(t1)g(t2). Thus g satisfies Lemma 2.8.

To see that aumin, dmax € R, let a be the smallest strictly positive entry in any
T'(e) fore € E(G). Let b = min{||T'(e)|| : e € E(G)}. Then if n € ¥, is any path of
length n, we have that

logh _log||T(n)ll _ nloga
IOg Wmin - logt N (TL - 1) log Wmax

so that ayin, aumay are real-valued. O

Of course, if n € ¥, then W (n) < t. Consequently,

ton = limmin CEIT g i ma 28I
t—0ned; 10gW( ) t—0 nexy IOgW( )

We are now ready to prove the following result about the set of attainable
Lyapunov exponents. We remind the reader that the Lyapunov exponent of the
path v, A(7), was defined in Definition 2.1.

Our proof follows [ , Lemma 2.3 and Proposition 3.2].

Theorem 2.10. Let G be a matrix product system satisfying the irreducibility hypothesis.
(i) Ify € X is any path, then A(7), X(7) € [Cmin, Qmax)-
(ii) For any o € [0tmin, Omax) and & € 3* with T'(§) non-zero, there exists some v =
(em)m=1 € ¥ and a sequence (m;)52, such that \(y) = a, lim; oo mjy1/m; =1,
and for each j € N, £ is a prefix of (ém,, €m;+1, - - -)-

Proof. For (i), if v € ¥ is arbitrary, then

log [|T(y|ne)||
A = 1 = )

for some subsequence n;. But if y|n; € Xt s then W (~|ny) < t,, and

log |[T(vImi)ll

— max

Qmin S lim
k—o0 logt,,

from the existence of the limits defining au,i, and ouax. The upper Lyapunov
exponent result is identical, giving (i).

Now for (ii), given @ € [aumin, Omax), let s € [0, 1] be such that o = sapi, + (1 —
$)max. For each n € N, choose ¢,,, 1, € 35-» with the property that

log IT(6.)]] g7
log () " i a0 4 )

Let {A,}>2,, {B,};>, be sequences of natural numbers given by

= Vp, — Opax-

A, = [sn]
Bn = [(1 - S)TL],
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where [z] denotes the integer part of z. Then define a sequence by

Oy LY VL Py Py ns e Y

-

TV TV TV
Al Bl An Bn

and relabel it {7, }5°,i.e. n1 = ¢1, N4, = b1, Na,+1 = Y1, etc.
Now since ¢ € ¥* has T'(¢) non-zero, by repeatedly applying Lemma 2.5, there
are constants (', Cy, > 0 such that for each n € N there are paths 1/7(11), ) in H such

that with v, := Vn1)§ 2,

’Y = (7717 V1,7727 Vo, .. )

is an infinite path and

(2.3) S TLIT @I < 1T (mon ) | < €3 TTIT ()]

=1

Since H is a finite set, there also exists D;, D, > 0 such that

(2.4) D TIW ) < W - . ) < Dy T W ().

i=1 i=1

For notation, let {n;}°, be the indices such that n, is the index of the edge
preceding the first edge of ¢y, in repetition Ay ;.

Let (m;)32, be the sequence of indices such that ¢ is a prefix and fix some j € N.
Forany / € N since ¢, and v, are in Y, ¢, there exists some a, b > 0 such that af <
|pe| < bf where |¢,| is the number of edges in ¢,. Moreover, (Vim;, Ym,+1, - - -) has
prefix £ ¢e(2€ or £Ci1i(2€ where £ is chosen suitably and (1, (; € H have bounded
length. Thus there exists some M > 0 such that m;; —m; < M + bl. On the other
hand, it always holds that m; > "1 ai. It follows that lim; ,, m;41/m; = 1, as
claimed

We now prove that X(y) < «a; the lower bound A(y) > a will follow by a similar
argument. To this end, let n be a large number of edges and let & be maximal such
that n > ny, (that is, k is the maximal number of completed blocks A;, B; which
occur before edge n). There exist constants Cs, Cy > 0 such that

Co T T )| S IT G| < P ™ T (i - m )

and

W Yg) SW(n) < W m,)-

Since the number of edges contained in 7|n is at least Zz (A;+ B;) and at most

ZkH(A + B;), we deduce from (2.3) and (2.4) that w is bounded above by

(g1 — 1) log Cs + S0 ((Ai + By) log Cy + A;log [|T(5) | + B;log ITwall)
Z ((A + B;)log Dy + A;log W () + B;log W(djz))
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Since each ¢;,1; € % _,, we have W(¢;) < W(y;) < 27% Recall, also, that
A;, B; < i. Therefore

Zfill(Ai + Bi)log Gy ’ < Zf;li < 1

SF L (Adog W() + Bilog W ()|~ S8 2 "k

and a similar statement holds with the numerator replaced by Zle (A;+ B;) log Ds.
Moreover, since (ny1; — ng) log C5 < (k + 1)(Ags1 + Bgs1), we also have

’ (kg1 — ni) log Cs ‘ 0
Zf:l(Ai log W (¢;) + B; log W (v;))

We thus have that
g REITGIDL ST (A og |00 + Bilog [T ()
no logWiyln) = T ST (Ailog W(¢r) + Bilog W (1))
— Jim sup Zf: (Aju; log W () + Bjv;log W (1);))
k Zf:1(14i log W (¢;) + B;log W (1))
~ Jim sup Zfill(i/liui + iB;v;)
K S (A +iB))
= lim sup Simy Aot (1 $)vi)
k Zf:l i?

Fix € > 0. Since lim;_, . (su;+(1—5)v;) = «, for large enough N, su;+(1—s)v; <
a+eforalli > N. Thus

k .
i sup B ILOMI o >init(ate)
no logW(yln) = Sk

Similar reasoning shows that

log [[T(+[n)]]

<a+te

liminf ———%+ > a —e.
no logW(yln) ~
As e > 0 was arbitrary, it follows that A(y) = «, as claimed. O

The following result now follows directly from Theorem 2.10.

Corollary 2.11. Let G be an irreducible matrix product system. Then the set of attainable
Lyapunov exponents is the compact interval [amin, amax].

2.4. Density of periodic paths. An interesting class of paths are the so-called
periodic paths, which are the paths in ¥ of the form

v=1(0,0,...)

where 0 is a cycle. We denote them by P. We refer to ¢ as a period of the path.
The Lyapunov exponent of a periodic path always exists and has a simple
formula.
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Proposition 2.12. Let «y be a periodic path with period 6. Then the Lyapunov exponent
of v exists and is given by

_ logspT(0)
A = logW(6)

Proof. Assume that 6 = (64, ..., 0;). For any positive integer kand j = 1,... k,

IT(6"61 - - 0:) | < ITO") 1761 --- 65l

and

[T@ D[] < UNTO" 01 O NT (01 - 01
Consequently, there is some A, B > 0, depending only on 6, such that

A|T@E | < 17001051 < BIT(0™)] -
The result follows directly from the fact that

lim

n—oo

log [TEN _ ), sp(T(0)).

Proposition 2.13. The set {\(7) : v € P} is dense in [omin, Qmax)-

Proof. It suffices to show that if v € ¥ is an arbitrary path such that A(y) exists,
there exists a sequence of periodic paths {y,}72, such that lim,_,. A(y,) = A(7).

By Lemma 2.7, there are constants A, B > 0 such that for any £ € N, there is a
path n, € H such that (y|k)n, =: 6 is a cycle and

ANTOIRN < spT(0k) < BIT(IF)] -
Let 0 = (0, 0y, .. .). This is a periodic path with period 6y, so that
— logsp(T(6k))
Or) = v
log W (k)
by Proposition 2.12. Also, W (v|k) =< W (6;). Hence

. — log A ||T'(|k)||
limsup M\(6,.) < lims
msup A(0h) < limsup = Zmrrh s

= A7)

and the lower bound follows identically. Thus lim;,_,, A\(f;) = A(7) and we have
density, as claimed. O

3. ITERATED FUNCTION SYSTEMS AND THEIR MATRIX PRODUCT
SYSTEMS

We now turn to studying iterated function systems of similarities. In this section,
we will describe how the dynamics of associated self-similar sets and measures
can be encoded with a matrix product system.
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3.1. The transition graph and the finite neighbour condition. We begin with
notation and terminology. By an iterated function system (IFS), {S;},, we mean
a finite set of similarities

(3.1) Si(x)=rix+d;: R—>Rforeachi=1,...m

with 0 < |r;| < 1 and m > 1. We say that the IFS is equicontractive if r; = --- =
Tm > 0.
Each IFS generates a unique non-empty, compact set K satisfying

known as the associated self-similar set. We will assume K is not a singleton. By
translating the d; as necessary, without loss of generality we may assume that the
convex hull of K is [0, 1].

Given probabilities p = (p;)!", where p; > 0 and )", p; = 1, there exists a
unique Borel probability measure i, satisfying

(3.2) M@FE}M@W@)

for any Borel set £ C K. This non-atomic measure /i, is known as an associated
self-similar measure and has as its support the self-similar set K.
Giveno = (01,...,0;) € {1,...,m}’, we denote

0" = (01,...,0j-1),8 =Sy 008, and r, =714, -7,

Fort > 0, put

AN=A{o:|rs] <t <|ro-|}.

The elements of A; are called the words of generation t. We remark that in the
literature it is more common to see this defined by the rule |r,| <t < |r,-|, but
this essentially equivalent choice is more convenient for our purposes.

The notions of net intervals and neighbour sets were introduced in [ ]
and extended in [ ; ]. We summarize the key ideas here.

Let hy,. .., hyy be the collection of distinct elements of the set {S,(0),.5,(1) :
o € A} listed in strictly ascending order and set

Fi={[hj, hj11] : 1 < j < s(t)and (hyj, h;11) N K # 0}.

The elements of F; are called the net intervals of generation t. Note that [0, 1] is the
(unique) net interval of any generation ¢ > 1 and denote by

F=Jx
t>0

the set of all net intervals.
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Given a net interval A, we denote by 7Ts the unique similarity 7Ta(z) = rz +a
with r > 0 such that

TA([0,1]) = A.

Of course, here r = diam(A) and a is the left endpoint of A.

Definition 3.1. We will say that a similarity f(z) = Rz + a is a neighbour of A € F;
if there exists some o € A, such that S,(K)NA° # §and f = T ' o S,. In this case,
we also say that S, generates the neighbour f.

The neighbour set of A is the maximal set

Vi(A) ={f1,..., [x}

where each f; = T\' 0 S,, is a distinct neighbour of A. We denote by
Ripax(A) = max{|R| : x — Rx +a € V,(A)}

the maximum contraction factor of any neighbour of A.

When the generation is implicit, we may write V(A). Since K = J,.,, So(K),
every net interval A has a non-empty neighbour set.

Remark 3.2. As explained in [ , Remark 2.2], for an equicontractive IFS {\z +
d;}ier with 0 < A < 1, our notion of neighbour set is closely related to Feng’s
neighbour and characteristic vector construction [ ]. Instead of normalizing
by some global factor of the form A", we normalize locally with respect to diam(A).
In this case, the words of generation A\"~! are the words of length n and the net
intervals of generation n (in Feng’s notation) have diameter comparable to \".

This is important since, outside the equicontractive case, there is no uniform
notion of an integer-valued generation.

We now discuss some illustrative examples of this construction.
Assume A € F, has neighbour set { f1, ..., fi} and for each i, let S, generate
the neighbour f;. The transition generation of A, denoted tg(A), is given by

tg(A) = max{|ry,|: 1 <i < k}.

It is straightforward to verify that tg(A) = Ruyax(A)diam(A). The children of
(parent) A are the net intervals of generation tg(A) contained in A. We remark
that if there is only one child, A, then V(A) # V(4A,). Given A = [a, b], with child
Ay = [aq, by], we define the position index q(A, Ay) = (a; — a)/ diam A. The position
index will enable us to distinguish children with the same neighbour set.

The children of a net interval are locally determined by the neighbour set of
the net interval in the following sense.

Theorem 3.3 ([ 1, Theorem 2.8). Let {S;}7, be an arbitrary IFS. Then for any
A € Fy with children (Ay, ..., Ay) in Figa), the index n, neighbour sets V(A;), position
indices q(A, A;), and ratios tg(A;)/ tg(A) depend only on V(A).
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Thus much of the important information about the IFS is captured in the be-
haviour of the neighbour sets. This motivates the construction of the directed
transition graph, G({S;}",), defined as follows. The vertex set of G, denoted V' (G),
is the set of distinct neighbour sets, V(G) = {V(A) : A € F}. For each par-
ent/child pair of net intervals, A € F; and A; € Fiza), we introduce an edge
e = (Vi(A), Viga)(As), ¢(A, A;)). Here V,(A) is the source vertex and Viga)(4;) is
the target vertex. We write E(G) for the set of all edges. By Theorem 3.3, this
construction is well-defined since it depends only on the neighbour set of A.

An (admissible) path n in G is a sequence of edges ) = (ey, . .., €,) in G where the
target of e; is the source of e, ;. A path in G is a cycle if it begins and ends at the
same vertex. We denote by 3, the set of infinite paths beginning at the root vertex
V(]0,1]), and Xj the set of finite paths beginning at ([0, 1]).

Nested sequences of net intervals are in correspondence with finite paths in >Jj.
Given A € F;, consider the sequence (A, ..., A,) where Ay = [0,1], A, = A, and
each A, is a child of A;_;. By the symbolic representation of A, we mean the finite
pathn = (ey,...,e,) in G where

€, = (V(Ai_l), V(AJ, q(Ai_l, Az)) for each i = 1, ey N

Conversely, if n = (eq, .. ., e,) is any finite path, we say that 7 is realized by (A;)7,
if each A; is a child of A;_; and each e; = (V(A;_1), V(A)), ¢(Ai_1,4;)). We denote
the symbolic representation of A by [A].

Definition 3.4. Given some z € K, we say that an infinite path v € ¥ is a symbolic
representation of x if

{z} = nAi

where for each n, [A,] is the symbolic representation of the length n prefix of ,
denoted by «|n. We say that z is an interior point of K if = has a unique symbolic
representation.

If x is not an interior point, then + must be an endpoint of two distinct net intervals
at any sufficiently small scale.

Definition 3.5. Let G be the transition graph of an IFS. We define the edge weight,
W: E(G) — (0,1) by the rule that if edge e has source V(A;) and target V(A,),
then W(e) = tg(Aq)/ tg(A1).

This function is well-defined by Theorem 3.3. We extend W to finite paths by
putting W (n) = W(ey) --- Wi(e,) whenn = (e1,...,e,) .

An important observation is that if A € F; is any net interval with symbolic
representation 7, then W (n) =< ¢, with constants of comparability not depending
on A. While the above choice of the weight for an edge is not unique with this
property, a straightforward argument shows that any such function must agree
with W on any cycle.

Definition 3.6. We say that the IFS {S,}", satisfies the finite neighbour condition if
its transition graph is a finite graph.
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Equivalently, there are only finitely many neighbours. We also say that the associ-
ated self-similar measure satisfies the finite neighbour condition, even though this
condition does not depend on the choice of probabilities.

The finite neighbour condition was introduced in [ ] and explored in
more detail in [ ,Section 5]. In [ ] it was shown that the finite neighbour
condition is equivalent to the generalized finite type condition holding with respect
to the invariant open set (0, 1) (see [ ] for the original definition of GFT) and
hence satisfies the weak separation condition [ ]. In particular, all IFS that
satisfy the open set condition or the finite type condition with respect to (0, 1) (see
[ ] for the definition of finite type) satisfy the finite neighbour condition. For
simplicity, throughout the remainder of this document, whenever we say that an
IFS satisfies the finite type condition, we always mean with respect to (0, 1).

This includes examples such as the iterated function systems

{pz,pr+(1—p)}

where p is the reciprocal of a Pisot number. Here, the associated self-similar
measures are the much studied Bernoulli convolutions (c.f., [ 11 ] and
the many references cited therein), or the overlapping Cantor-like IFS

{z/d+i(d—1)/md:i=0,1,....m}

where d > 3 is a natural number (see [ ; ]). For example, in the case
of the Bernoulli convolution with p the reciprocal of the Golden mean, there are
six neighbour sets. These are listed in §5.1 and the transition graph is given in
Figure 1.

A non-equicontractive example is given by the IFS {pz, rz+p(1 —7),re+1—1}
where p,r > 0 satisfy p + 2r — pr < 1. This was introduced in [ | where it was
shown to satisfy the WSC. In fact, this IFS satisfies the finite neighbour condition
(see [ ]Jor [ , Section 5.3]). Note that it does not satisfy the open set
condition (due to the existence of exact overlaps) and does not necessarily have
commensurable contraction factors, so it cannot be of finite type. See Figure 3 for
its transition graph and §5.3.2 for more details about its structure. Other examples
of IFS satisfying the finite neighbour condition can also be found in §5.

In [ , Theorem 4.4] it was proven, under the assumption that the self-
similar set is an interval, that the finite neighbour condition is equivalent to the
weak separation condition. It is unknown if the two properties coincide for IFS in
R. Further details on these various separation conditions for IFS can be found in

[ 1.

3.2. Transition matrices. We now show how one can encode the measure of net
intervals through the so-called transition matrices.

For the remainder of the paper, we fix a total order on the set of all neighbours
{f:feV(A),A e F} Lete € E(G)beanedge, say e = (V(A1), V(A2),q(A1, Ag)).
Assume the neighbour sets are given by V(A1) = {fi,..., fi} and V(A;) =
{91,---,9.} where f; < -+ < frand ¢g; < --- < g,. We define the transition
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matrix T'(e) as the non-negative k£ x n matrix given by
(33) T(@)iﬂ' = D¢

if there exists an index ¢ € {1,...,m} such that f; is generated by ¢ and g; is
generated by o/; otherwise, set T'(e); ; = 0. Note that this definition is slightly
different than the original definition; see [ , Section 5.2] for more detail
concerning this.

It is clear from Theorem 3.3 that this definition depends only on the edge e. If
n = (e1,...,e,)1s a path, we define

T(n) =T(e1) - T(en).

We refer to these matrices as transition matrices, as well.

Recall that if o’ generates any neighbour of A,, then necessarily ¢’ = o/ for
some o which generates a neighbour of A;; thus, every column of 7'(e) has a
positive entry. More generally, if 7 is a path, then 7'(n) has a positive entry in every
column. However, it may not hold that each row of T'(7) has a positive entry.

We continue to use the notation ||T'|| = >_, ; Ti; for the matrix 1-norm of a
non-negative matrix 7'.

The following relationship between the measure of net intervals and transition
matrices is known.

Proposition 3.7 ([ 1, Corollary 5.5). Suppose A is a net interval with symbolic
representation 1. Then

pp(B) = ([ T()]
with constants of comparability not depending on the choice of A.

Thus the transition matrices encode the distribution of y,, on net intervals.
We conclude this subsection by mentioning the following straightforward
property of transition matrices.

Lemma 3.8. Let v be a finite path. Fixn € Nand let v = (v,15)320. We have | T(v')|| <
| T () || with constant of comparability depending only on n.

Proof. Write v = 1y’ where 7 is a path of length n. Since every transition matrix
has a non-zero entry in each column, a straightforward calculation shows that
there exists some constant a = a(n) such that [|T'(nY')]| > a(n) |T'(7")]. On the
other hand, ||T'(ny")|| < IT(n)|| [|7°(+")||- But there are only finitely many paths 7 of
length n, giving the result. O

3.3. Maximal loop classes and irreducibility. From this point on we will assume
that G is the matrix product system corresponding to an IFS that satisfies the finite
neighbour condition.

Let £ be an induced subgraph of G (i.e. £ is the graph consisting of the vertices
V(L) and any edge e € E(G) such that e connects two vertices in £). Of course, the
induced subgraph naturally inherits a matrix product system from the full graph.
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Definition 3.9. We say that the subgraph £ is a loop class if for any vertices vy, v, €
V(L), there is a non-empty directed path connecting v; and v,, and we call £
maximal if it is maximal with this property.

Two maximal loop classes necessarily have disjoint vertex sets, but not all
vertices need to belong to a maximal loop class. However, given any symbolic
representation v = (;)2,, there is a unique maximal loop class £ in which v is
eventually, meaning there exists some N such that 7' = (v,;)2y is an element of
2(L).

We will let

K, = {z € K : z has a symbolic representation that is eventually in £}.

Every element of K belongs to at least one set K, for a maximal loop class £, and
at most two such sets.
Abusing notation slightly, given v which is eventually in £, we write

log |71l
ML.~) = lim 212 WMl
(E7) = 8 e W(an)

By Lemma 3.8, for k > N we have ||T'(v|k)|| < || T'(7'|k — N)| where 7/ is as above.
Since, also, W (vy|k) < W(v'|k — N), we have A\(L,~v) = A(L,7') (and similarly for
upper and lower Lyapunov exponents), where 7/ is a path in £, justifying our
notation.

We are primarily interested in three types of maximal loop classes.

Definition 3.10. (i) We say that a maximal loop class is irreducible if the corre-
sponding matrix product system is irreducible.
(ii) We say that a maximal loop class is simple if all cycles share the same edge
set.
(iif) We say that a maximal loop class is an essential class if any vertex reachable
from the maximal loop class by a directed path is also in the maximal loop
class.

For example, the IFS {pz, pxr + 1 — p} where p is the reciprocal of the Golden
ratio has an essential class with three elements, and two other singleton maximal
loop classes. These loop classes are all irreducible; for more details, see §5.1. Other
examples are also given in §5.

Note that irreducibility is a statement about the IFS and does not depend on
the choice of (non-zero) probabilities.

Any IFS satisfying the weak separation condition (such as those satisfying the
tinite neighbour condition) has a unique essential class by [ , Proposition 3.3].
In fact, the finite neighbour condition can be characterized by the property that
the associated transition graph has a finite essential class [ , Theorem 5.3].

Moreover, the essential class is always irreducible; this is essentially shown in
[ , Lemma 3.9] (or [ , Lemma 6.4] in the equicontractive case), but we
include a self-contained proof here as an illustrative example:

Proposition 3.11. Let G be the transition graph of an IFS satisfying the finite neighbour
condition with essential class Gess. Then G 1s irreducible.
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Proof. 1t suffices to show that for any vy, vs € Gess, 1 <@ < d(v1), 1 < j < d(vq),
there exists a path 7 from v; to v, such that 7'(n); ; > 0. Let A € F be some net
interval with V(A) = vy, let Ay € F;, be a net interval with neighbour set in the
essential class such that R,,.x(A¢) is maximal and #V(A;) maximal among such
net intervals. Let ¢ be a path from V(A) to v,. Let £ generate neighbour i of A and
let 0 € Z* have prefix &, 7, > 0 and S,([0,1]) C A; such a 0 must necessarily exist
since A° N S¢(K) # 0. Write V(Ao) = {f1, ..., fx} with f; < --- < f, where each
neighbour f; is generated by some word w; € A;,. We have Ay = [S,,(21), S, (22)]
where 71,75 € Ay, and 21, 2o € {0,1}.

We now show that S,(Ay) is indeed a net interval. Note that the words o7; and
owj are in A, _;, by direct computation. Suppose for contradiction S,(4Ay) is not
a net interval. Without loss of generality, let wy have |1, | = Ruax(Ao) diam(A).
Since S, (K) NA§ # 0, we have S,,,, (K) N S,(Ag)° # 0 so there exists some net
interval A" C S,(A) where the inclusion is proper and S, (K) N (A")° # 0. But
then Ryax(A") > Rmax(Ao), contradicting the choice of Ag. Thus Ay := S,(A) is
indeed a net interval.

Moreover, A; has neighbours generated by the words S, o S, and since r, > 0,
Ty! = Tx) o S;' and thus V(S,(Ag)) 2 V(Ao). Equality then follows by the
maximality of #V(Ay).

As ¢ is a prefix of o, write 0 = £7 for some 7 € Z*. Let A have symbolic
representation ¢,. Since A; C A, there exists 7, such that A, has symbolic repre-
sentation ¢g1;. Since each neighbour of A, is generated by a word ow; = {Tw;,
by definition of the transition matrix and choice of &, row i of the matrix 7'(r;) is
strictly positive. But then 7 := ;¢ is an admissible path from v; to v,, and since
every column of a transition matrix has a positive entry, row ¢ of the matrix 7'(n)
is strictly positive as well. O

Remark 3.12. In fact, as we argued in the above proof, the essential class satisfies
a somewhat stronger form of irreducibility: for any vy, v2 € Gess and 1 < j < d(vg),
there exists a path 7 from v, to v, such that row j of T'(n) is strictly positive. This
property is closely related to the key feature of the quasi-product structure under
the weak separation condition demonstrated by Feng and Lau [ ]. Moreover,
under somewhat stronger hypotheses (satisfied, for example, when the attractor
K is an interval), the path 1 can be chosen such that 7'(n) is a positive matrix
(see [ ] for a proof in the equicontractive case, but the general case follows
similarly).

4. SETS OF LOCAL DIMENSIONS OF SELF-SIMILAR MEASURES

We continue to use the notation of the previous section. In particular, we assume
that G is the matrix product system associated with an IFS that satisfies the finite
neighbour condition.

4.1. Basic results about local dimensions and periodic points. The following
notion is a well-studied way of quantifying the singularity of the measure p with
respect to Lebesgue measure at a point z € supp u = K.
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Definition 4.1. Let € K be arbitrary. Then the lower local dimension of 1 at x is
given by

: o dog u(B(x,t))
dimy,.p(w) = lim inf T gt
and the upper local dimension is given similarly with the limit infimum replaced
by the limit supremum. When the values of the upper and lower local dimension
agree, we call the shared value the local dimension of p at x.

Intuitively, the multifractal analysis of self-similar sets satisfying the finite
neighbour condition is related to the multifractal analysis of the corresponding
matrix product system. However, the exact relationship is somewhat more compli-
cated to establish: while the Lyapunov exponent of a path v depends only on the
single sequence of edges determining +, the local dimension of ji, at a point z € K
can also depend on net intervals which are adjacent to net intervals containing x.
This happens when z is the shared boundary point of two distinct net intervals,
but it can also happen when z is approximated very well by boundary points (so
that balls B(z, r) overlap significantly with neighbouring net intervals, for many
values of r).

A point z € K is said to be periodic if it has a symbolic representation that is
eventually a periodic path. For such points, this issue with overlaps is easy to
resolve. A boundary point of a net interval is a periodic point and all elements of
a simple loop class are periodic points. Indeed, for each simple loop class there is
a cycle 6 such that all elements in the loop class have a symbolic representation of
the form o0 where @ is the infinite periodic path with cycle 6. If x has two distinct
symbolic representations, then z is necessarily the endpoint of a net interval so
the finite neighbour condition ensures that both symbolic representations are
periodic points. Note that a periodic point can be an interior point (in the sense of
Definition 3.4), but every non-periodic point is interior.

By [ , Proposition 3.15] (see also [ , Proposition 2.7]), we have the
following simple formula for the local dimension of a periodic point:

Proposition 4.2 ([ 1, Proposition 3.15). Suppose x is an interior, periodic point
with unique symbolic representation -y which is eventually in the loop class L. Let 6 be
any period of v and let 0 € X(L) denote the path formed by repeating 0 infinitely. Then
the local dimension exists at x and is given by

dime ip(z) = % = (L, D).

Otherwise, x has two distinct symbolic representations with periods 6, and 0y and

logsp(T'(61)) log SP(T(92))}
logW(6y) ~ logW(6y) |~

Corollary 4.3. If x € K is a periodic point, then dimy,. p1,,() belongs to

dimyec fp(x) = min {

U{)‘(ﬁiﬁ) ty € X(L)}

=1
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where L4, . .., L., is a complete list of the maximal loop classes in G.

More generally, when the Lyapunov exponent exists or the local dimension
exists, we can relate the two notions.

Proposition 4.4. Suppose x € K is an interior point with exactly one symbolic represen-
tation y that is eventually in the maximal loop class L.
(i) Then

min (L) < AL, 7) < dimyeefip(z) < AL, 7) < max(L).

(ii) If \(L,~) exists, then dimycpip() = A(7).
(iii) If dimyo. pip () exists, then A(7y) = dimyee pop ().

Proof. By assumption, z belongs to K and £ is unique with this property.
(i) We have already seen that A\(£,7) < aumax(£) and A(£,7) > amin(£) in Theo-
rem 2.10.
For any ¢ > 0, we have B(z,t) 2 A(v|t) and therefore

— 1 B(z,t log || T'(~y|t -
dimyeeptp () = lim sup o8 tip(B(x,1)) < limsup log [IT (1)l =\L,7).
t—0 logt 0 logt

If x is not a boundary point of some net interval, since there are only finitely
many neighbour sets, there exists some p > 0 and a monotonically in-
creasing sequence (n)7>, with n; > N such that for each £ € N we have
Bz, pW (v|ni)) € A(y|ny,). Since pW (v[ng) < W (7|ny) we have

log pup(B(x,1)) log pp(B(x, pW (v|11)))

dimigepip(z) = 1 =
octp(r) = lim s == = s W ()
log | T
> lim sup 22 I L0l
k—00 log W(V’nk)
> AL, 7).

as required.
Otherwise, z is a boundary point with a unique symbolic representation. In
this case, for suitable p > 0 and large n, B(z, pW (v|n)) N Kz C A(v|n), so we
can argue similarly.

(ii) This is immediate from (i) as A(£, ) = AL, 7).

(iii) The same argument as (i) shows that dim,,;1,(z) < A(L, ), from which the
result follows. O

4.2. Sets of local dimensions for simple and irreducible loop classes. We begin
by noting that periodic points are dense in the set of local dimensions.

Proposition 4.5. Let L be an irreducible, maximal loop class that is not simple. Then the
set of local dimensions at interior periodic points is dense in [oumin(L), Cmax(L)].
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Proof. This follows by slightly modifying the proof of Proposition 2.13 by
choosing the paths 7, such that they are also interior paths. Thus the corresponding
point in K is interior periodic and has local dimension equal to the symbolic local
dimension by Proposition 4.4. Then the result follows from Corollary 2.11, which
states that {\(L,v) : v eventually in £} = [oumin(L), max(L)]- O

Our next result establishes a converse to Proposition 4.4.

Theorem 4.6. Let L be an irreducible, maximal loop class that is not simple. Then

[Omin (L), Omax(L£)] € {dimyoc pp(x) : © € Kp, x interior}.

Proof. Since L is not simple, there exists a path ¢ € X*(£) such that if € is
realized by (A;)",, then A,, C A§. Let a € [min(L), max(L)] be arbitrary and
by Theorem 2.10 get some v = (e,);2; € (L) and a sequence (n;)52, with
lim; n;,1/n; = 1 such that A(y) = a and for each j, £ is a prefix of (e, €n, 41, - ).
Let ¢, be such that (v is a path in G beginning at the root vertex V([0, 1]). By the
choice of &, there exists a unique interior point = with symbolic representation (y.
We will show that dimye. pip(2) = o

We first note that B(z,t) O A,(x) where A(z) is the unique net interval in
generation ¢ containing =. Thus if (ye; . . . e, is the symbolic representation of A,(z),

then

pp(B(2,1))) 2 pip(Ai(x)) =< T (Coer - - en)[| <[ T(er - . en)]

by Lemma 3.8. Hence for some constant C' > 0 we have

log 1Bz, 1)) _ 105.C [Ter . .e1)]
log t - log t '

Since logt < W (ey .. .e,), it follows that

di_mloc,up(x) < a.

To obtain the other inequality, we use the special properties of the path ~. For
each k € N, let A®) be the net interval with symbolic representation (pe; . .. €,,_1.
Let p > 0 be such that for each k£ € N,

B(z, pdiam(A®)) € AW,

Given t > 0 sufficiently small, let k be such that p diam(A**V) <t < pdiam(A®)),
so that

B(zx,t) C B(z, pdiam(A®)) € AW,
This ensures that j1,(B(7,t)) < pp(A®). We also have
t > pdiam(A®) < W (e . .. npii—1) = W(Coer ... en—1)W(en, .. €npr—1)
> WIHT (Coey . . ey 1) X WIERT™ diam(A®).

min min
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Combining these observations, we see that there exist positive constants C, C,
such that

log pip(B(x, 1)) S log pp(AR) o log C1 + log IT(e1 ... en 1)
log ¢ - logt ~  logp + log diam(A®*+1)
log Cy +log ||T'(e1 ... en,—1)|
= (niy1 — ng) log Cy + log diam (A®))

But log diam(A®) < —n;, and limy (ng4, — nz)/nk = 0 by choice of v, so that

gllT (e .. en—1)|
log diam(A®))
log [T(e1...en)l

> lim inf =
= h logWi(ey...e,) “

1
dimy,ptp(x) > lim inf ©
k—o0

We have thus shown that dimy,. y1,(2) = @, as required. O

Remark 4.7. If £ is a simple loop class with interior points, it is clear that the
conclusions of the theorem also hold and a,i, = Qmax.

The preceding theorem gives us strong information about the set of attainable
local dimensions:

Corollary 4.8. Let £ be an irreducible, maximal loop class that is not simple. Then

[Omin (L) s Omax(L)] = {dimyec pp(z) - @ € Kp, x interior}

= {dimyeeip(z) : € K¢, x interior}.

Proof. This follows by combining Theorem 4.6 and Proposition 4.4, noting that
the set of local dimensions is contained in the set of upper local dimensions. [

Remark 4.9. When L is the essential class, this result was shown in [ ]. More-
over, in that case, [(min, max] 1S also the set of lower local dimensions.

However, outside the essential class, the same statement need not hold for the
lower local dimension in place of the upper local dimension; the set of lower local
dimensions can be strictly larger. Consider the example from §5.3.4; this example
and the result here is treated in [ , Section 6]. In that example, with our
notation, if £ is the irreducible maximal loop class not equal to the essential class,
then

(), £)] = | 22 2L

log4’ log 4
while
1 log14
{dim, .pip(z) : © € K interior} = {5, Foggél } :

Here 1/2 is also the local dimension of a boundary point (that is not interior).
It would be interesting to know if the set of lower local dimensions at interior
points is always an interval.
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If £ is a loop class that contains interior points, then the set of local dimensions
at these interior points is given by the interval [ain (L), max(L)]. If £ does not
contain any interior points, then £ is a simple loop class. In this situation, it may
hold that every = € K has two symbolic representations, and the local dimension
is always given by the symbolic representation of the adjacent path which is not
eventually in £. This motivates the following definition:

Definition 4.10. We say that a loop class L is non-degenerate if L is not simple, or
if £ is simple with period # and there exists some = € K such that

dimy,e () = A(6).
We say that L is degenerate otherwise.

We emphasize that, unlike simplicity or irreducibility, degeneracy depends on the
choice of probabilities. For an example of this phenomenon, see §5.3.3.

The point is that if £ is a degenerate loop class, then the local dimension at any
point x € K is given by the Lyapunov exponent of a path not in £. We now have
the following corollary, which holds under the assumptions that all maximal loop
classes are either irreducible or simple.

Corollary 4.11. Let {S;}icz be an IFS satisfying the finite neighbour condition with
maximal loop classes {L;}¢_,. Suppose each L; is either irreducible or simple. Let {L;}_,
denote the non-degenerate maximal loop classes. Then

{dimyeeptp(z) : 7 € K} = {dimype pip(7) : 2 € K} = U[amm(ﬁi), Omax (L7)].

i=1

Proof. 1f x is a periodic point, then dimy. pp(z) = A(L,y) for some path v in
some non-degenerate loop class £ according to Proposition 4.2. Otherwise,
must be an interior point of some K, where £ is not simple. By Corollary 4.8,
dimyeefip(7) = a for some o € [Apin (L), max (L)]-

On the other hand, if £ is a non-simple loop class, then Theorem 4.6 shows
that each & € [amin(£), amax(L)] is attained as a local dimension. If £ is a simple
loop class, then auin(L£) = amax (L) and this value is attained as a local dimension
precisely when £ is non-degenerate. 0

Remark 4.12. The authors do not know if this result continues to hold without
the irreducibility assumption. However, we are not aware of any examples in R
satisfying the weak separation condition which do not satisfy the hypotheses for
Corollary 4.11.

5. EXAMPLES OF IFS SATISFYING THE FINITE NEIGHBOUR
CONDITION

Throughout this section, for £ a maximal loop class and ., a self similar measure,
we will write

DL)={\z):z e X(L)}
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Edge Weight Transition Matrix

€1 p (p)
/@D\ €2 p (1—p)
e3 p (1—p p)
€1 €2 €4 p (p)
e p (1-p p)
€4 €3 €6 es p (1 _ p)
er p (1—p p)
“ “r s p (1-» p)
Uy €9 p ( fp)
0

)
/N
—_
= =
i
S
N————

e
12 €10
€10 €s

€11 1-—
€11 p ( 0 b 1 fp)
Vg €9 Us I 0
€12 p (0 1— p)

FIGURE 1. Transition graph for the Golden mean Bernoulli convolution

D(pp) = {dimyoc pip(x) : & € sUpp pp }-

5.1. Bernoulli convolutions. One much studied example of an equicontractive
IFS of finite type is the IFS with two contractions,

(5.1) {px, pr +1 - p},

with p the reciprocal of the Golden mean. Feng [ ] (see also [ ;
]) computed the neighbour sets (or characteristic vectors in his terminol-
ogy) with respect to the original net interval construction.
In our slightly modified setting, there are six neighbour sets. These are:

v = {z} vy ={z-(1+p)}
vs=A{z-(1+p) —p} v =A{z-(2+p),2(2+p) - (1+p)}
vs ={r-(3+2p) — (1+p)} ve={z-(1+p)x-(1+p)—p}

The weight function is given by W (e) = p for all edges e. The essential class has
V(Gess) = {v4,v5, 06} and there are two other maximal loop classes, £, and L,
which are the simple loops with vertex sets V(L) = {v2} and V(L;) = {v3}. Both
simple loop classes are non-degenerate since 0 and 1 are interior points. We have
Kes = (0,1), Kz, = {0}, and K, = {1}. See Figure 1 for the transition graph as
well as the associated transition matrices.

Since the essential class is always irreducible and the non-essential maximal
loop classes are simple, the set of local dimensions is a union of a possibly non-
singleton interval along with at most two isolated points. The corresponding sets
of Lyapunov exponents are

D(Ly) = {bgp} and D(L,) = {M}

log p log p
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These are also the local dimensions at 0 and 1 respectively since 0 and 1 are interior
points, so we have D(L1), D(L2) C D(pp).

Now, for p < 1/2, note that the transition matrix of the cycle (e11, e12) has
spectral radius (1 — p)? and weight p?. The Lyapunov exponent corresponding

to this path is % so that D(Ls) C D(Gegs). Similarly if p > 1/2, then the cycle

(€10, €12) has corresponding Lyapunov exponent }gﬁ and D(L;) C D(Gess)- In
particular, when p = 1/2, then D(p,,) is a closed interval, and when p # 1/2, D(p,,)
is a closed interval along with at most a singleton point.

When p # 1/2, we know in general, by a short argument in [ ], that D(p,)
must contain an isolated point corresponding to either x = 0 or 2 = 1, so D(u,) is
precisely a closed interval along with an isolated point.

5.2. Testud measures. Consider the IFS given by the maps

T z 1 z 1 r 3
z 1 x 1
85(113) __Z+4_l Sﬁ(l’) __Z+§
This example is treated in [ , Section 6.2]. For each i, we have S;([0,1]) =
[7/4,(j +1)/4] for some j € {0, 1,2, 3}. There are two neighbour sets,
vy = {x} vy ={—x+1,z}.

The transition graph is given in Figure 2, and there is the essential class G.ss with
vertex set {v,} and a non-simple irreducible maximal loop class £ with vertex set
{Ul } .

Every cycle in £ is a concatenation of the edges e; and e,; since the correspond-
ing transition matrices are singletons, we have

1 el
D(c) = { BB s g = 0 > 1)

— log 4n+m
_ [log max{ps,ps} logmin{ps, p4}}
—log 4 ’ —log 4 '

Similarly, the cycles in G are arbitrary concatenations of edges in {es, eg, €7, €s }.
Now, under the assumption that p; = ps+ps and py = ps+pe, if n = (e, €y, - - -, €5,)
is any path in the essential class with n edges in {e;5, es} and m edges in {es, 7},
one may show that sp 7'(n) = pipy'. Thus

1 n,m
’D(gess)—{w5”20,m20,n+m21}

— log 4n+m
_ [10g max{pi, pz} log min{ppr}]
—log 4 ’ —log4 '

We therefore have

D) [logmaX{pl,pz} logmin{pl,pz}} g [logmaX{ps,m} log min{ps, pa}
Hp —log 4 ’ —log 4 —log4 ’ —log 4 '

In particular, if p; < p2 < p3 < ps, then D(p,) is a disjoint union of two non-trivial
closed intervals.
Note that the other examples treated in [ ] can be analyzed similarly.



FNC LocAL DIMENSIONS 27

Edge Weight Transition Matrix

€1 1/4 (Ps)
es €9 1/4 ( )
€3 1/4 p1

(
NN/ CRR
o e e 1/4 é
(5 5

€6
€7 1/4

€5

S¥oFEFSIFF o

€s 1/4

FIGURE 2. Transition graph for the Testud IFS

5.3. Other examples.

5.3.1. Cantor-like measures. Consider the family of IFS given by

T 4
{S](x)_fr%(r 1):0<j<m}

for integers m, r satisfying 2 < r < m. This family includes a rescaled version
of the three-fold convolution of the middle-third Cantor measure, which was
the earliest example of a self-similar measure known to exhibit isolated points in
the set of local dimensions [ ]. The transition graph consists of an essential
class along with two simple maximal loop classes £, and £,, where K., = {0},

c, = {1}, and Kg_ = (0,1). The loops £, and £, consist of single edges with
1 x 1 transition matrices, and

log po log pm
D(Ly) = —logr D(Ly) = —logr’

For appropriately chosen probabilities, these singletons contribute the isolated
points in the set of local dimensions for the self-similar measure ji,, and the es-
sential class contributes a closed interval of dimensions. See [ ] for more
details.

5.3.2. An example of Lau and Wang. By nature of the definition, an IFS of finite
type must have logarithmically commensurable contraction factors. Here is an
example of an IFS satisfying the finite neighbour condition which does not have
commensurable contraction factors.

The IFS {px, ra+p(1—7),re+1—r} where p+2r—pr < 1 was seen to satisfy the
WSC in [ ], but it is not of finite type when p and r are non-commensurable.
For simplicity, we consider the case p = 1/3 and r = 1/4; for a more general
treatment, this family was studied in [ , Section 5.2].
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Edge Weight Transition Matrix

€1 1/4 (p3)
€9 €2 1/3 (p1)
€3 1;4 ( (pg) )
€4 1/3 P2 D1
65/\ €6 es 1/3 (P1)
U2 €3 €6 1/4 <p2)
e s er 1/3 (p2 p1)
€s 1/4 (PS)
€10 €1 e 1/4 (p2)
€7 1
.. €10 1/3 (pl)

0 1
1/3
u / (Pz p1>

€11 / o 3/4 (0 1)

p3 0

FIGURE 3. Transition graph for the example of Lau and Wang

There are 5 neighbour sets given by

vy = {z} v = {4z/3}
vy ={3z/2 —1/2} vy = {3x,4x — 3}
vy = {z,3x}.

The transition graph and transition matrices are given in Figure 3. One can see
that there is only one maximal loop class, which is the essential class; thus, the set
of local dimensions is a closed interval. For more details on the computations of
the set of attainable local dimensions, we refer the reader to [ ].

5.3.3. A non-equicontractive finite type example. Here is an example which satisfies
the finite type condition without equal contraction ratios.

Take p = (v/5—1)/2, the reciprocal of the Golden mean. Consider the IFS given
by the maps

Si(x) = px So(x) = pPx +p—p? S3(z) = pPx + (1= p?)

with probabilities (p;)?_;. This IFS has 7 neighbour sets given by

vy = {x}

v2 = {(2+ p)x}

vs ={z,(L+p)z—(1+p)}

ve={(2+p)z,(3+2p)z — (1+p)}

vs ={(1+p)x—p,2+p)z, 2+ p)z— (1+p)}

v6—{(1+p) ,(2+p)z, (2+ p)r -1}
={2+p)z.2+p)z—(1+p),3+2p)z—2(1+p),3+2p)z—(1+p)}.
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There are three simple non-essential maximal loop classes, with vertex sets V' (£;) =
{v;} fori = 1,2, 3. The essential class has vertex set V' (Gess) = {v4, v5, vs, v7}. The
transition graph and transition matrices are given in Figure 4.

A direct computation shows that D(£,) = D(L3) = ;ié"; and D(L,) = %.

Thus D(11p) consists of a possibly non-singleton interval along with at most two iso-
lated points. Both K, and K, contain interior points, so they are non-degenerate.

However, every point in ¢ € K, has two symbolic representations of the form

(61, ...,€1,€3,€6,€6, .. ) and (61, ...,€1,€1,€9,€4,€4,.. )
— ———

n n

for some n > 0. Thus for any x € K,, we have

logpi logps }

dimye, = mi { )
imyoe ftp(2) = min g p’ 2log p

and when the minimum is not attained at ;olig; , L3 is a degenerate loop class.
However, this does not impact the set of possible local dimensions.

Suppose in particular that the probabilities satisfy p? > p, and p3 > p». Then
the cycle (e19, e11) in the essential class has sp T'(e19, e11) = p? and W (eq0, €11) = p?,

S
D(L3) € D(Gess)-
Similarly, the cycle (ej2, e13) has sp T'(e12, €13) = p3 and W ey, €13) = p* so
D(L1) = D(L3) € D(Gess)

Therefore D(p,,) = D(Gess) is a closed interval for such probabilities.

5.3.4. An example with the set of lower local dimensions not equal to the set of upper
local dimensions. The IFS with S;(z) = /4 + d;/12 for d; = i when i = 0,1, ..., 5,
d¢ = 8, d; =9, is known to be of finite type [ ; ] and satisfies the
finite neighbour condition. The essential class is a single vertex with four outgoing
edges, and there are two additional loop classes: a simple loop class with one
vertex, along with a non-simple irreducible loop class with three vertices.

This example is notable since the set of lower local dimensions in the non-
essential irreducible loop class need not coincide with the set of upper local
dimensions (see Remark 4.9).

5.3.5. A Pisot reciprocal Bernoulli convolution with a non-simple non-essential loop class.
Another interesting example is the Bernoulli convolution with parameter p, where
p is the reciprocal of the Pisot root of 2* — z* — 1. This finite type IFS has 5 maximal
loop classes: the essential class with 46 elements, another irreducible loop class
with 23 elements, and 3 additional simple loop classes. For more details on this
IFS, we refer the reader to the unpublished appendix of [ 1.
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Edge Weight Transition Matrix
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FIGURE 4. Transition graph for the non-equicontractive finite type
example
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